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ABSTRACT: Simulations of ab initio molecular dynamics have been
performed for mixtures of ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide (EMIM-TFSI) ionic liquid and water.
Statistics of donors and acceptors of hydrogen bonds has revealed that
with increasing water content, hydrogen bonds between EMIM cations
and TFSI anions are replaced by bonds to water molecules. In the
mixture of liquids, the total number of bonds (from EMIM cations or
water molecules) formed by TFSI acceptors increases. IR spectra
obtained from ab initio molecular dynamics trajectories are in good
agreement with literature data for ionic liquid/water systems. Analysis of
oscillations of individual C−H and O−H bonds has shown correlations
between vibrational frequencies and hydrogen bonds formed by an EMIM cation or water molecule and has indicated that the
changes in the IR spectrum result from the decreased number of water−water hydrogen bonds in the mixture. The tests of DFTB
methodology with tailored parameterizations have yielded reasonably good description of the IR spectrum of bulk water, whereas
available parameterizations have failed in satisfactory reproduction of the IR spectrum of EMIM-TFSI/water mixtures in the region
above 3000 cm−1.

1. INTRODUCTION
Ionic liquids (ILs) attract significant attention owing to their
physicochemical properties (which may be tailored by
modifications of IL ions) and prospective applications as
alternative solvents. ILs are organic salts molten at ambient
temperatures; therefore, the interactions between ions of the
IL are dominated by strong, long-range electrostatic inter-
actions. Nevertheless, short-range specific interactions such as
hydrogen bonds (HBs) can also occur in ILs, provided that
appropriate hydrogen donors and acceptors are available in IL
cations and anions. The importance of hydrogen bonding for
the structure and solvation properties of ILs has been already
documented.1−5

More possibilities of HB formation in ILs arise when a
hydrogen bonding-capable molecular solvent is dissolved in the
liquid. Some amounts of water are usually present in ILs in
typical laboratory conditions due to the hydrophilic nature of
many ILs. Therefore, numerous experimental or computational
works focus on IL/water mixtures, their structure, and
dynamics and on investigations on how the presence of
water affects the structure and properties of the IL.6−14

The interactions in liquid phase and the hydrogen bonding
are commonly studied via infrared (IR) or Raman spectros-
copy. It is therefore unsurprising that vibrational spectroscopy
has been applied to investigate water/IL systems and to detect
changes in HB properties in such solutions.10,15−25 Water

molecules have been suggested as vibrational probes into the
structure and dynamics of ILs.23

Vibrational frequencies in IL/water solutions can be
assessed from quantum-chemical calculations in a routine
manner, from the analysis of the eigenvalues of the Hessian
matrix at the optimized geometry of the system containing
only few molecules/ions. Computations of such a type have
been performed for clusters of IL ions and water
molecules.16,19,21,26−28 On the other hand, vibrational spectra
can be obtained from the ab initio molecular dynamics
(AIMD) simulations, as Fourier transforms (FTs) of the
autocorrelation function of the dipole moment (IR spectrum)
or the polarizability (Raman spectrum) of the system. This
methodology can be used not only in calculations for
molecules or small aggregates but also for simulations of the
spectrum of a bulk liquid. It has been applied for computations
of the IR spectra of neat ILs29−31 and for mixtures of ILs with
water.32
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In this paper, we extended our AIMD study33 on an HB
network in a typical aprotic IL, 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM-TFSI) to EMIM-
TFSI/H2O mixtures. We analyzed the statistics of different
HBs and how it is affected by the presence of water molecules.
From AIMD trajectories, we obtained the IR spectra of
systems with different water fractions and performed analysis
of selected vibrations to check the correlations between local
structure/formation of an HB and the observed vibrational
frequencies. Finally, we tested the applicability of density
functional-based tight binding (DFTB),34,35 less demanding
computationally than the density functional theory (DFT)-
based methodology used for the main AIMD simulations. The
DFTB method has been already used for simulations of IL
systems,36−38 including the analysis of HBs and IR spectra.37

Here, we assessed the performance of DFTB in the description
of spectral effects related to hydrogen bonding in mixed IL/
water systems.

