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The ultraviolet photoelectron spectrum of the [EMIM][B(CN),4] ionic liquid was recorded and analyzed.
Together with different ab initio calculation methods, detailed insight into the electronic structure of this
simple room temperature ionic liquid is possible. The ion-pair approximation to the liquid electronic
structure was not sufficient. Therefore bulk ab initio calculations were performed on a proposed crystal

structure. The modelling of bulk electronic spectra is able to explain the experimental electronic

structure of the ionic liquid. Most notably, the dispersion corrected PBE calculation (PBE-D3BJ) showed

good agreement with the experimental UPS spectrum. The spectra simulated by the B97-D and the
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BLYP-D3(BJ) functionals were also in agreement with the experimental data. The LDA approximation

only provided qualitative agreement while the optB88-vdW and CX-vdW functionals were not good.
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1. Introduction

Ionic liquids (ILs) have recently gained much attention due to
their many useful properties, like low melting temperatures and
vapor pressure, excellent solvation ability, low chemical vola-
tility, high thermal stability and ionic conductivity. They have
possible applications in diverse fields, such as catalysis, bio-
catalysis, chemical synthesis, analytical chemistry, nanotech-
nology, fuel cells, solar cells, electrochemistry, etc.' Using the
large number of available anions and cations, it is possible to
synthesize a vast number of different ionic liquids leading to
a wide variety of electrolytes.

The high viscosity of commonly used ionic liquids such as
[EMIM][BF,], [BMIM][BF,] and [EMIM][TFSI] limits their
performance when used as electrolytes in electrochemical
devices.” Cyano-functionalized anions produce some of the
most fluid and conductive ionic liquids with low melting
temperatures and low viscosities.> However, there are relatively
few studies of the electronic structure of the cyano-anion based
ionic liquids compared to fluorinated anions.*”

Therefore the simple cyano-anion based ionic liquid 1-ethyl-
3-methylimidazolium tetracyanoborate was studied. [EMIM]
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However, it will be shown that many requirements have to be met in order to accurately describe the
electronic structure of this ionic liquid.

[B(CN),4] consists of the EMIM cation and the B(CN), anion. The
notation [CATION][ANION] for the cations and anions has been
used in this study. The EMIM cation is well studied and also
tends to form low viscosity liquids with a large number of
anions.®

Nishi et al” pointed out that the understanding the elec-
tronic structure of the ionic liquids is important and an
essential question is how the electronic structures of the cations
and the anions are combined to form the overall ionic liquid
electronic structure. Yoshimura et al. noted, that the under-
standing of the electronic structure of room-temperature ionic
liquids, especially the top of the valence band, is very important
in the study of ionic liquids.® It is also important to know,
whether the top of the valence band is connected with the
anion, cation or both. Cremer et al. pointed out that photo-
electron spectroscopy (PES) is a very powerful experimental
method, which provides direct access to the electronic structure
of ionic liquids.® The valence band of ionic liquids is accessible
with ultraviolet photoelectron spectroscopy (UPS).

Weingarth et al. recorded the valence band photoemis-
sion spectra of [EMIM][B(CN),] using Al Ko radiation.’
However, the resolution of the measurements was rela-
tively low and the inelastic scattering background was high
due to the use of high photon energy. Unfortunately, there
is also about a 3.5 eV binding energy shift compared to our
spectra.

The interpretation of the experimental valence band photo-
emission spectra calls for the support from theoretical model-
ling and electronic structure calculations. We have shown
previously, that a good qualitative description of the ionic liquid

This journal is © The Royal Society of Chemistry 2019
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electronic structure can be obtained when dispersion-corrected
DFT (density functional theory) calculations of the bulk are
performed.*

We focus mainly on the shape and features of the experi-
mental UPS spectrum and the comparison with ab initio
calculated density of states (DOS) in order to better understand
the electronic structure of the [EMIM][B(CN),] room tempera-
ture ionic liquid.

