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ABSTRACT: With the aid of ab initio molecular dynamics
simulations, we investigate an ionic liquid (IL) mixture
composed of three components 1-butyl-3-methylimidazolium
[C4C1Im]+, tetrafluoroborate [BF4]

−, and chloride [Cl]−

without and with water. In the pure IL mixture, we observe
an already complex network of interactions between cations
and anions, and addition of water to the system even extends
the complexity. Observed number integrals show that the
coordination number between cations and anions is reduced
in the system with water compared to that in the pure system.
Further studies show that the Coulombic network of the
strongly coordinating anion [Cl]− is disturbed by water, while
that of the weakly coordinating anion [BF4]

− is not. These
observations can also be confirmed by the Voronoi polyhedra analysis, which shows that the polar network of
microheterogeneous IL collapses by the introduction of water. Hydrogen-acceptor interactions revealed that the [Cl]− anions
are transferred from being situated in the IL to the water continuum, while [BF4]

− is almost unperturbed; these effects mainly
influence the interplay of the ionic liquid network.

■ INTRODUCTION

Over the years ionic liquids (ILs) have gained distinct attraction
for several purposes due to their unique characteristics. The
applications range from being components of energy devices1,2

like fuel cells3 and electric double-layer capacitors4−6 over to
electrolytes in electrodeposition7 or extractants.8 ILs were
investigated as reaction media for chemical processes, such as
material synthesis, leading to alternative reaction paths or even
to the formation of kinetically stabilized products, which could
not be obtained otherwise.9−15 Experimental approaches
performed from the group of Balducci also show that ILs are
promising candidates as electrolytes for supercapacitors to
obtain high cycling stability and high stable capacitance.16−21

Theoretical investigation on related subjects is carried out by
Salanne and co-workers. They study for example the order
obtained on the interface of ILs and electrochemical
interfaces.4,5,22−25 The knowledge obtained by using ILs in
capacitors might lead to the viability of those as electrolytes for
batteries under different conditions for the upcoming
future.19,26−29

Due to the high variety of different cations and anions and the
sheer amount of possible additional functionalizations, the

combinations for ILs are immense,30 showing a great
opportunity, by simply modifying the properties of those for
specific demands. However this task is nontrivial. In fact, the
mere modification of an IL itself is not the only way to tune its
properties, but the same result can be obtained by mixing the
parent IL with molecular liquids or other ILs.31−33

In this regard, water represents the most common, accessible,
and environmentally benign solvent. Therefore, a straightfor-
ward approach is to combine ILs with water, as diverse syntheses
are based on the hydrolysis of metal compounds. Although the
solubility of water in ILs is strongly dependent on the
hydrophilicity/hydrophobicity of the IL, water is almost always
present in ILs (e.g., impurities). It is known that even small
amounts can influence the physicochemical properties of ILs
significantly.33−35 Consequently, many studies have been
carried out to understand the influence of water on the
properties of ionic liquids and also, conversely, by observing an
altered reactivity of water in the presence of ILs.36 For example,
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the reaction of water with phosphorus chlorides is prevented in
imidazolium-based liquids, making these ILs unique media for
phosphorous chemistry. Other examples consist of accurate
thermodynamics studies on the uptake of water vapor and on the
liquid−liquid equilibria.34,37 Further studies also have shown
that viscosity and density depend on the temperature and the
water content of ILs.38,39 Water was found to decrease the
viscosity, while the overall density only slightly changed (1−
2%).38,39 Such studies made possible to recognize the reason for
deviations between many experimental data, which was mainly
due to the differences in the sample purities. Studies of solubility
and miscibility40,41 were also conducted and revealed that ILs
can generally be subdivided into two groups: hydrophobic and
hydrophilic ILs. Hydrophilic ILs, such as 1-ethyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide [C2C1Im]-
[NTf2], possess anions with a low Lewis basicity, while
hydrophilic ILs possess anions that can even abstract hydrogen
atoms from imidazolium, such as 1-ethyl-3-methylimidazolium
acetate [C2C1Im][OAc]. These specific properties make ILs
uniquely suited for extraction processes. However, it must be
individually selected which kind of IL group should be chosen.42

In a recent work of Kohno andOhno, this concept is evolved. ILs
were successfully designed where the hydrophilic or hydro-
phobic behavior can be controlled reversibly by external criteria
such as temperature. These IL/water mixtures can further be
classified as upper critical solution temperature (UCST) phase
transition and lower critical solution temperature (LCST) phase
change mixtures. Mixtures of the UCST-type experience an
increasing solubility between IL and water with rising temper-
ature, whereas LCST types reverse these trends.43 A main
objective of many theoretical studies has been the observation of
structural features such as the association behavior in general,
the microphase segregation, and the hydrogen bond (HB)
networks of IL/water mixtures. Through this kind of studies, we
gain a deeper understanding at the molecular level of this class of
substances, which then lead to a confirmed macroscopic
characteristic of those obtained by experimental approache-
s.33,44−51However, these goals have also been pursued through
experimental and even joint attempts.45−47,52−57

Such a joint approach was used by Raos et al. by combining
molecular dynamics (MD) simulations and nuclear magnetic
resonance (NMR) spectroscopy to describe the aggregation of
water occurring in IL/water mixtures.56 They identified two
hydration regimes: The first was defined at low water contents,
where water molecules strongly interact with both ions,
disrupting the IL network. The second was defined at higher
water contents, in which the interaction between water
molecules and ions behaves nonselectively. This shows that
most of the effects are due to the swelling of the water clusters.
Canongia Lopes et al. extended these concepts based on an
investigation of 1-ethyl-3-methylimidazolium ethylsulfate
[C2C1Im][C2SO4]−water mixtures for which four structural
regimes were observed:48

1. isolated water molecules (xH2O < 0.5)

2. chainlike water aggregates (0.5 < xH2O < 0.8)

3. bicontinuous system (0.8 < xH2O < 0.95)

4. isolated ions or small ion clusters (xH2O > 0.95)