2. COMPUTATIONAL DETAILS
The EMIM-TFSI/H2O systems simulated in this work
consisted of 15 pairs of the IL ions and an increasing number
of H2O molecules: 0, 2, 5, and 15, corresponding to water
mole fraction x equal to 0, 0.12, 0.25, and 0.5, respectively.
Additionally, simulations were performed for a neat water box
containing 181 H2O molecules. Initial structures were
prepared using Packmol software.39 Two independent replicas
of the systems were simulated for neat liquids and three for IL/
water mixtures in order to average results.
Initial MD simulations were performed in the NAMD v 2.12

simulation package.40 For the description of EMIM-TFSI, we
used the nonpolarizable force field NP1 from our previous
work41 with bonded parameters taken from Pad́ua et al.’s
parametrization42 and nonbonded from Köddermann et al.’s
force field.43 Atomic charges were not scaled. Water molecules
were described using the 3-site flexible TIP3P water model
based on the original work by Jorgensen et al.44

NAMD simulations were performed in the NpT and NVT
ensembles at p = 1 atm and T = 298 K with Langevin dynamics
and a modified Nose−Hoover Langevin barostat.45,46 A time
step of 1 fs was used to integrate equations of motion. Periodic
boundary conditions were applied to the system, and
electrostatic interactions were taken into account via the
particle mesh Ewald algorithm.47 First, 100 ns of equilibration
were performed in NpT runs; then, we simulated another 100
ns of the trajectories in the NVT ensemble at the density
obtained in the NpT part. The density obtained for the neat
EMIM-TFSI was 1.518 g/cm3, almost exactly the experimental
value 1.519 g/cm3.48 Densities of the systems with x = 0.12,
0.25, and 0.5 were 1.491, 1.485, and 1.462 g/cm3, respectively;
the calculated densities decrease a little faster than measured
values and therefore are 0.01−0.02 g/cm3 lower than the
experimental data.49

Next, the structures from the classical MD simulations were
used as starting points of AIMD in the CP2K package,50,51

employing the PBE functional with empirical dispersion
correction D3,52 Goedecker’s pseudopotentials,53 and a
molecularly optimized DZVP-MOLOPT-GTH basis set.54

AIMD simulations were performed for 40 ps in the NVT
ensemble at T = 298 K with a time step of 1 fs using the
Nose−́Hoover thermostat.
DFTB+ v. 22.1 software55 was used in the DFTB-based

simulations. The application of the DFTB methodology is

limited by the availability of the parameter sets. In this work,
we used the publicly available parameterizations. For H2O
molecules, these were 3ob,56,57 matsci,58 mio,34 and ob259

general purpose sets. In addition, we tried also the water-matsci
and water-matsci-uf f parameterizations derived from the matsci
set to improve the description of the structure and dynamics of
bulk water.60 Recently, a general and broadly parameterized
DFTB3 variant was presented, called GFN-xTB.61,62 In our
simulations for neat water, we used two variants of this
method, GFN1-xTB and GFN2-xTB. Only 3ob and the general
GFN-xTB sets of parameters cover all atoms of EMIM-TFSI
ions. Therefore, simulations for neat IL and for x = 0.5 IL/
water mixtures were performed only with 3ob and GFN2-xTB
sets; the GFN1-xTB was not used because for neat water, it
produced results worse than GFN2-xTB (cf. Section 3.3). The
NVT parameters and the length of DFTB+ trajectories were
the same as for AIMD simulations in CP2K.
The last 30 ps of MD trajectories were used for analysis.

Plots of distribution functions were prepared using TRAVIS.63

The IR spectra were obtained from AIMD and DFTB MD
trajectories as the Fourier transforms of the dipole moment
autocorrelation function. To produce smooth plots, the
individual peaks were convoluted with Gaussian curves with
σ = 15 cm−1. The distribution functions and calculated spectra
were averaged over all replicas of the trajectories.

3. RESULTS AND DISCUSSION
3.1. Structure of Liquids. To gain some information on

the structure of the liquid, we analyzed distribution functions
between selected atoms. In the following, we will denote the
oxygen atoms from TFSI anions as OTFSI and those from water
molecules as Ow. Labeling of the atoms in the EMIM cation is
shown in Scheme S1 in the Supporting Information. HIm and
HCH3 stand for H atoms bound to carbon atoms from the
imidazolium ring or from the CH3 group, respectively. The
carbon atoms from the imidazolium ring will be generally
labeled CIm; the carbon atom located between two nitrogen
atoms will be denoted as C1. Plots of radial distribution
functions (RDFs) obtained from AIMD DFT simulations are
shown in Figure 1 (for x = 0.5) and in Figure S1 in the
Supporting Information (for x = 0). The first sharp maximum
in the HIm−OTFSI and in the HIm−Ow RDF appears slightly
above 2 Å, followed by lower and broader maxima above 4 Å.
On the other hand, the maxima between 2 and 3 Å in the

