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ABSTRACT: An understanding of the nature of molecular interactions among o
the ion pairs of 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide [EMI- e

[FSI]] can offer a starting point and significant insight into the more dynamic y

and multiple interactions within the bulk liquid state. In this context, close o¢,_y, /(
inspection of ion pair conformers can offer insight into the effects in bulk —’9
[EMI][FSI] liquid. The current work, therefore, gives a detailed analysis of the — —
[EMI][FSI] ion pair conformers through analysis of the interaction energies,

stabilization energies, and natural orbital of the ion pair conformers. The

structures of the cations, anions, and cation—anion ion pairs of the conformers e~ g’\ _
are optimized systematically by the @B97X-D method with the DGDZVP basis ) it
sets, considering both the empirical dispersion corrections and the presence of a A

Selected natural bond orbital (NBO) interactions

polar solvent, and the most stable geometries are obtained. The [FSI]™ anions, between the different conformers of [EMI][FSI] ion pairs

unlike [TFSI]™ anions, exist at the top position with respect to imidazolium

rings. The presence of out-of-plane interactions between the [EMI]* and [FSI]™ ions is in good agreement with the stronger
interactions of the [FSI]™ anions with alkyl group hydrogens. The presence of out-of-plane conformers could also be related to the
interaction of the anion with the 7 clouds of the [EMI]* ring. In the [EMI]* cation, the aromatic ring is 7-acidic due to the presence
of a positive charge in the N;—C,—N, ring, which leads to the presence of [FSI]™ anion donor [EMI]" z-acceptor type interactions.
The [EMI]* cation and [FSI]™ anions tend to form multiple 6* and z* interactions but reduce the strength of the individual
contributions from a potential (linear) maximum. For the ion pair [EMI][FSI], the absolute value of the interaction energies is lower
than the normal hydrogen bond energy (50 kJ/mol), which indicates that there is a very weak electrostatic interaction between the
[EMI]* cations and [FSI]™ anions. The weaker attraction between the [EMI]* and [FSI]™ ions is suggested to contribute to the
larger diffusion coeflicients of the ions.

1. INTRODUCTION

The limited safety of present-day organic carbonate-based
electrolytes for lithium ion battery (LIB) technology represents
a major drawback of commercially available LIBs."” For these
reasons, ionic liquids (ILs) are considered to be good substitutes
for organic solvents for electrolytic applications in LIBs.”*
Among all possible IL-based potential candidates for electrolytic
solvents in LIBs, 1l-ethyl-3-methylimidazolium bis-
(fluorosulfonyl)imide [EMI[FSI]] is the most noteworthy,
mainly due to its relatively low viscosity. [EMI][FSI] has better
intrinsic ionic conductivity than its structural analogue, 1-ethyl-
3-methylimidazolium bis(trifuorosulfonyl)imide [EMI][TFSI],
which makes it a solvent of choice for the formulation of safer
electrolytes in LIB.” ILs involving [ TFSI] ™ anions are, generally,
more viscous than ILs involving [FSI]™ anions.® Furthermore,
[FSI]™, unlike the [TFSI]™ anion, has fewer problems of
aluminum corrosion.”® By comparison, ionic liquids based on
the [FSI]™ anion show reversible Li* intercalation/extraction at
graphite electrodes, whereas [ TFSI]~ containing ionic liquids do
not form a stable solid electrolyte interface (SEI) layer and, thus,
do not allow reversible Li* intercalation/extraction on the
graphite electrode. Thus, interesting electrochemical perform-
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ance can be obtained by combining the [EMI]* cation with the
[FSI]™ anion instead of the [TFSI]™ anion.” Clearly, it is
important to balance the prospects of developing LIB electro-
lytes with enhanced electrochemical properties against any
concerns about the stability of these compounds. It is important
to understand, at a molecular level, the underlying molecular and
electronic interactions that influence the viscosity and transport
properties of such ILs.'’ The interaction between the [FSI]~ and
[EMI]" ions can be one of the main causes of the lower viscosity
of the [EMI] [FSI] IL. An understanding of the nature of this
interaction among the ion pairs of an IL can offer a starting point
and significant insight into more dynamic and multiple
interactions within the bulk liquid state. In this context, close
inspection of ion pair conformers can offer insight into the
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Figure 1. [EMI]* cations showing possible initial (input) structures for orientations/configurations that were considered during the optimization of