This distinction includes two different percolation limits: that
of water in the ionic liquid network (xH2O ≈ 0.8) and that of the

ionic liquid in water (xH2O ≈ 0.95). However, it should also be

noted that studies on dynamical properties are also made on the
basis of theoretical and practical experiments. In this regard, it
was observed that compared with the structuring and dynamics
within the pure IL, the addition of water to [C2C1Im][OAc]
modifies and widely disturbs the dipole moment of the ions and
the hydrogen bond network of the IL. Furthermore, it hinders a
possible carbene formation, besides the fact that a free carbene is
not likely.33,58,59 Feng and Voth investigated the effect of the
side chain length of the cation and the effect of the anion, for the
IL−water mixtures of 1-butyl-3-methylimidazolium tetrafluor-
oborate ([C4C1Im][BF4]), 1-octyl-3-methylimidazolium tetra-
fluoroborate ([C8C1Im][BF4]), and 1-octyl-3-methylimidazo-
lium chloride ([C8C1Im][Cl]) with water mole fractions
ranging from 0.2 to 0.9615, on the mixture dynamics and
structures.51 While replacing [C4C1Im]+ by [C8C1Im]+ only
leads to an increasing microheterogeneity due to a stronger
agglomeration of the cations, exchanging [BF4]

− for [Cl]−

results in a decrease in the diffusion due to stronger electrostatic
interactions between [Cl]− and water as compared with the
relatively weakly coordinating anion [BF4]

−. It is stated that at
low water concentrations the water structure within themixtures
depends on the strength of the water−anion interactions: In
[C4C1Im][BF4] and [C8C1Im][BF4], formation of water
clusters connected by hydrogen bonds is observed, which does
not occur in [C8C1Im][Cl]. Further structural characterization
of geminal dicationic and monocationic imidazolium-based
ionic liquids with halides in mixtures with water was performed
by D’Angelo et al. and Serva et al.60,61 Extended X-ray
absorption fine structure spectroscopy and MD simulations
were combined to investigate IL−water mixtures ranging from
1:1 to 1:400. In all of these solutions, H2O favored coordination
to the halide ion. Although a complex interaction among cations,
anions, and water occurred, ion pairing was still evidenced up to
a ratio of 1:12. Even for the highly concentrated solutions, the
existence of long-range structural correlations for the 1-hexyl-3-
methylimidazolium iodide [C6C1Im][I]/water mixture was
observed. It should also be noted that the local environment
of the halides changes by increasing the water concentration,
resulting in a growing accumulation of water molecules in the
first solvent shell of the anions. Sharma andGhorai examined the
effect of water on the structure and dynamics of 1-butyl-3-
methylimidazolium hexafluorophosphate ([C4C1Im][PF6]) via
all-atom MD simulations.35 The study showed that the addition
of water does not affect the number of dissociated ions
compared to that in the pure state, which simultaneously results
in similar self-diffusion coefficients for both the cation and the
anion. However, Voronoi polyhedra analysis revealed a
significant change of the ILs’ local structure if water is present.
Void and neck distributions in Voronoi tessellation showed that
particularly for high water concentrations an increase in void
space and neck size leads to a facilitation in ionic motion and
therefore decreases dynamical heterogeneity and IL reorienta-
tion time, while increasing self-diffusion coefficients. Ludwig by
means of a combined approach of Fourier-transform infrared
spectroscopy and density functional theory (DFT) calculation
has shown that water can be used as a sensitive probe for
measuring the polarity of ionic liquids when other conventional
methods fail. Using the same approach, he studied the structure
and occurrence of ion-pair formation as a function of
temperature and concentration. Furthermore, he investigated
the influence of highly directional H-bonds, finding an opposite
effect of the hydrogen bindings on ionic liquids. H-bonds can, in
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fact, introduce “defects” into the Coulomb network, resulting in
a fluidized ionic liquid.62−70

In this work, we continue the previous studies of binary ionic
liquids interacting with water by investigating mixtures
composed of [C4C1Im]+, [BF4]

−, and [Cl]− with water by ab
initio molecular dynamics (AIMD) simulations. This mixture
was recently used as a reaction medium to synthesize peculiar
titanium oxide structures such as bronze-type TiO2.

9 Therein, it
was shown that the ratio of [BF4]

− and [Cl]− as well as the
content of water had a significant impact on the formed crystal
structure. However, before such a complex system is established,
many variables must be considered. For instance, the choice of
compositions is nontrivial because the individual component
might be solid, leading to a heterogeneous system. For the pure
IL system, we observe a very complex network of interactions
between cations and anions, and addition of water to the system
even extends the complexity. The motivation of this work is on
the one hand to understand why this particular combination
works so well for the different material synthesis9−14 carried out
in such systems. On the other hand, it is interesting to
understand whether the combination of a weakly and strongly
coordinating anion with water leads to such a powerful solvent
system such as those obtained for binary mixtures by adding
antagonistic salts,71 i.e., systems in which cations and anions are
preferentially dissolved in different microphases. This idea can
be extended by selecting such ternary systems as extractants for
heavy elements, like lanthanoids or actinoids, due to their
capability of showing high resistance to strong oxidizing or
reducing agents. For upcoming future projects, the evolved
concept introduced by Kohno and Ohno, as discussed above,43

might lead to other perspectives, taking into account UCST,
LCST, or even addition of kosmotropic salts to ILs.

■ COMPUTATIONAL DETAILS
AIMD Simulations. To study the effect of water onto an

ionic liquid mixture as it is applied in material synthesis,9,10 the
ionic liquid mixture composed of the three components
[C4C1Im]+, [BF4]

−, and [Cl]− without and with water was
chosen. We carried out AIMD simulations to discuss effects on
the electronic structure level. This is not possible in force-field
simulations because the intermolecular forces are fitted to
reproduce some experimental quantities. Thus, our study allows
the observation of specific interactions (in particular the
differentiation between direct hydrogen atom contacts) that
are unbiased in our simulation but only rely on the particular
choice of electronic structure method. For example, the atomic
specific interactions are obtained under explicit accounting of
polarization. We can access the varying partial charges on the
ions and atoms considering charge transfer and polarization
effects, which are fixed in force-field simulations. Furthermore,
we are able to calculate vibrational spectra. These are all
quantities that are not or only poorly accessible in force-field
simulations. Table 1 lists the number of components in system A
and system B. The ratio among the number of components of
[C4C1Im]+, [Cl]−, and [BF4]

− is the same for every system and
is chosen according to the material synthesis.9,10