Figure 1. Radial distribution functions for selected atom pairs
obtained from AIMD simulations for x = 0.5.
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HCH3−OTFSI and HCH3−Ow RDFs are weak. The main maxima
of these RDFs are located at the distance of about 4 Å and are
lower than the first peak in the RDFs obtained for HIm atoms.
The picture is similar in the case of HIm−F and HCH3−F RDFs
with weak features at 3 Å and the main maximum between 4.5
and 5.5 Å. From the RDFs, one may expect that EMIM cations
will interact with oxygen atoms from anions or water molecules
through the hydrogens of the imidazolium ring.
Formation of a HB requires not only a small distance

between hydrogen and the acceptor atom but also a sufficiently
linear arrangement of the three atoms involved in the bond;
the deviation from the linearity is the smallest for strong HBs
and the largest for weak bonds.2 Therefore, we analyzed the

combined distribution functions (CDFs) showing the relative
probability of finding a configuration of atoms at specified D−
A distance and D−H−A angle. Sample CDF plots for the x =
0.5 system are presented in Figure 2; the data for x = 0 and
CDFs involving the C1 atom are shown in Figures S2 and S3 in
the Supporting Information.
The configurations of D−H−A atoms suitable for hydrogen

bonding are these corresponding to the D−H−A angle close to
180° and to the D−A distances up to 350 pm. As seen in
Figure 2, there is a region of increased probability of finding
CIm−OTFSI atom pair at the distance 300−350 pm and at the
CIm−H−OTFSI angle of 135−180°. The probability of finding
such a configuration for Cm−H−OTFSI atoms is smaller but

Figure 2. Combined distribution functions for selected D−H−A atoms in the x = 0.5 system. Cm denotes C atoms from CH3 groups, CIm are the C
atoms from the imidazolium ring, and Oan are the O atoms from TFSI anions.
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non-negligible. On the other hand, occurrences of C−H−F
arrangements leading to HB are infrequent. We may also note
that the CIm−H−Ow CDF has the maximum at about 300 pm
and 180°, indicating the possibility of interactions of HIm with
water acceptors. Spatial distribution functions (SDFs) of TFSI
and water oxygen atoms around EMIM cations, shown in
Figure 3, confirm that there are regions of increased density of

oxygen acceptors close to hydrogen atoms from the
imidazolium ring; therefore, one may expect a significant
number of HBs involving these D−A pairs.
In the analysis of hydrogen bonding in the MD trajectories,

we used the following criteria of the existence of the D−H···A
bond between the donor D and the acceptor A: (1) the D−A
distance not exceeding 3.5 Å, and (2) the deviation of D−H−
A atoms from the linearity by no more than 40°. The same
thresholds were used in our previous work,33 where we showed
that they lead to the H−A distances smaller than the sum of
van der Waals radii of H and A atoms.
In Figure 4, we summarize the breakdown of the average

number of HBs according to different hydrogen donors
(carbon atoms from the imidazolium ring, CH2 or CH3
group of the cation, and O atoms from water molecules)
and acceptors (OTFSI, N, and F are the atoms from the anions,
Owater are oxygen atoms from H2O molecules). The numbers
were calculated per EMIM cation or per water molecule,
depending on the donor. In the neat IL, EMIM cations form
2.5 HBs per cation (the sum of all contributions shown in the
top panel of Figure 4), most of them to oxygen atoms (1.7
bonds per EMIM; the sum of red bars in Figure 4). About half
of these H···OTFSI bonds engages the imidazolium ring
hydrogens. The average number of HCH3···OTFSI bonds reaches
0.6 per cation; the lower probability of finding individual pair
of HCH3 and OTFSI atoms at the appropriate geometry is
partially compensated by the larger number of methyl
hydrogen atoms in the cation. Bonds to fluorine atoms are
less probable (0.6 bonds per cation) than HBs to O acceptors
and engage mainly methyl hydrogens. HBs to the N atom of
the anion appear in very small quantities (0.15 bonds/cation).
The overall breakdown of donor/acceptor pairs in neat EMIM-
TFSI is similar to that reported from AIMD simulations in our
previous study,33 with the exception that in current
simulations, the average numbers of HBs are smaller. We
attribute this difference to the different DFT functionals used
in calculations (Pade in ref 33, PBE in the current work). In
the calculations with the Pade functional, maxima of the HIm−
OTFSI, HCH3−OTFSI and HCH3−F RDFs were shifted to lower
distances by 0.15−0.25 Å, compared to PBE results. The
number of HBs in the sample was therefore larger because the
same value of the threshold distance was used in both works
for HB detection.