2. Experimental and computational
details

The [EMIM]|[B(CN),] IL with a stated purity of >99% was
purchased from Sigma-Aldrich and was kept under high
vacuum before measurement. The IL film was deposited on an
amorphous carbon surface (Mo,C derived micro-mesoporous)
and the film was thick enough to avoid any signal from the
substrate. The measurements were performed at room
temperature.

The experiment was performed at an undulator source
beamline I-411 of the MAX-II synchrotron radiation facility
(Lund, Sweden)." The beamline was equipped with a modified
SX-700 monochromator with 1220 lines per mm plane grating
and an elliptical focusing mirror. The incidence photon energy
during the photoemission measurements was 100 eV and the
photon beam size incident on the sample was about 0.5 x 1
mm. The incidence angle of the photon beam and the electron
spectrometer were at 45° with respect to the surface normal. The
electron spectrometer was oriented at 90° to the photon beam.
No change in the spectra in time or after refreshing the sample
were observed during the experiment. Therefore, beam damage
is expected to be negligible. No charging related issues were
observed.

The kinetic energies of the photoelectrons were measured
with a hemispherical electron analyzer Scienta SES-200. The
energy scale was calibrated by Au 3d photolines. Pass energy of
50 eV was chosen for the measurements. These operation
conditions lead to a total binding energy resolution around
0.1 eV fwhm (full width at half maximum).

Electron spectroscopy is highly surface sensitive and the
bands which originate from the atoms, which are closer to the
surface, should be more intense. However, due to the excellent
quantitative agreement between the experimental and the
modelled spectrum (see Fig. 3), the surface sensitivity of UPS is
not a major issue in this case. Due to the high isotropy of the
ionic liquid and the high purity of the sample, the recorded UPS
spectrum is not expected to be influenced by the experimental
conditions used.

Ab initio DFT calculations were performed with the Abinit
(version 8) code.'>*® The exchange-correlation functionals used
were the Perdew-Wang version of the local density approxi-
mation (LDA)" and the Perdew-Burke-Ernzerhof (PBE)."> van
der Waals (vdW) effects were studied using the optB88 (ref. 16)
and CXV exchange functionals or the Grimme D2, D3 and
D3(BJ) dispersion correction terms.'*2° Pseudopotentials opti-
mized for the PBE functional were used throughout, except for
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the LDA calculation, where pseudopotentials optimized for LDA
were used.

Ab initio Mgller-Plesset perturbation theory (MP2) calcula-
tions on ion-pairs were performed using Spartan 14 (ref. 21)
software. The hybrid B3LYP and MO06 functionals were also
used. The Gaussian basis set 6-311++G** (d,p-polarized basis
set) was used in the ion-pair calculations.

To the best of our knowledge, the experimental crystal
structure of [EMIM][B(CN),] is unpublished at this point. The
crystal structures of [PMIM][B(CN),]* and [EMIM][BF,]*> were
taken as a starting point. The space group of those IL crystals is
P2,/c. La(NO3), mixed with [EMIM][B(CN),] also crystallizes in
the P2,/c space group.”® The unit cell is therefore monoclinic
and symmetry is taken to be P2,/c (space group number 14). The
Broyden-Fletcher-Goldfarb-Shanno algorithm was used for
geometry optimization. The unit cell structure (atomic posi-
tions and cell shape) was optimized with all studied functionals:
PBE, LDA, PBE-D3(B]), BLYP-D3(B]), B97-D, optB88-vdW, CX-
vdW. The geometry optimization was converged at least to 4 x
10~* eV A™* rms forces. The cut-off energy for the plane waves
was chosen to be 1200 eV. The PBE-D3(BJ) optimized structure
is shown in Fig. 1. A 3 x 3 x 3 Monkhorst-Pack k-point grid was
found to be sufficient for the convergence of the DOS. For added
accuracy the DOS was calculated using the tetrahedron method.
The local density of states (LDOS) was obtained by calculating
the DOS inside a sphere centered on the atoms. Zero point
energy and vibronic effects are not taken into account in the
calculations.