The initial configurations of the simulated cubic boxes were
performed using PACKMOL, the chosen densities referred to
the experimental values of the material synthesis mentioned
before (e.g., Figure 1).72 AIMD simulations have been
performed using the CP2K73 code and the built-in QUICK-
STEP74 module at a DFT approximation level. The QUICK-
STEP method uses hybrid Gaussian and plane wave approaches

to build the wave function and calculates the potential energy
surface and the energy gradient acting on the atoms. The
molecularly optimized double-ζ basis set (MOLOPT-DZVP-
SR-GTH)75 was chosen for all atoms with the revPBE functional
and the corresponding PBE Goedecker−Teter−Hutter pseu-
dopotentials for core electrons.76−78 A 400 Ry density CUTOFF
criterion with the finest grid level was employed, together with
multigrids number 5 (NGRID 5 and REL_CUTOFF 30) using
the smoothing for the electron density (NN10_SMOOTH) and
its derivative (NN10).74 A correction for dispersion interactions
has been added by using the DFT-D3-type pair potential.79,80

1.0 × 10−6 has been chosen as the target accuracy threshold for
the self-consistent field (SCF) convergence evaluation criteria.
The DIIS minimizer was used to reach a faster orbital
transformation via direct inversion in the iterative subspace.73

The maximum number of SCF iterations to be performed for
one iteration was set to 100, while a maximum of 10 iterations
were performed for outer SCF loops. Periodic boundary
conditions were applied to avoid boundary effects. With the
aid of Nose−́Hoover chain thermostats with a time constant of
the thermostat chain of 50 fs, the canonical (NVT) ensemble
was used. A equilibration/relaxation over 5 ps has been
performed defining the keyword REGION MASSIVE, so that
for every degree of freedom of each single atom, a thermostat is
used individually to achieve a faster equilibration. After the
equilibration/relaxation part, this keyword was excluded. The
production run was performed at a given temperature of 380 K
and cover 190 ps for system A and 96 ps for system B. The time
step was chosen to be 0.5 fs. During the production run, the
Mulliken population analysis and the Blöchl method were
applied every 200 steps to assign the partial charges on
atoms.81,82

Analysis. Our open source program trajectory analyzer and
visualizer (TRAVIS) was used to process the output trajectories
of all of the simulations.83 This tool offers different kinds of
functions allowing the analysis of the interaction among the
components of the systems. Intra- and intermolecular
interactions can be taken into account. In this work, radial
distribution functions (RDFs), number integrals (NIs),
combined distribution functions (CDFs, as a combination of
for example RDFs and angular distribution functions (ADFs)),
Voronoi analysis, and calculated power spectra will have a main
role to describe the interactions in play. The NI is obtained as
integral of g(r)

∫πρ=N r g r r4 ( ) d
r

c
0

2min

(1)

with Nc being the number of particles within the first solvation
shell (from 0 to rmin, the first minimum of g(r)) and ρ the
density. It allows us to determine the number of neighbors
around a central atom, fragment, or virtual site (e.g., center of
mass/ring/geometry). The integral to the first minimum of g(r)
gives the coordination number of the first shell neighbors, the

Table 1. Compositions of Simulated AIMD Systems Chosen
According to Experimental Reaction Conditions of Refs 9,
10a

system [C4C1Im]+ [Cl]− [BF4]
− H2O(w/w %)

A 32 10 22 0(0)
B 32 10 22 211(36)

aThe numbers refer to the number of compounds in each system. For
water, the mass percentage is shown in brackets.
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second minimum, the number of second shell neighbors, and so
on. TRAVIS allows the user to choose a specific site of a
structure (atom, center of themass, or center of a ring (CoR)) to
generate the distribution functions, enabling the user to discern
between different interactions of the same pair of molecules.
This feature is used to distinguish the three different hydrogen
atoms on the imidazolium ring, the imidazolium center of the
ring, and the different carbons of the imidazolium side chains.
The nomenclature of the imidazolium cation atoms is shown in
the labeling of Figure 2. All of the data obtained have been

processed with either XMGRACE84 or GNUPLOT85 for the
generation of the figures. To give a more specified insight into
the structural behavior of our systems, domain analysis and
radical Voronoi tessellation were performed.86,87

■ RESULTS
Ion Interplay. First insight into the behavior of the IL

mixture under the influence of water can be gained by
considering the interactions of ions in the two investigated
systems, namely, the water-free system A and the water-
containing system B. We will focus on interactions between
counter ions because the like-ion-RDFs show the usual
alternating pattern and thus were moved to the Supporting
Information (SI).
We calculated the RDFs between the center of imidazolium

ring (CoR) and the chloride atom (Cl) as well as the boron atom
(B(BF4)) of the tetrafluoroborate anion. Obviously, we expect

the two anions to behave differently since the latter is weakly
coordinating and the former is strongly coordinating.
Furthermore, the [Cl]− is strongly hydrophilic, while the
[BF4]

− anion can be characterized as less hydrophilic than [Cl]−.
Additionally, [BF4]

− can undergo hydrolysis.88

Figure 3 shows that in system A (dashed line) for CoR-[Cl]−

(black) the first peak is twice as high as the one of the CoR-

[BF4]
− (red) RDF, indicating a very directed interaction

between [Cl]− and the cation. Furthermore, the cation−anion
network is tighter when considering the [Cl]− anions as
compared to the [BF4]

− anions, which is reflected in a much
shorter location (40 pm) of the first peak; see Figure 3 and Table
2. In system B, the relations change such that the peak heights
approach each other, with CoR-[BF4]

− being slightly higher,
which is a typical effect of dilution. The chloride anion is still
closer to the cation than the center of mass of the [BF4]

− anion.
Table 2 lists also the values of the NI and the NI at the first

RDFminimum. Approximately, 5.6 and 5.3 cations surround the
anions ([Cl]− and [BF4]

−, respectively) in the water-free
mixture. Addition of water leads to a reduction of the cation−
anion coordination to 2.9 and 3.7; see Table 2 but also Figure 4.

Figure 1. Simulation box for systemA (left) and systemB (right). Representation in licorice, color code: [C4C1Im]+, green; [BF4]
−, orange; [Cl]−, red;

and water, blue.