In the systems containing water, H2O molecules tend to
form HBs to oxygen atoms from TFSI anions. In the systems
with 0.25 or 0.5 mole fraction of water, there is about 0.8 Hw−
OTFSI HB per H2O molecule (the system x = 0.12 seems to be
an outlier because of poor statistics when the simulation box

Figure 3. Spatial distribution functions of oxygen atoms around
EMIM cations: TFSI ions in the neat IL (a); TFSI ions in the x = 0.5
mixture (b); water molecules in the x = 0.5 mixture (c). Surfaces of
particle density 10 atoms/nm3 are shown.

Figure 4. Statistics of hydrogen bonds obtained from AIMD
simulations. Donors are shown in the horizontal axis; colors mark
the acceptors.
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contains only two water molecules). When the content of
water increases, EMIM cations start to interact with H2O
molecules (about 0.4 bond per cation in the x = 0.5 system).
This competition between OTFSI and Ow atoms for EMIM
donors result in a small decrease of the number of EMIM−
OTFSI HBs. Nevertheless, the total number of HBs formed by
the EMIM cation to oxygen atoms (TFSI or water) remains
fairly constant and for all systems, it is in the range of 2.45−
2.56 bonds/cation. We also note that the total number of HBs
involving H atoms from the imidazolium ring and an O atom
increases from 0.9 bonds/cation for neat IL to 1.0 in the x =
0.5 mixture.
With increasing water concentration, the probability of

water−water hydrogen bonding also increases; at x = 0.5, there
is 0.7 Hw−Ow HB per water molecule. At lower water contents,
there is also quite a substantial number of Hw−N bonds (up to
0.25 bonds/H2O), disappearing at larger water concentration.
The average number of HBs in the neat water simulated in
AIMD is 1.91 bonds/molecule. In the IL/water mixtures, it is
smaller and in the x = 0.5 system, there is about 1.61 HB/
molecule formed by Hw atoms. The role of water as an HB
acceptor is also reduced, with the H2O molecule accepting on
average 1.15 hydrogen atoms. The average numbers of H
atoms donated and accepted by water molecules in the x = 0.5
system are therefore 0.3 and 0.76 HB/H2O smaller than in the
neat water. Finally, TFSI anions can accept hydrogens either
from EMIM cations or water molecules, and the loss of EMIM-
TFSI HBs is compensated by an increasing quantity of H2O−
TFSI bonds. As a result, the average number of HBs per anion
increases from 2.5 in neat IL to 3 in the x = 0.5 system. We can
summarize the trends obtained from AIMD for IL/water
systems as follows. In the mixture of solvents, water molecules
form less HBs that in neat water. The total number of HBs
formed by EMIM cations is almost unaffected, with
interactions EMIM-H2O replacing EMIM-TFSI bonds at
larger water concentrations. The number of bonds to TFSI
anions increases because not all O atoms of the anion are used
as HB acceptors in the neat IL, leaving the possibility to
increase the number of bonds when additional hydrogen
donors (water molecules) become available in the liquid.
3.2. IR Spectra. To give some information on the

differences between the spectra calculated for individual
replicas of the same system, we show in Figure S4 in the
Supporting Information the IR spectra for x = 0 and x = 0.5,
together with the averaged data. For neat IL, the differences
are small. They increase in the IL/water mixture, especially in
the region of water O−H vibrations. This was expected
because for a small system size, the local structure of the liquid
and the environments of water molecules can deviate from the
average structure. In the main paper, we present therefore only
the spectra averaged over all replicas.
The IR spectra of neat liquids obtained from our AIMD

simulations applying PBE functional are shown in Figure 5,
compared with experimental IR spectra of water64 and EMIM-
TFSI.65 Although in both cases the overall agreement between
calculations and experiment is quite satisfactory, there are
some differences in the positions of bands. Computed
frequencies of the H−O−H bending mode in water at 1600
cm−1 agree very well with measured data; on the other hand,
the O−H stretching band above 3000 cm−1 is shifted by 200−
250 cm−1 to lower energies with respect to the experiment. For
EMIM-TFSI, the calculations predict correctly the shape of the
spectrum; however, the part below 1500 cm−1 is shifted to