The energy scale of the calculated DOS was shifted for
a better fit to the observed spectrum. Accurate calculation of
absolute binding energies is difficult* and it is well-known that
DFT has many issues in predicting band-gap values. The shifts
used were between 7.3 eV and 8.4 eV. The calculated bulk DOS
has been Gaussian broadened by 0.7 eV fwhm. No stretching (or
compressing) of the energy scale of the simulated bulk DOS was
performed.

To account for the photoemission cross sections, the data of
Yeh and Lindau was used.>*?*

Mostly these large shifts are due to the difference of the zero
energy of the calculation (vacuum energy) and experiment
(Fermi energy).””*® The former is roughly at the top of the
valence band and the latter is at the bottom of the conduction
band. Therefore a shift at least of the order of the experimental
bandgap is easily explained.

The DOS of the ion-pair was obtained by assuming all
molecular orbitals contribute a Gaussian peak with 0.8 eV
fwhm. The energy scale was compressed to 80% and shifted by
0.5 eV (MP2), 4.2 eV (M06) or 6.3 eV (BLYP) to obtain a better fit
to the experiment. The hybrid functionals (M06 and B3LYP)
needed smaller shifts than the standard DFT functional (BLYP).
The MP2 optimized ion-pair structure is depicted in Fig. 1

(upper panel).

3. Results and discussion

As mentioned by Ikari et al. the DOS of the ion-pair is not fully
adequate to describe liquid phase DOS, but seemingly provides
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Fig.1 The MP2 predicted ion-pair structure of [EMIM][B(CN),] (upper
panel). The predicted unit cell of [EMIM][B(CN)4] (lower panel). The
structure has been optimized using the PBE-D3(BJ) functional and the
corresponding electronic structure is shown in Fig. 3. The different
bonds are shown using different colors: gray (hydrogen), orange
(boron), black (carbon), blue (nitrogen). The cations and anions are
unbroken so that some atoms from adjacent cells are also shown.

good peak positions.* Indeed, most ab initio ground state calcu-
lations have primarily considered isolated ion-pairs.* In case of
the [EMIM][BF,] IL, the gas and liquid phase spectra are indeed
similar and the ion-pair DOS calculation provides a reasonable
approximation to the liquid phase UPS spectrum.'®*

However, in case of the [EMIM][B(CN),] IL, the ion-pair
approximation is insufficient. The ion-pair calculation of
Weingarth et al. does not qualitatively explain the actual liquid
phase spectrum.® For example, some peaks, including the top of
the valence band, are missing.

Our ion-pair calculation confirms this result: the DFT ion-
pair calculations are quantitatively inadequate to describe the
liquid phase UPS spectrum. Most notably, the energy scale of
the ion-pair calculations needs to be compressed to adequately
match the liquid phase spectrum. The hybrid B3LYP (not
shown, similar to M06) or M06 functionals are also not suffi-
cient. Indeed, most DFT functionals produce similar results
(see MO06 or BLYP results in Fig. 2). Secondly, there are
numerous quantitative differences in the peak positions and
intensities between the DFT ion-pair calculations and the
experiment.

The MP2 calculation is qualitatively somewhat better. For
example, it has the HOMO state as a shoulder to the strong peak

33142 | RSC Adv., 2019, 9, 33140-33146
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at 10 eV binding energy, similar to the experimental spectrum.
Also, there is less predicted intensity around 22 eV binding
energy similar to the experimental UPS spectrum and in
contrast to the results of the DFT functionals. The MP2 calcu-
lation only needed a 0.5 eV shift after the energy scale was
compressed. The main deficiency of the MP2 calculation is the
too large separation between anion related peaks at around 9.8
and 11.9 eV. See Fig. 2 for the results from the ion-pair
calculations.

However, Reinmoller et al. pointed out that the ion-pair
approximation to the bulk is better in the case of larger
anions (like Tf,N)* while in the case of relatively small anions,
bulk calculations may be necessary. Ulbrich et al. also under-
stood that ion-pair calculations were not adequate to describe
the condensed phase.**

Dhungana et al. estimated the bulk structure of [EMIM]
[B(CN),] from MD (molecular dynamics) calculations and per-
formed DOS and dynamic structure factor calculations.?
However, their calculation did not account for dispersion
effects, which are very important for the description of ILs.