Figure 2. Labeling of different interaction sites on [C4C1Im]+. Figure 3. RDFs of the interaction between the center of imidazolium
ring (CoR) and the anions in system A (dashed) and B (solid). Please
note, for the [BF4]

− anion, the central boron atom is chosen to observe
the overall polar (P) structure.
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In the water-free system A, the cation is surrounded by twice as
many [BF4]

− anions (3.6) as [Cl]− anions (1.8), which is exactly
what one would expect with respect to the composition of the
mixture. However, this is not the case in the moist mixture,
where the cation is surrounded by 2.7 times more [BF4]

− than
[Cl]− (2.5 vs 0.9). Interestingly, [Cl]− is surrounded by slightly
more cations than [BF4]

− in system A; see the gray dashed curve
compared to the orange dashed curve (Figure 4, upper panel).
The opposite is the case in the moist mixture of system B with a
reduced coordination number of approximately 2.9 and 3.7 for
the cations surrounding the anions (Figure 4, lower panel).
Overall, it is apparent that the coordination number between

the cation and the anion is reduced by water through
interference of the cation−anion network. Note that, with
respect to the four different water regimes in ionic liquids
identified by Canongia Lopes,48 the composition of this study
lies in the bicontinuous system. The present xH2O is 0.87

calculated as in ref 48 from nH2O/(nH2O + nIP) with nIP being the

number of ion pairs. The authors emphasize that xH2O = 0.8 can
be considered as a threshold since many processes happen
around that value, e.g., the average number of neighbors rapidly
falls from ∼4 to just 2, indicating significant structural
modifications in the polar network.
To further understand the perturbation of the Coulombic

network, we also plot the anion−anion interaction in Figure 5.

We observe almost no changes for the [BF4]
− anion RDF with

itself. Most significant is a slightly reduced interionic distance. In
contrast to [BF4]

−, the distance between the [Cl]− anions is
increased significantly by water. This effect is also visible in the
RDF characterizing the interplay of both anion types.

Hydrogen Bond Acceptor Interaction. The hydrogen
bond acceptor capabilities of imidazolium-based ILs play a
crucial role for physicochemical properties. The RDFs (Figure
6) show that water increases the distance between the
hydrophilic [Cl]− anion and H2, H4, and H5 (also shown in
Table 2 and the SI forH4 andH5), while the peak position of the
hydrogen bond donor atom of the hydrophobic anion (F) is
barely affected. The large peak height in system A indicates that
the contact in the ionic liquid without water is very strong and
thus directional (Figure 6), which is not the case for [BF4]

−.
This indicates that the [Cl]− anions transfer from being situated
in the ionic liquid, in hydrogen bonds (HBs) with the cations, to
the water continuum, while the [BF4]

− anion−cation interaction

Table 2. Distance of the First RDF Maximum and Minimum
as Well as the Value of NIs at the First Minimuma

X r(X-Cl)max r(X-Cl)min NI NI

A H2 239 455 0.5 1.7
A H4 250 405 0.4 1.4
A H5 251 405 0.4 1.4
A CoR 452 700 1.8 5.6
B H2 259 402 0.2 0.6
B H4 270 402 0.1 0.4
B H5 270 402 0.1 0.4
B CoR 458 700 0.9 2.9
B H(H2O) 221

X r(X-F)max r(X-B)min NI NI

A H2 233 355 2.0 0.7
A H4 235 355 1.5 0.6
A H5 236 355 1.6 0.6
A CoR 492* 700 3.6 5.3
B H2 232 330 0.9 0.3
B H4 236 330 0.8 0.3
B H5 241 330 0.8 0.3
B CoR 502* 700 2.5 3.7
B H(H2O) 209

aNI gives the value for the atom combination the other way around; *
indicates that X-B is used instead of X-F.

Figure 4.NIs (upper panel: system A and lower panel: system B) of the
interaction between the center of imidazolium ring (CoR) and the
anions. In the NI, the first atom (site) is surrounded by the amount of
second atom (site), i.e., CoR-Cl indicates that the cation is surrounded
by that many chlorides at a certain distance.

Figure 5.RDFs between the anion systems A (dashed line) and B (solid
line).
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is almost unperturbed, and in the water mixture, this interplay
majorly contributes to the ionic liquid network.
Interestingly, the shortest HB acceptor distance can be

observed for the proton of the “uncharged” water molecule with
the anions and not between the counter ions. Since the HB
distance is often linked to the hydrogen bond strength,89 this
indicates that the strongest hydrogen bond donor capabilities
are displayed by water, which strongly reflect in the charge
spreading; see section Spectroscopy for the detailed discussion.
Please note that the distance between H(H2O) and F is shortest.
However, [Cl]− possesses a larger van der Waals radius and,
thus, a comparison of the HB distance between [Cl]− and F
cannot be related to the HB length or directionality. This is
supported by the first maximum of the F-H(H2O)-RDF, which
is below the statistical average and, thus, indicates overall poor
HB interactions between water and the weakly coordinating
anion.
According to the NIs (Table 2 and Figure 7), the H2 ring

hydrogen atoms are surrounded in the first solvent shell by
approximately 0.5 chloride anions and 2.0 fluor atoms of the
[BF4]

− anions. This is reduced in water to values of 0.2 for the
chloride anions and 0.9 for the fluor atoms of the [BF4]

− anions.
Therefore, the strongest HB interactions between counter ions
are reduced by 60% for the strong coordinating anion, while it is
only reduced by 45% for the weak coordinating one.
It is known89 that a strong hydrogen bond as in the water

dimer can be more or less directional, i.e., the donor-H···
acceptor angles assume values of approximately 180°. The
directionality of the hydrogen bond can be investigated by
considering both acceptor atom−proton distance and the donor
atom−proton−acceptor atom angle in combined distribution
functions (CDFs). Figure 8 plots for the x axis the acceptor−
proton distance and for the y axis the hydrogen bond angle. In
system A, there are much more distinct areas for the H2···[Cl]−

hydrogen bond than for the H2···F(BF4) hydrogen bond,
indicated by the red area close to 180° for the [Cl]−-CDF. In the
presence of water, the situation changes such that the areas in the
[Cl]−-CDF are more smeared out and resemble much more the
[BF4]

− map, showing that the linear hydrogen bond becomes
less likely. Also, the on-top position (green area close to 0° and
600 pm) also losses probability, while the in-between regions are
now more populated than in system A.
Solvation Structure of Water. So far we highlighted the

influence of water on the interplay of ions and hydrogen bonds.