lower frequencies by ca. 60 cm−1 and the intensity of the band
calculated at 980 cm−1 is too low. There are also some
differences in the region of C−H stretches, with a shift of
computed spectrum to higher energies and increase of its
intensity. These results are similar to the findings of a
benchmarking study applying different functionals to model
the vibrational spectra of liquid methanol.66 Most functionals
(including PBE) underestimate the frequencies below 2000
cm−1. In the region above 2800 cm−1, frequencies of C−H and
O−H stretches calculated in PBE functional are shifted upward
and downward, respectively. Therefore, we consider the
differences to the experiment observed in our results as
acceptable because our primary task is to investigate the
changes in the spectrum of the mixture of liquids with respect
to a neat IL. Readers interested in the performance of different
functionals are referred to the work of Kirchner et al.66

When the mole fraction of water in the system increases, the
IR intensity of the bands related to IL vibrations decrease
(bottom panel of Figure 5) due to decreasing concentration of
ions in the solution. Much more interesting changes are visible
in the region above 3000 cm−1 (inset in the Figure 5). There is
a small intensity increase at frequencies just below the C−H
band at 3240 cm−1. Simultaneously, the IR intensity between
3300 and 3800 cm−1 increases with water content, and a new
maximum develops at about 3700−3750 cm−1. These trends
agree very well with IR measurements of EMIM-TFSI/H2O20

and EMIM-BF4/H2O mixtures,24 in particular, with changes
shown in the experimental spectra for increasing water mole
fraction (Figure 7 of ref 20 and Figure 1a of ref 24). The
changes below the C−H band can be attributed to the shifts of
C−H stretching frequencies in EMIM cations, which are in an
environment different than that in neat IL. The intensity
increase above the C−H band is due to O−H vibrations in
H2O molecules. However, the new maximum appearing in
Figure 5 (and in the experimental spectra in refs 20, 24) is
located above the main maximum observed for neat water.

Figure 5. IR spectra calculated from AIMD DFT (PBE) trajectories
for neat liquids and IL/water mixtures with increasing mole fraction
of water.
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Therefore, the water molecules apparently are in an environ-
ment different than in the bulk water, with a smaller degree of
H2O−H2O hydrogen bonding.
To investigate in more detail the relation between

vibrational frequency of a given X−H stretch and the local
structure of the liquid, we calculated Fourier transforms (FTs)
of all C1−H and O−H bond lengths and H−O−H angles in
the sample. For a clearer presentation, the obtained frequencies
were then represented by Gaussian curves with σ = 5 cm−1. In
the Supporting Information (Figure S5), we show the FTs
averaged over all EMIM ions/water molecules in the system.
The averaged data exhibit similar changes to those observed in
calculated IR spectra when the water fraction is increased.
More information can be retrieved from nonaveraged FTs
analyzed for individual ions or molecules.
A sample plot of Fourier-transformed C1−H bond lengths of

all EMIM cations in the neat EMIM-TFSI liquid is presented
in the upper panel of Figure 6. As readily seen, frequencies of

individual bonds vary in an interval of about 200 cm−1, with
the average frequency (purple line) of 3250 cm−1. We selected
three EMIM ions, which spent most time forming the HB from
C1−H group to the TFSI anion (shown in magenta in Figure
6), and the three ions with the shortest time of HB formation
(cyan curves). Frequencies of C−H vibrations involved in HB
formation are shifted below the average frequency, whereas
frequencies of “free” C−H bonds (that is, participating in HBs
for only small part of the time of simulation) are higher than
the average. We should note that in a homogeneous system, for

a sufficiently long simulation time, all bonds will be on average
in the same environment; therefore, all frequencies should be
close to the average over the whole sample. Yet, in a given
moment of time, the local environments of C−H bonds may
be different, and this difference can be observed when the data
are analyzed in a sufficiently narrow time window (that is, for
time intervals shorter than the mean time between environ-
ment changes), as it is the case of our simulation.
In the lower panel of Figure 6, we show at which frequency a

maximum in Fourier-transformed C1−H length appears,
depending on the average percentage of time spent on
formation of C1−H···OTFSI HBs. These two parameters are
correlated; the frequency of the C−H stretch decreases when
the H atom forms a HB to the anion. The acceptor in the
majority of these HBs is an oxygen atom; therefore, the
statistics from the small system is not sufficient to make an
analysis for different acceptors; nevertheless, the plot suggests
that the bonds formed to F atoms (green symbols in Figure 6)
lead to smaller decrease of the C−H frequency.
Similar analysis was performed for C1−H frequencies