[EMI][FSI] ion pairs.

effects of the bulk EMIM-ESI liquid. Although numerous
structural studies on [EMI][FSI] ion pair conformers have been
reported so far, there are relatively few detailed structural
analyses of [EMI][FSI] ion pair conformers that have multiple
interaction sites for the anion. The current work, therefore, gives
a detailed analysis of the [EMI][FSI] ion pair conformers by
analyzing the interaction energies, stabilization energies, and
natural orbitals of the ion pair conformers. There have been
previously reported studies on the geometries of the [EMI]-
[FSI] complex at the MP2/cc-pVTZ//MP2/6-311G** level
calculations by Tsuzuki et al."""'* However, no indications were
made on the conformational preference of the [EMI]* cation (as
either nonplanar staggered [EMI]* and/or planar cis-[EMI]*
cation), and thus, there were missing details on the optimized
geometry of minimum energy structures.'”'” In our study, all
possible combinations of planar cis-[EMI]*—cis-[FSI]~, planar
cis-[EMI]*—trans-[FSI]~, nonplanar staggered-[EMI]*—cis-
[FSI]~, and nonplanar staggered-[EMI]*—trans-[FSI]™ inter-
actions were analyzed. With this in mind, therefore, the purpose
of the current study is to present detailed structural and
electronic insights into [EMI][FSI]-based ILs, which are
potential candidates for next-generation LIB electrolytes. We
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report on the molecular-level study of individual ions and ion
pair conformers and explore the nature of molecular
interactions.

Quantum chemical methods are an indispensable tool in
developing and understanding, at the molecular level, the
molecular interactions between cations and anions, and the
interplay between the short-range and long-range interactions,
which govern the details of physicochemical properties of ILs.
The Kohn—Sham (KS) density functional theory (DFT) is most
often used for electronic structure calculations in quantum
chemistry.13 However, in general, the drawback of all of the
common functionals is their inability to describe long-range
electron correlations responsible for noncovalent interactions.
It has been shown that DFT methods without HF exchange or
dispersion are clearly inferior to hybrid-DFT methods that
include some HF exchange, and methods that include HF
exchange and dispersion corrections have been reported to
reach a qualitative accuracy of 5—10 kJ/mol."* Thus, for ILs, the
dispersion-corrected functional that needs to be employed must
be at a minimum good level.'* The effects of dispersion are
particularly pronounced for ILs, which involve H-bonding, 7-
stacking, and anion—7 types of interactions.'* The effect of

https://doi.org/10.1021/acsomega.4c00104
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Figure 2. Atomic numbering scheme employed in the present work: (a) [EMI]* and (b) [FSI]".
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dispersion, for example, may result in variations in the relative
geometries and orientations of the constituent ions in ILs. Thus,
to get accurate geometries of imidazolium-based ILs, the use of
dispersion-corrected methods makes it the minimum require-
ment."> DFT-D methods have been shown to provide energetic
accuracies comparable to the CCSD(T)/CBS and SAPT levels
for intermolecular interactions.'>'® Good reviews are available
by Hunt et al,,'* which include a discussion of QC methods and
their limitations, providing some assessment of the quality of
different approaches. The ®B97X-D functional is shown to have
the best performance in calculating the intermolecular
interactions energies for large benchmark sets of noncovalent
molecules with very satisfactory results.'”

The wB97X-D functionals are range-separated functionals
where the self-interaction error is corrected by including more
exact HF exchange at a long range; @ is the range parameter
controlling the switchover point.'® Furthermore, although basis
set superposition error (BSSE) corrections may be applied for an
accurate assessment of H-bond type interactions, there are
scientific reports showing that the use of BSSE corrections is less
significant.”” For IL ion pairs, BSSE and ZPE may lead to
appreciable absolute corrections, particularly when employing
the MP2 method with a double-{ basis set. When comparing
different IL conformers, however, the differences in BSSE and
ZPE between the conformers are much less significant."” In this
paper, we use the wB97X-D functional in combination with the
DGDZVP basis set for the calculation of interaction and
stabilization energies of ion pair conformers. The DGDZVP
basis set in combination with the @B97X-D functional performs
as good as triple-( basis sets, and at least better than other
double-{ basis sets, which makes it well-suited for calculating
halogen bond strengths on large complexes.' "’

The review is structured as follows. First, we give a summary
of the computational methods employed in the current work.
This is followed by a discussion of the structures of [FSI]™ and
[EMI][FSI] ion pairs. The fully geometry-optimized structures
of the [EMI][FSI] ion pairs are used to calculate the interaction
energies, stabilization energies, and natural orbital analysis of the
ion pair conformers. After this, the details of cation—anion
interactions are discussed by analyzing the interaction energies,
stabilization energies, and natural bond orbitals (NBOs). We
end this article with conclusions.