This section will focus on the solvation structure of water, which
is depicted in Figure 9 and Table 3.
Water is closest to other water molecules (blue curve in Figure

9a) and assumes the usual hydrogen bonds, i.e., H···Oof 186 pm
and O···O distance of 286 pm; see Table 3. For the ions, the
following order can be observed: the [Cl]− anion approaches
water more and causes a much higher peak than the [BF4]

−

anion, although it has to be kept in mind that the contact fluor
atoms are able to assume shorter distances with the hydrogen
atoms of water than the chlorine atoms; see Table 2. Below 400
pm, water sees more [Cl]− anions than cations or the other
[BF4]

− anions, which can be attributed to the size of the ions; see
the dark green curve in Figure 9, lower panel. That the strong
coordinating [Cl]− anions are heavily solvated by water is
apparent from the light green curve in Figure 9, bottom.
Furthermore, the cation and the [BF4]

− anion are exposed to the
water and share similar solvent shells of approximately six water
molecules. Within the ionic liquid mixture, water shows a
coordination number with respect to itself of 4.6; see Table 3.
Therefore, water interacts strongly with all components as
highlighted by the large NI.

Side Chain Behavior. To obtain a comprehensive picture,
we also consider the behavior of the cation side chains. Long side
chains in ionic liquids are known to induce microheteroge-
neity,30,90 i.e., the nanosegregation between polar and nonpolar
(NP) parts of the ionic liquids. Although these effects are usually
only observed for side chains larger than a butyl side chain, first

Figure 6.RDFs between the H2 hydrogen atoms and the contact atoms
of the anions in systems A (dashed line) and B (solid line). The RDF for
H(H2O) is also shown in blue.

Figure 7. NI of system A (upper panel) and system B (lower panel)
between the H2 hydrogen atoms and the contact atoms of the anions in
systems A (dashed line) and B (solid line). Coordination has to be read
like in Figure 4.
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indications for the side chain aggregation can also be observed
with a butyl side chain.
In Figure 10 (upper panel), the RDFs for system A show

stronger interaction for the terminal carbon atom of the butyl
chain with their own species (dark green curve) than for the
carbon atoms of the methyl groups with themselves (black
curve) or the mixed interaction (red function). This is also
reflected in the NIs (Figure 10, lower panel) which show that the
terminal carbon atoms of the butyl group share more terminal
carbon atom neighbors than the mixed interplay followed by the
methyl group interaction with itself. Thus, in system A, the
interaction between the butyl chains is the most favored. The
situation changes slightly in the water-containing system, which
shows that even the nonpolar parts of the ionic liquids are
affected by the water addition, of course not to such a degree as
the polar part of the ionic liquid. Interestingly, the interplay of

the butyl chains with itself (Ct−Ct) is slightly reduced, which is
visible in the RDF (Figure 10, upper panel), and the
coordination numbers are sizably decreased, as indicated by
the NIs (see Figure 10, lower panel), which is counterintuitive as
one would assume that water makes the hydrophobic parts stick
more together. The interaction between butyl chains andmethyl
groups become slightly more pronounced in the moist system
than in system A. The methyl interaction with its own kind is
strongly reduced so that the peak even assumes values smaller
than 1.
Due to the small size of the anions, π−π stacking seems

possible. This enables the interaction of the methyl groups. The
addition of water to the system leads to a weaker aggregation
between cations and anions; consequently, the interaction
between the cations is hindered. Figure 11 shows the CDF of the
CoR−CoR distance and the angle between the two normal

Figure 8. CDFs of the RDFs (x axis) and ADFs (y axis) for the hydrogen bond C2−H2···Cl (left) and C2−H2···F (right) in systems A (water-free,
above) and B (water-containing, below). The RDF is calculated betweenH2 and the atom of the anion, while the angle is taken among C2, H2, and the
atom of the anion.
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vectors of neighbored imidazolium planes (as described in detail
in the caption of the figure). A unique cation arrangement is
highlighted by the red area for system A in this figure. The short
CoR−CoR distance between 400 and 500 pm in combination
with the parallel orientation of the N1−N2 vectors indicates
π−π stacking of the cations, already observed by means of NMR
spectroscopy and theoretical approaches.91,92 Furthermore,
each nonpolar side chain prefers the contact to itself in this
arrangement. There are a few high probable entries at 180°,
which becomemore pronounced in the water-containing system
B. Moreover, large changes can be observed for the parallel
orientation in system B, i.e.; see lack of red area around 0−30°
and 400−500 pm in Figure 11.
To further understand the water effect on the side chain of the

cation in the ionic liquid mixture, we plot the intramolecular
distance distribution of N1−Ct. This analysis reveals which
conformation the side chain assumes; see Figure 12.93 The

conformation is determined by the arrangement of two units,
namely, the N1−C6−C7−C8 unit and the C6−C7−C8−Ct
unit. Both segments can hold a trans (t) or gauche (g)
alignment, resulting in four different conformations tt, tg, gt, and
gg. These conformations can be distinguished directly by the
intramolecular N1−Ct distance. The little shoulder at 325 pm
can be assigned as a conformation where the terminal carbon
atom group sits on top of the imidazolium ring. Previously, we
observed that this distribution is nearly anion-independent and
that the gt and tg conformations are most probable.93 This is in
agreement with our system A simulation. Interestingly, we loss tt
conformations and gain gg due to the addition of water. Thus,
water crumbles the butyl side chains. This unexpected behavior
might be a result of the preferred parallel orientation of the N1−
N2 vectors in the pure IL system, which pushes the butyl chain
into the linear arrangement. In a gg arrangement, the alkyl chain
above the imidazolium plane is in competition with a π−π
stacking structure. However, the major contribution to the
structure of the pure ionic liquid system is the Coulombic
interactions, while the van der Waals interactions of the
nonpolar chains play a minor role. Therefore, the addition of
water allows a higher mobility of the nonpolar butyl chain
facilitated by a more flexible cation arrangement to each other.
This must have severe consequences when considering such
mixtures with water in extraction processes in which the
nonpolar nanophase plays a role.

Figure 9.RDFs (upper panel) andNIs (lower panel) between the water
oxygen and the center of ring, the chloride atom of the [Cl]− anion, and
the boron atom of the [BF4]

− anion.

Table 3. Location of First Maximum (rmax), Minimum (rmin),
and Number Integrals (NI/NI) at the First Minimuma

rmax rmin NI NI

CoR 430 522 6.5 1.0
Cl 318 398 5.2 0.2
B(BF4) 374 510 6.2 0.6
O(H2O) 286 400 4.6
H(H2O) 186 254

aThe first compound “sees” the amount of the water oxygen (NI) and
vice versa (NI).