resulting from FTs of bond lengths in the systems containing
water molecules. The combined results are shown in Figure 7.
The time of HB formation includes equally the bonds to TFSI
anions and water molecules; in the plots, we marked the
cations according to the acceptor of the H atom. In all three
systems, the correlation is similar to that presented for the neat
IL: hydrogen bonding decreases the frequency of the
stretching vibration. There is no obvious correlation with the
type of acceptor (TFSI or water), perhaps with the exception
of the x = 0.5 system in which the most red-shifted vibrations
engage water molecules. Again, the sizes of systems treated in
AIMD are too small to collect more data and to improve the
statistics.
With the results displayed in Figures 6 and 7, we can

conclude that the increase of the IR intensity observed below
the band at 3250 cm−1 in water-containing samples is related
to changes in hydrogen bonding of H atoms from EMIM
cations. Statistics of HBs (Section 3.1) shows the increase of
the probability of HB formation by imidazolium hydrogens
with increasing water fraction. As a result, more C−H stretches
are affected by hydrogen bonding and with an increased
average time of HB formation, the red-shifts of frequencies are
larger, leading to the changes observed in calculated/measured
spectra.
To analyze the changes in the spectra above 3300 cm−1, we

performed the FT-based analysis of O−H vibrations in water
molecules. It is well known that frequencies of these stretches
are sensitive to the configuration of HBs in which given water
molecule participates. Results of fitting Raman spectrum of
water in the region of O−H stretches67 showed that the “free”
O−H bonds (that is, not being a donor of a HB) appear at the
highest frequencies (∼ 3600 cm−1). The frequencies of O−H
bonds involved in an HB decrease in the order DDA, DA,
DDAA, and DAA, depending on the HB configuration of a
given molecule.67 Here, D and A denote that the H2O
molecule serves as donor and acceptor of a HB, respectively,
e.g., in the DDA configuration the molecule is an acceptor of
one hydrogen atom from another molecule and simultaneously
donates both hydrogen atoms to two other molecules. The
frequency fitted to the DDAA configuration (“tetrahedral”
water) was ∼3200 cm−1, and the other main contribution at
∼3400 cm−1 was assigned to DA configuration.67

Figure 6. Fourier transforms of C1−H bond lengths in neat EMIM-
TFSI (upper panel); positions of the maxima in FTs of bond lengths
vs the time of HB formation (lower panel).
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In Figure 8a,b we show the frequencies of O−H stretches vs
percentage of the time of HB formation for all replicas of
systems with water mole fraction x = 0.25 and 0.5. We marked
in the plot whether the HB formed by the O−H hydrogen is
mainly to TFSI or to water and whether the molecule at hand
is an acceptor of a HB from another H2O molecule. The
increased time of HB formation generally results in a decrease
of O−H stretching frequency. One can note, however, that the
configuration of HBs of given molecule is another factor
modifying the vibrational frequencies. Donation of H atom to
TFSI anion results in smaller red-shifts than the donation to
water molecule. The O−H frequency is further shifted to lower
energies when the H2O molecule is additionally an acceptor of
hydrogen atom from another water molecule. Therefore, the
lowest frequencies (3500−3300 cm−1) are computed for O−H
vibrations in H2O molecules being simultaneously H-acceptors
and H-donors from/to other water molecules, that is, for the
molecules that are in a configuration of HBs most close to the
situation in a bulk water. The number of such water molecules
in an IL/water mixture is, however, limited. Some H2O

molecules are not involved at all in interactions with other
water molecules and serve only as H-donors to TFSI anions. In
such cases, the O−H frequency is usually computed between
3850 and 3700 cm−1. The frequency is lowered to 3800−3600
cm−1 if the water molecule donating to TFSI anion becomes
also an HB acceptor from another H2O molecule. Finally, in
molecules not being an HB acceptor from water but donating
the hydrogen to a water molecule, the O−H stretching
frequency is in the range 3800−3500 cm−1. Therefore, when
the water content in the IL increases, most of water molecules
are in hydrogen bonding environment different than in the
bulk water. These molecules (a) form an HB only for short
time or (b) donate H atom to the anion of the IL or/and (c)
are not an acceptor of H atom from another water molecule.
Frequencies of corresponding O−H stretches are on average
higher that in the bulk water, and therefore, in the calculated
(Figure 5) and in the measured IR spectra,20,24 a new band
appears above the IR band of the bulk H2O.