Most assessments of DFT functionals concentrate on the
prediction of structure and energies, not on spectroscopic
properties.®® The agreement between calculated and experi-
mental spectral features is an indication of correct structure.*
This principle was used to predict the crystal structure of
[EMIM][B(CN),].

Our predicted bulk (crystal) structure of [EMIM][B(CN),] is
shown in Fig. 1. The experimental UPS spectrum of [EMIM]
[B(CN),] along with the PBE-D3(BJ) calculated DOS is shown in
Fig. 3.
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Fig. 2 The linear background subtracted experimental UPS spectrum
of the [EMIM][B(CN),] ionic liquid (blue curve), the BLYP ion-pair total
DOS calculation (green curve), the M06 ion-pair total DOS calculation
(magenta curve) and the MP2 ion-pair total DOS calculation (black
curve below).
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It has been shown, that the spectral intensities can be
described better if the photoemission cross sections are taken
into account.>”** This is also confirmed by our calculation (see
Fig. 3 and ESI S1-S47) where we see an improvement in the
similarity with the experimental UPS spectrum from the total
DOS calculation to the DOS calculation, where the intensities
are weighted to account for the different photoemission cross
sections of different atoms and orbitals. It is also evident, that
in contrast to the ion-pair calculation, the energy scale of the
bulk calculation would benefit from about 10% stretching.

The strongest peak of the UPS spectrum at around 9-13 eV is
due to the nitrogen- and carbon-related states. These are the
C-N triple bonds of the anion. Interestingly, both the calcula-
tion and the experiment show that they are further split into
two. The peak at 14.5 eV binding energy is partly due to B-C
bonds of the anion, but also the cation related states lie around
that energy. Most other bands are cation-related. See Fig. 4 for
the decomposition of the DOS into cation-anion contributions.
Hydrogen LDOS contribution in the UPS spectrum is expected
to be insignificant due to the low photoemission cross section
of hydrogen.””

Overall, there is a good quantitative agreement between the
weighted DOS and the experimental UPS spectrum. Only the
experimental wide peak at around 28 eV binding energy is at too
low energy in the calculation (around 25.5 eV). However, this
state is due to deep carbon and nitrogen 2s orbitals and may not
be correctly described by the pseudopotential calculation. The
corresponding state is also very broad in the experimental UPS
spectrum. The vibronic effects, which were not considered in this
study, could also influence the width of the peaks in the DOS.

Both from a practical and from a theoretical point of view the
outer valence band and the states near the bandgap are the
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Fig. 3 The experimental UPS spectrum of the [EMIM][B(CN),] ionic
liquid (blue curve), the PBE-D3(BJ) bulk total DOS calculation (dashed
gray curve), the PBE-D3(BJ) bulk DOS calculation weighted to account
for photoemission cross sections of different orbitals (red curve) and
LDOS of the different elements (curves below).

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

34 32 30 28 26 24 22 20 18 16 14 12 10 8 6
EEEEREE

Exp.

~ weighted
cation DOS

weighted
anion DOS

a—

//f\\ k)
. .-.-"\ \\/ \\

| N LTV

34 32 30 28 26 24 22 20 18 16 14 12 10 8 6
Binding energy (eV)

Fig. 4 The experimental UPS spectrum of the [EMIM][B(CN)4] ionic
liquid (blue curve), the PBE-D3(BJ) bulk DOS calculation showing only
contributions from the cation atoms (green curve) and the anion
atoms (red curve). The DOS calculation has been weighted to account
for the photoemission cross sections of different orbitals.

most interesting.” The top of the valence band shows up as
a double shoulder to the main anion-related peak (see Fig. 3 and
4). The first shoulder is around 9 eV binding energy and the
second shoulder representing the top of the valence band is
around 8 eV binding energy.

Only the MP2 ion-pair calculation predicts a similar config-
uration where the HOMO is situated next to the strong main
peak (see Fig. 2). Also, only the MP2 calculation has the
imidazolium-related 7-state as the HOMO state. The standard
and hybrid DFT functionals do not describe this shoulder. This
inability of DFT to predict HOMO of the ion-pair is very similar
to the case of [EMIM][BF,].">** This could be the reason why
Weingarth et al. misinterpreted the HOMO state of [EMIM]
[B(CN),] as due to the anion.