Figure 10. RDFs (upper panel) and NIs (lower panel) between
different carbon atoms. Cm: methyl group; Ct: terminal carbon of the
butyl chain in systems A (water-free) and B (water-containing). Please
note that NI of Ct−Cm meets exactly Cm−Ct and therefore is not
shown.
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Voronoi Analysis.With the aid of our Voronoi analysis,86,87

we can dissect the molecules of a condensed system into subsets
and check connectivities and neighborhood relations within the
system. Small numbers indicate a very connected microphase
with number 1 pointing to completely connected subgroups.
Larger numbers indicate that this kind of subset is dispersed in
the liquid rather than connected. Turning next to this Voronoi
analysis, we show in Table 4 the number of domains. The liquids
are divided into polar (P: all polar parts) and nonpolar (NP: the
propyl rest of the butyl chain) subsets as well as into polar ionic
(Pion), nonpolar (NP), and water (H2O) subsets. Furthermore,
we include a subset in which we add the [Cl]− anion to the water
subset (H2O +Cl) and consider both separately from polar ionic
(Pion) and the nonpolar (NP) group to find out whether the
[Cl]− anions migrate into the water microphase.
As previously observed for several pure imidazolium-based

ionic liquids,30,86,87,90 dissecting the liquid into polar and
nonpolar subsets leads to one connected polar domain in system
A as well as in system B; see Table 4. While the nonpolar domain
also forms one connected domain (this is next to the chain

length dependent on the spacer between side chain and ring) in
system A, the complete connection between nonpolar subsets is
broken in the moist system, clearly indicating the intrusion or
mixing of water with the ionic structure.More insight is provided
by the dissection into ionic polar, nonpolar, and water subsets.
This reveals a polar ionic microphase that is perturbed by water.
Interestingly, the “one domain” behavior of the ionic part is
recovered if [Cl]− is considered as a part of the water domain.
This indicates that the Cl anions are taken up in a water
environment.
Complementary insight is obtained from the surface coverage

in Table 5. In many cases, there is a relatively high surface
coverage by the side chain, which results from the side chain
being chemically bonded to the polar part of the cation and the
cation being the most abundant ionic species. Accounting for

Figure 11. CDFs of the RDFs (x axis) and ADFs (y axis) for the cation
orientation with respect to another cation in systems A (upper panel)
and B (lower panel). The RDF is calculated between CoR and CoR,
while the angle is taken betweenN1 andN2 vectors (see labels in Figure
2).

Figure 12. Side chain conformations of the cation. gg = gauche−gauche
(orange), gt = gauche−trans (green), tg = trans−gauche (blue), and tt
= trans−trans (purple) conformation. Assignment of histogram peaks
and histogram of intramolecular N1−Ct distance of the cation. Solid
lines: system B; dashed line: system A.

Table 4. Domain Voronoi Analysis for Systems A and B, First
Columna

P NP Pion NP H2O Pion-Cl NP H2O + Cl

A 1.0 1.0 1.0 1.0 1.0 1.0 8.7
B 1.0 5.3 1.2 5.3 1.2 1.0 5.3 1.2

aNext block: dissection into polar (P: ring, methyl group, anion,
water) and nonpolar (NP: butyl chain) subsets. Middle block: the
dissection into polar ionic (Pion: ring, methyl group, anions), nonpolar
(NP: butyl chain), and water (H2O). Last block: [Cl]

− is subtracted
from the polar subset and included in the water subset.
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both anions together in system A, it is obvious that the anions
mostly spread over the surface of the ring. The [BF4]

− anions
cover more of the ring than the [Cl]− anions. This even exceeds
the factor two of the anion ratio and is related most likely to the
size. The side chain is mainly covered by the ring (covalent
bond), which is followed by other side chains to 28.9%. There is
some sizable amount of [BF4]

− anions (19%) in the proximity of
the butyl chain, while the chloride anion is rather absent (2.3%),
reflecting the stronger hydrophobic behavior of [BF4]

−. The
anions are largely covered by the polar part of the cation with a
higher coverage of the [Cl]− anions (81%) than that of the
[BF4]

− anion (65.3%). Side chain coverage does play a role with
a higher priority for the [BF4]

− anion.
Addition of water changes the situation drastically. Water

covers each subset by more than 35% and, thus, each part of the
IL network is perturbed significantly. Due to the high proportion
of water, the coverage of each IL subset by the IL is reduced
noticeably. The side chain coverage by other side chain subsets is
reduced as well. The [BF4]

− anion suffers a similar reduction of
the ionic liquid subset coverage as the polar part of the cation
(ring). Although the overall coverage of the [BF4]

− anion with
the cation is reduced, in themoist system, it is nowmore covered
by the cation (39.0%) than the chloride anion (25.5%). In fact,
the most pronounced changes can be observed for the [Cl]−

anions: the 81% surface coverage by the ring subset is reduced to
25.5%, while the coverage of the anions by water is 63.2%.
Dynamical Properties. While structural information is

important with respect to arrangements in the liquids, dynamical
properties help to estimate availability and mobility. Insight into
the lifetime of certain aggregates can be obtained in terms of
continuous autocorrelation functions.94

In Figure 13, we display the continuous autocorrelation
functions.94 Obviously, all investigated dynamical properties are
significantly accelerated by water, which is visible by the faster
decay of the autocorrelation functions. In the water-free IL
mixture, the strongly coordinating Cl− anion center of the ring
aggregate decays more slowly than the weakly coordinating
[BF4]

− anion aggregate, which also indicates that in the
competition of the anions for the cation, the strongly
coordinating anion succeeds. The situation changes when
water is added. In the water-free system, the strongest hydrogen
donor site constitutes theH2 position at the cation, see Figures 6

and 8, and in the water-containing system, this role is taken by
the proton from H2O. This is the reason why not only the
aggregates decay faster in general but also the CoR-anion groups
reverse their order. While the CoR-Cl clusters possess a longer
lifetime than the CoR-BF4-aggregates in the water-free system,
this trend is reversed by the addition of water. Keeping in mind
that water is a fluctuating network of hydrogen bonds, it is not
surprising that the aggregates formed with water show this order
of mobility. It is well-known that an intermittent function95 or
even one based on the reactive flux theory96,97 would describe
the process with the fluctuating water better. Unfortunately, the
accessible simulation runtime is too short for this kind of
analysis.94