Figure 7. Positions of the maxima in FTs of C1−H bond lengths vs
the time of HB formation for IL/water mixtures.

Figure 8. Positions of the maxima in FTs of O−H bond lengths vs the
time of HB formation for IL/water mixtures with x = 0.25 (a); x = 0.5
(b); alternative labeling of data for x = 0.5 (c).
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In Figure 8c, we present an alternative analysis of HB
donor−acceptor structure for x = 0.5 data, based on the
symmetry of the solvating environment.24 In addition to
information on the HB acceptor, we color-coded the
distinction between symmetric (both O−H groups form HBs
to same type of acceptor for a similar time) and asymmetric
interactions (the acceptors for the two O−H bonds are
different or there is a substantial difference in time spent on
HB formation). According to Scheme 1 in ref 24, frequencies
of O−H stretch depend on the solvation environment as
follows: νab < νs < νaf, where νs is the frequency in symmetric
environment and νab and νaf stand for the frequency of “bound”
and “free” O−H groups, respectively, in an asymmetric
configuration.
Indeed, the lowest frequencies are computed for O−H

groups donating to water in an asymmetric environment (that
is, in the cases where the other O−H group is “free” or
donating to the anion). Frequencies for symmetric interactions
are located at higher values. We should expect that the highest
frequencies are obtained for O−H groups interacting asym-
metrically with anion for short time (νaf frequency).
Unfortunately, only one such O−H vibration is visible in
Figure 8c, but its frequency is among the highest calculated.
Therefore, the general trend discussed in ref 24 seems to exists
in our data, but for detailed analysis, a better statistics collected
from larger systems and longer simulation times would be
required.
3.3. Performance of DFTB Methodology. We started

the tests of DFTB methodology with bulk water, for which
many ready-to-use parameterizations are available. In the top
panels of Figure 9, we present the calculated IR spectra
compared to the experimental data and the results of AIMD
simulations with the PBE functional. The performance of
DFTB in the low-frequency part of the spectrum is rather
poor; therefore, we focus on the region of O−H stretches. The

two parameterizations designed specifically for water, water-
matsci and water-matsci-uf f, give the best agreement with
experimental data and with the DFT result. Next to these two
are GFN2-xTB, 3ob, and GFN1-xTB. In Figure S6 in the
Supporting Information, we show the O−O RDFs in water
calculated for different parameterizations, and the best
agreement with the DFT result is obtained for those
parameterizations that also yield the best IR spectra.
We also tried to relate the quality of spectrum reproduction

to the number of HBs in the simulated structures. In the lower
panel of Figure 9, we show the average number of HBs per
water molecule. Closest to the DFT data is the water-matsci-uf f
parameterization, and also GFN2-xTB and water-matsci
performed relatively well. Nevertheless, there is no direct
relation of the number of HBs to the quality of the spectrum,
for example, 3ob performs better than GFN1-xTB and ob2 in
the reproduction of the spectrum, although it is worse in
predicting the number of HBs. A possible origin of this
behavior may be seen in Figure S7 in the Supporting
Information, showing the SDFs of Ow atoms around the
H2O molecule�the 3ob parameterization gives the SDF closer
to the tetrahedral structure of water. We can summarize that
the best description of the structure of water is obtained for
water-matsci and water-matsci-uf f parameterizations, which is
not surprising, as they were designed for this purpose. We
confirmed that this good reproduction of the structure of the
liquid results also in good performance in simulations of IR
spectrum. The other well performing method is the general
GFN2-xTB parameterization.
The IR spectra of neat EMIM-TFSI and the x = 0.5 solution

are displayed in Figure 10 with the results of DFT PBE
calculations shown for comparison. Both in neat IL and in the

Figure 9. IR spectra calculated for bulk water in different DFTB
parameterizations (top); average number of HBs per water molecule
(bottom).