However, in the case of bulk calculations, DFT is able to
describe the top of the valence band qualitatively correctly (see
Fig. 3 and 4 and ESI S1-S47). Dhungana et al. used bulk (peri-
odic) calculations and also correctly assigned the top of the
valence band to the cation.

The bulk calculations confirm that the top of the valence
band is imidazolium-related, because the carbon-related LDOS
at the top of the valence band is from the carbon atoms of the
imidazolium (see Fig. 3 and 4). This is opposite to the claim by
Weingarth et al., who thought that the HOMO state of [EMIM]
[B(CN),] arises from the C-N triple bonds® (of the anion).
Therefore, with the results of the ab initio calculations and the
UPS measurements, it is possible to solve the question® whether
the oxidative stability of [EMIM][B(CN),] is dependent on the
anion or the cation - it is the cation which limits the oxidative
potential. Dhungana et al. also concluded that the HOMO state
of [EMIM][B(CN),] is mostly due to the cation.?

RSC Adv., 2019, 9, 33140-33146 | 33143
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As shown by Mardirossian et al,** BLYP is also a good
functional for the description of noncovalent interactions.
Indeed, the resulting electronic structure of [EMIM][B(CN),]
calculated by the BLYP-D3(B]J) functional (ESI S1%) is similar to
the PBE-D3(BJ) functional. The B97 functional is also recom-
mended. Indeed the B97-D* functional also produces a elec-
tronic structure, which is in agreement with the experimental
UPS spectrum (ESI S27).

When the comparison between the different DFT functionals
is made, it is evident that PBE-D3(BJ) seems to perform best in
terms of the electronic structure. The B97-D and the BLYP-
D3(BJ) functionals follow closely. The LDA calculation is also
surprisingly good, but lacks quantitative accuracy (ESI S31). For
example, it pushes the two strong anion related bands too close
together and predicts a too strong signal at 21 eV binding
energy. The non-local vdW-DF functionals optB88 and CX (not
shown), which performed very well in the case of [EMIM][BF,],
did not describe the electronic structure of [EMIM][B(CN),]
sufficiently accurately. The modelled spectra are different from
the experimental spectrum in many respects and are therefore
not shown.

The experimental liquid phase density (at room tempera-
ture) is 1036 kg m>.**% If the bulk density is assumed to be
the same, then the unit cell volume should be 1447 A%. However,
in the case of the [EMIM][B(CN),] crystalline phase at 0 K, the
density is definitely higher, which implies a unit cell volume of
smaller than 1447 A®.

PBE-D3 predicts a unit cell volume of 1300 A® and a resulting
density of 1154 kg m>. The corresponding figures for the LDA
functional are 1146 A® and 1309 kg m . It is well-known that
LDA tends to overbind and therefore compress the crystal
structure. BLYP-D3(B]) predicts a density in-between these
values: 1223 kg m>. B97-D predicts a density of 1106 kg m .
The vdW-DF functionals optB88 and CX expand the cell too
much and do not offer the best description of the electronic
structure, as mentioned above.

We believe that in ILs the energy gaps are very similar in
solid, liquid and vapor phase. Indeed, the calculated HOMO-
LUMO gap of the [EMIM][B(CN),] ion-pair and the bandgap of
the solid are almost equal at about 4.8 €V (4.76 eV). LDA predicts
a somewhat smaller bandgap value of 4.56 eV. There is little
variation in the band gap estimates of the DFT functionals.
However, it is well-known that DFT underestimates bandgaps
substantially.