To analyze the effect of water addition on the transport
properties of ILs, we determined the mean square displacement
(msd) of the CoR of the cations and the central atoms of the
anions. Figure 14 shows that themsd for both anions and cations
is similar, within the uncertainty of the calculations as previously
observed in AIMD. Due to the fact that the sampling for this
property is too short and the system size too small, we obviously
do not calculate diffusion constants.98,99 Nevertheless, trends
with respect to adding water on the msd curves can be
considered.While the CoR’s of the cation and the chloride anion

Table 5. Surface Coverage fromVoronoi Analysis for Systems
A and Ba

ring* C3H7* BF4* Cl* H2O*

System A
ring 27.8 49.8 65.3 81.0
C3H7 35.7 28.9 31.3 16.8
BF4 28.4 19.0 3.0 1.8
Cl 8.1 2.3 0.4 0.4

System B
ring 12.3 36.5 39.0 25.5 20.0
C3H7 25.9 15.9 17.4 10.7 12.0
BF4 16.8 10.5 2.2 0.6 8.4
Cl 2.5 1.5 0.1 0.0 2.9
H2O 42.5 35.6 41.3 63.2 56.7

aThe subsets are ring (ring of the cation plus methyl group plus the
CH2 space of the butyl side chain), C3H7 (the propyl rest of butyl side
chain), BF4 (atoms of [BF4]

−), Cl ([Cl]−), and water. * Indicates
referred coverage, columns = observed surface (values given are in
percentages).

Figure 13. Continuous autocorrelation of the aggregates based on a
distance criterion of 700 pm for CoR-anions. The other aggregate was
determined at approximately their first minimum in the RDF, which is
400 pm for O−O and O−Cl and 500 pm for O−B(BF4).

Figure 14.Mean square displacement of the ions and water in system A
(dashed lines) and in system B (solid line).
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diffuse similarly in system A, the [BF4]
− anions seem to be more

mobile. This order changes in the moist system B in which the
chloride anions seem to be much more mobile than the [BF4]

−

anions and the cation. While the order of the mobility could still
be a result of insufficient sampling, the acceleration of the ion
dynamics by water is too strong and clearly an effect of water,
confirmed by experimental observations. Of course, water is
much more mobile than any other compound in the system.
These conclusions are also in line with a previous work by
Maginn and co-workers,100 in which they study the influence of
water on different neat ionic liquids, showing that water has
different effects depending on the nature of the anions.
Charge Analysis. In the following section, we carry out a

charge analysis. The obtained absolute values depend on many
criteria, some of them already arise from the setup of our
simulations, but most important is of course the method for the
charge calculation itself. Therefore, our main objective is not to
get absolute numbers for our partial charges, but the distribution
of these. Through this approach, we are able to observe the
influence of the polarization effects on the electron density of
our system and as a result on our partial charges. As mentioned
before, two different methods have been used for the assignment
of the charges (the Blöchl and Mulliken methods). Hereby, we
report the charges derived using the Blöchl method as it can deal
with dense systems and periodic boundary conditions.101

However, it is important to note that Mulliken and Blöchl are
in agreement with each other. Figure 15 shows the charge

distributions for the cations, anions, and water molecules, in
systems A and B. In system A, the total average charge on the
cation is 0.62e, on [Cl]− is −0.41e, and on [BF4]− is −0.71e. In
system B, the total average charge on the cation is 0.57e, on
[Cl]− is−0.27e, on [BF4]− is−0.59e, and onH2O is−0.01e. The
perk of this visualization is that it allows us to appreciate that
charges are not fixed but they vary along the simulation and that
they fluctuate, following a distribution, which recall the Gaussian
one. It is noteworthy that at half-height of the Gaussian, the
values can still vary in a range of 0.4e in the case of the cations
and 0.2e in the case of the anions and water molecules. Those
ranges of “freedom” are reduced to about half when theMulliken
method is taken into account (SI). Concerning the position of
the maximum of those distributions, we see that considering
system B instead of system A reduces the absolute value of the
charge of the cations and the anions; see Figure 15. In other
words, cations and anions are losing their charge (which is
especially evident in the case of the anions), which is originated
by the charge transfer to water molecules. The charge transfer is

also confirmed by the position and shape of the charge
distribution of the water molecules. In fact, the water charge
distribution exhibits a shoulder on the negative side, which
implies that part of the charge of the anions has been shifted on
the water molecules. Another fascinating fact is given by the
relative position of the charge distributions of the anions. In both
analysis (Blöchl and Mulliken), [Cl]− is more positive than
[BF4]

−, which is in line with the already described stronger
interaction of this anion with the cations and which
consequently leads to a more pronounced charge transfer.
Noteworthy is that compared to the cation charge distributions,
the anion charge distributions are more influenced by the
presence of water molecules.
Figure 17 depicts the charge distribution of different groups,

belonging to the side chains of the cations. Although a significant
difference between systems A and B is not observable, the wide
distribution of the overall charge of these groups is interesting. In
fact, when we compare the overall charges of the same groups in
classical the molecular dynamics force field, we find some
differences (see Figure 16). Such a comparison is made to

underline how much those values change once polarization and
charge transfer have occurred and to guide future force field
developments. In Canongia Lopes and Pad́ua force fields, which
are among the most used, the methyl group carries an overall
charge of 0.22e and the first methylene of the butyl chain carries
a charge of 0.09e. In our evaluation, those two charges are nearly
identical (see Figure 17, black and purple distributions, charge =
0.06e). When we consider the second methylene group of the
butyl chain, the overall charge of the force field is 0.13e, slightly
higher than that of the first methylene group (0.09e). Compared
with the Canongia Lopes and Pad́ua force field, our results are
clearly different. In fact, for the second methylene group, the
average total charge is 0.01e, which is lower than the charge on
the first methylene group (0.06e). The third methylene group
and the terminal methyl group of the butyl chain in the force
field are described by means of the opls-aa charges, and the
overall charge for both of them is 0. The calculated charges for
these groups are, respectively, 0.03e and −0.06e. Nevertheless,
those qualitative differences are not surprising when one takes
into account that to obtain the charges for the force field, static
quantum chemical calculations have been used. Those

Figure 15. Comparison of the total charge distribution of the cations,
anions, and water molecules in systems A and B.