Figure 10. IR spectra of neat IL and the mixture with water obtained
from MD based on PBE DFT or two DFTB parameterizations.
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mixture with water, the 3ob parameterization predicts two
main IR bands in the range of 1000−1300 cm−1, instead of
three calculated in DFT. The GFN2-xTB correctly reproduces
the number of bands, and also their frequencies are closer to
DFT PBE results. For neat IL in the region above 3000 cm−1,
the results are similar, with 3ob yielding too low frequencies
and the xTB result closer (but not in exact agreement) to DFT
PBE. In the system with water, both DFTB approaches differ
noticeably from DFT. In both cases, an intense band appears at
3500 cm−1. At the high frequency part of the spectrum, there is
an increased IR intensity in 3ob results; on the other hand, the
intensity of GFN2-xTB spectrum above 3700 cm−1 is small.
To get some information on the structure of the liquid, we

calculated distribution functions for the x = 0.5 system
(Figures S8−S10 in the Supporting Information). The height
of the maxima in H−OTFSI RDFs obtained in 3ob simulations
is reduced. On the other hand, the HCH3−Ow maximum in the
GFN2-xTB is much larger than in DFT results, suggesting a
possible increase in the number of hydrogen bonds between
methyl groups and water molecules. The CDFs for GFN2-xTB
in Figure S9 compared to DFT data in Figure 2 also show an
increased probability of occurrence of HCH3−Ow and HCH3−
OTFSI configurations suitable for HB formation. The SDFs in
Figure S10 suggest that the TFSI and water O atoms are more
evenly distributed near EMIM cations, and the probability is
concentrated not only close to HIm hydrogen atoms.
The average numbers of the most abundant types of HBs are

compared for three simulation methods in Figure 11 (x = 0.5)

and Figures S11 and S12 (full statistics for neat IL and x = 0.5
systems). In 3ob results, the number of all main types of HBs is
reduced and apparently this method predicts weaker hydrogen
bonding ability of EMIM-TFSI/water. This observation may
help to explain the maximum at ∼3800 cm−1 in the 3ob IR
spectrum�there are more “free” O−H bonds in water
molecules contributing to this part of the spectrum. As
expected from distribution functions, in the structures obtained
from GFN2-xTB, there are more HCH3−OTFSI and HCH3−Ow
bonds. In the statistics of HBs with water as a donor, the ratio
of TFSI and H2O acceptors is changed in favor of the anions of
the IL. Both 3ob and GFN2-xTB methods result in distribution
of HBs different from that obtained at the DFT PBE level.
Although it is not clear why the IR band at 3500 cm−1 develops
in both cases, the simulated IR spectra apparently do not agree
with measured data20,24 (in contrast to PBE results); therefore,

we may conclude that the description of the HB network in
both tested DFTB approaches is not good enough to obtain a
satisfactory reproduction of experimental spectra. It could be
probably improved with a redesigned parameterization, like the
good performance of tailored parameters sets that was found in
calculations of the IR spectrum of bulk water.

4. CONCLUSIONS
We performed DFT-based AIMD simulations for mixtures of
EMIM-TFSI ionic liquid and an increasing amount of water.
Analysis of hydrogen bonding interactions shows that the most
abundant are the HBs with imidazolium carbon atoms as
donors and oxygen atoms as acceptors. The average number of
HBs formed by EMIM cations is barely affected by the
presence of water, and the number of HBs with TFSI acceptors
increases with the mole fraction of H2O.
The IR spectra calculated from the AIMD trajectories are in

good agreement with available experimental data for EMIM-
TFSI or EMIM-BF4 mixtures with water. The effects of
increased water content are well reproduced in the spectrum
above 3000 cm−1. Using the FT analysis of bond lengths in
individual ions or molecules, we related the local environment
and formation of HBs to the changes observed in the spectrum.
In this way, we confirmed that the increasing IR intensity in
the range of water O−H vibrations is due to H2O molecules
with HB patterns different than in neat water, either with “free”
O−H groups or forming an HB to the anion of the IL.
From several DFTB parameterizations tested for neat water,

the best performing in the reproduction of IR spectra were two
parameter sets designed specifically for water and also the
general-purpose GFN2-xTB method. However, neither of the
two parameterizations used for IL/water mixtures were able to
capture the changes induced in the IR spectrum by the
presence of water; this shortfall of DFTB could be related to
improper description of hydrogen bonding between IL and
H2O. We concluded therefore that the DFT AIMD simulations
are very promising for investigations of the structure and
vibrational spectra of IL/water systems and for explaining
spectral shifts caused by HBs. On the other hand, the
application of DFTB methodology for these purposes would
need an improvement of parameterization, tailored to a
particular system. The other possibility, which we intend to
exploit in the future, is the use of machine learning to obtain
potential energy surfaces for MD simulations, as done recently,
e.g., for bulk water.68
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Figure 11. Average numbers of the most abundant hydrogen bonds
obtained for x = 0.5 from MD simulations based on DFT or DFTB.
Lines are only to guide the eye.
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