In the first approximation, the anodic and cathodic limits
and the electrochemical window can be related to the HOMO
and LUMO levels of the ion-pairs of the liquid.****° The elec-
trochemical window of [EMIM][B(CN),] was estimated to be
about 4.5 eV,* 4.6 eV ** or 4.65 eV.* Dhungana et al. calculated
the electrochemical window to be 4.37 eV. However, [EMIM]
[B(CN),] showed high oxidation resistance on a Pt electrode, as
no significant current attributable to oxidative decomposition
was observed even at potentials beyond 5.0 V vs. Ag/Ag(1).*” This
would seem to imply an electrochemical window of more than
7.5 eV.

Although there is good agreement between the bandgaps
calculated by DFT and the experimental electrochemical

33144 | RSC Adv,, 2019, 9, 33140-33146
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windows, the actual bandgap of [EMIM]|[B(CN),] is probably
higher than 4.8 eV. This is because DFT underestimates the
bandgap substantially and the experimental range of the elec-
trochemical stability is also probably not limited by the
bandgap of the IL.** Our previous similar calculations on
[EMIM][BF,] also yielded a bandgap estimate of 4.8 eV, but the
experimental bandgap of that IL is about 7.4 eV.'* The MP2
calculation predicts a HOMO-LUMO gap of about 10 eV for the
[EMIM][B(CN),] ion-pair. Since all ion-pair calculations needed
to be contracted to 80% to match the liquid phase experiment,
the predicted bandgap is about 8 eV. The low binding energy tail
in the UPS spectrum is at about 7.5 eV binding energy.

4. Conclusions and outlook

The experimental UPS spectrum of [EMIM][B(CN),] was
compared to ion-pair DOS simulations and bulk electronic
structure calculations. The ion-pair approximation to the liquid
phase electronic structure is not sufficient. Only the MP2 ion-
pair calculation provided a qualitatively good overview of the
electronic structure of the liquid.

However, there is a good agreement between the experi-
mental UPS spectrum and the ab initio reconstructed (DOS
weighted by photoemission cross sections) bulk spectra, when
the PBE-D3(BJ) functional is used. This agreement validates the
predicted bulk structure of [EMIM][B(CN),] (see Fig. 1).

The low binding energy part of the [EMIM][B(CN),] UPS
spectrum is dominated by the anion-related states and the
higher binding energies are mostly due to the cation. However,
the top of the valence band is due to the w-bonds of the imi-
dazolium. The positioning of the cation and anion-related
bands is similar to [EMIM][BF,], which also has a tetrahedral
anion and the cation-related m-states also reside at the top of
the valence band.

The nonlocal vdW-DF based functionals optB88 and CX,
which worked excellently in the case of [EMIM][BF,], were not as
useful in the description of [EMIM][B(CN),]. Interestingly, the
LDA approximation produces surprisingly good qualitative
results, but again overestimates the density.

The [EMIM][B(CN),] ionic liquid provides a good challenge
for the ab initio calculation methods. The convergence of the
electronic structure requires a large cutoff energy of about
1000 eV, which is much larger than typically used. Accounting
for dispersion forces is also essential, as the pure PBE calcula-
tion (ESI S4t) does not produce an electronic structure that is in
agreement with the experimental UPS spectrum. This means,
that the van der Waals forces are relatively strong and highly
important in [EMIM][B(CN),]. Unfortunately, many studies on
ionic liquids still do not account for van der Waals forces.

In the case of [EMIM][B(CN),], the electron structure is very
sensitive on the underlying physical structure. It requires good
(realistic) estimation of bulk structure. MD (equilibrium)
derived structures are probably insufficient, although they may
have many correct bulk properties (density, conductivity etc.).

These findings have many implications for ab initio ionic
liquid studies. Most notably many estimations of the electro-
chemical window(s), both for the isolated electrolyte and for ILs

This journal is © The Royal Society of Chemistry 2019
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on different surfaces, need to be reevaluated. Also surface
absorption and charge transfer studies need to use correct
electronic structure to make accurate predictions.

Although the DFT calculation was able to explain the elec-
tronic structure of the [EMIM][B(CN),] ionic liquid, no general
recipe can be recommended in the selection of a suitable
functional. Therefore, further experimental and theoretical
investigation of various ionic liquids is necessary in order to
understand the performance of different DFT functionals. This
would enable the selection of the best computational method
for a specific ionic liquid.
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