Figure 16. Charges on the groups (methylene and methyl) of the side
chain of the cation. In black are shown the charges from Canongia
Lopes and Pad́ua force field, and in red are shown the average charges in
system A calculated by means of the Blöchl method.
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calculations are typically performed on single optimized
molecules (or ions in this case) in vacuum, and they do not
take into account the solvation of the molecules.
Spectroscopy. It is possible to obtain the vibrational density

of states (VDOSs) from an MD trajectory as the power
spectrum (Fourier transform of the time autocorrelation
function of the atomic velocities, VACF). Figure 18 compares
the VDOSs obtained from the VACF of the two systems A and B
(upper panel) with experimentally obtained Raman spectra of
pure [C4C1Im][Cl] and [C4C1Im][BF4] (middle panel).
The observed results with (black) and without (gray) water

content are quite close, and the general shape of the spectrum is
similar in both cases. Nevertheless, three features with respect to
water should be specially mentioned: first, the spectrum
obtained from the trajectory with water gains intensity in the
low-wavenumber region due to the modes related to the
movement of the heavy atoms; see also Figure 19 in which the
spectra are decomposed with respect to the different
compounds. Second, it has one additional peak at around
1640 cm−1, which is due to the water bending motion. Third,
there are some entries above 3300 cm−1, which are related to the
O−H stretch modes. However, there are also changes with
respect to the ionic liquid ions. Up to 1200 cm−1, the [BF4]

−

anion shows entries; see Figure 19 (upper panel, orange
spectrum). Upon water addition, there is a loss of intensity, and
below 300 cm−1, the modes are shifted to lower wavenumbers.
In the low-wavenumber region, the cation features ring
breathing. Between 500 and 1000 cm−1, the modes originating
from vibrations involving carbon atoms are visible. The peaks
between 2800 and 3000 cm−1 stem from the butyl chain

attached to the imidazolium ring,98,102 which are attributed to
the stretching and Fermi resonance modes of CH2 and CH3.
Features between 3000 and 3200 cm−1 are attributed to the C−
H vibration modes of the imidazolium ring.98,102

It is possible to compare the predictions of our calculations
with the experimental Raman spectrum. The agreement is
satisfactory: the global form of the experimental spectrum is well
reproduced from the DFT calculations. The calculated spectrum
shows a red shift of the modes in the high wavenumbers when
compared with the experimental data.

■ CONCLUSIONS
By means of ab initio molecular dynamics simulations, in this
article, we have studied the ionic liquid mixture composed of
three components [C4C1Im]+, [BF4]

−, and [Cl]− without and
with water to understand the effect of water on an ionic liquid
mixture as it is applied in material synthesis.9,10 This is the first
AIMD study investigating the effect of water on an ionic liquid
mixture.
For our particular composition (i.e., 0.87 mole fraction xH2O),

we observe a strong perturbation of the ionic liquid network by
water in which the cation−anion coordination numbers are
strongly reduced. While the [BF4]

− anion interplay with itself
remains almost the same when adding water, the other like-ion
interactions ([Cl]− with itself and interacting with the [BF4]

−

anion) change such that these become less probable. The strong

Figure 17. Comparison of the partial charge distribution of different
groups belonging to the side chains of the cations in systems A and B. Figure 18. Upper panel: complete power spectrum calculated for

system A (gray) and system B (black). Middle panel: experimental
Raman spectrum of pure [C4C1Im][Cl] and [C4C1Im][BF4]. Lower
panel: experimental Raman spectrum of pure [C16C1Im][Cl] and
[C16C1Im][BF4].
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directional coordination between the ring hydrogen atoms and
chloride is tremendously reduced, and chloride forms strong
hydrogen bonds with water, while the weakly coordinating
[BF4]

− anions though being in contact with water show almost
no particular hydrogen bond contacts to water. The amount of
water added even influences the side chain behavior, though to a
lesser extent. The side chain crumbles more compared with the
pure mixture, and the orientation of the cation with respect to
other cations is now more random. An interesting insight is
obtained from the Voronoi tessellation analysis of the domain
count and the surface coverage. As usual, in ionic liquids, the
polar network in the IL mixture without water is one connected
domain and the nonpolar side chains also form one domain,
which generally depends on the spacer and the chain length.
Addition of water disperses the side chain aggregation,
independently whether water is counted as extra subset or
added to the polar part of the IL mixture. Dispersed nonpolar
groups usually can be foundwhen short side chains are chosen or
when large anions form the ionic liquids. Additionally, the polar
ionic groups are now slightly dispersed, which usually is never
observed for a water-free ionic liquid. The distinction of a polar
ionic and the water subset clearly shows that the [Cl]− anions
are “pulled” into the water continuum. Similar conclusions can
be drawn from the surface coverage. While in the pure mixture,
the dominance of the cation coverage by the [BF4]

− anion is
only a factor of 3.5, it changes when water is added to a factor of
6.7. In the pure mixture, the coverage of the strongly
coordinating [Cl]− anion is to 81% by the polar part (ring) of
the cation and it is only to 65.3% for the [BF4]

− anion. This

coverage is reduced in total, and the priority is changed when
water is added. Even more strikingly, the ring coverage of the
water-containing system (25.5%) is much less than that of the
water coverage (63.2%) of the [Cl]− anion.
Addition of water to ionic liquids might in principle lead to an

increase in nanosegregation and domain formation for the
nonpolar part of the ionic liquid. However, in this particular
system, water strongly interacts with the [Cl]− anions and
“pulls” them out of the polar ionic liquid network. The side chain
is thusmore exposed to an IL network with large anions and thus
becomes more dispersed in the system. The charge analysis,
which reflects the electronic structure of our systems, yields
further insights into the dynamical situation of our investigated
systems and the crucial role of polarization effects of those.
Noteworthy is the charge transfer from the anions to the water
molecules and the different arrangement and shape of the charge
distribution of [BF4]

− and [Cl]− with respect to their
coordination behavior. These observations have large impacts
on the applications of ILs to all of the different fields: they show
how different modifications of nanostructuring can be obtained
by adding the right components to a mixture and how they can
be dissolved. They also show that different components can be
made available by transferring them from one microcontinuum
to the other. These possibilities have to be thoroughly
understood to make them optimal for material synthesis, in
energy devices, or in separation processes. Furthermore, our
study has impacts on systems with added salting-out or
coordinating agents. As shown in this study, if one chooses an
ionic liquid mixture in which components of the IL already play
this role, the addition of such agentsmight be redundant because
those can be contained in the solvent itself.
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