2. COMPUTATIONAL METHODS

Our DFT calculations were carried out with the Gaussian 09
suite of programs”' using density functional theory with
Grimme’s B97D functional, including dispersion.”* All possible
initial (input) structures for orientations/configurations were
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considered during the optimization of [EMI][FSI] ion pairs.
The initial configurations of the ion pairs were selected based on
the different orientations of the cationic and anionic portions, as
shown in Figure 1. They are ethyl-front (anion located infront of
the ethyl chain), ethyl-back (anion located at the back of the
ethyl chain), and back (anion located at the back of the cation),
as shown in Figure 1. Experimental observations such as X-ray or
NMR results,' ">” as well as some of references, including Dong
etal.”® and Tsuzuki et al,'" have been used as reference guides to
design possible initial configurations. All ion pair calculations
were carried out using the @B97X-D method, with DGDZVP
basis sets. Electrostatic interactions of the ion pair with
surrounding ions were accounted for by introducing an apparent
dielectric constant & (acetonitrile) to the ionic liquid environ-
ment. The choice of polarizable continuum model (PCM) was
based on prior reported MD simulation results®®*” that
imidazolium-based ILs show somewhat larger solvatochromic
shifts, and based on previous results that show that this
approach, originally introduced for quadrupolar solvents, such
as benzene and supercritical carbon dioxide, was able to describe
solvation effects in nondipolar solvents.”*™*° Natural bond
orbital (NBO) analysis, which helps us to identify specific orbital
interactions, NBO charges, and descriptions of orbital hybrid-
ization for all of the ILs was made using the ®B97X-D method
with the DGDZVP basis set using the polarizable continuum
model (PCM). The vibrational frequencies of all of the
optimized structures were also calculated to ensure that the
optimized structure represented the true minimum. The basis
set superposition error (BSSE) correction was not employed, as
its contribution to the interaction energy for an ionic salt were
reported to be insignificant.”"**

3. RESULTS AND DISCUSSION

3.1. Geometric Analysis. 3.1.1. Structures of Isolated
Cations and Anions. One of the distinctive features of ionic
liquids containing the imidazolium [EMI]* cation, bis-
(trifluorosulfonyl) imide [TFSI]™ and bis(fluorosulfonyl)
imide [FSI]™ anions that the charge delocalization and/or the
asymmetry of these ions generally determines the unusual
properties of these ionic liquids. The fact that these large ions are
nonrigid and can adopt different conformations is another key
feature of these ionic liquids. It is, therefore, worth analyzing and
revising the conformational behavior of the constituent ions
corresponding to these ionic liquids. To better understand the
interaction between the [EMI]* cation and [FSI]™ anion, the
structures of the most stable geometry of the isolated [FSI]~
anion were first analyzed and revised. The structures of the fully
optimized [EMI]* cation have already been discussed in our
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Figure 3. Structures of the fully optimized [FSI]™ anion and [EMI]* cation: (a) trans-[FSI]~, (b) cis-[FSI]~, (c) staggered [EMI]*, and (d) planar

[EMI]".

Table 1. Structural Parameters of the cis-[FSI]~ and trans-[FSI]~ Conformers in the Gas and in the Dielectric Continuum using

the ®B97X-D Functional”

trans-[FSI] cis-[FSI]
wB97X-D/DGDZVP wB97X-D/DGDZVP wB97X-D/DGDZVP wB97X-D/DGDZVP

bond length (A) gas solvent gas solvent
S—-N 1.594 1.594 1.593 1.593
S-0 1.443 1.446 1.444 1.444
S—F 1.641 1.634 1.645 1.637
bond angle (deg)
F-S-0 103.49 103.85 103.5§ 104.36
F-S—-N 102.61 102.57 102.86 102.64
O-S—-N 116.19 115.80 116.44 116.51
dihedral angle (deg)
F—-S—-N-S§ 76.1 76.5 64.0 66.4
O-S—-N-§ —36.2 —35.6 —48.5 —45.9
relative E (kJ/mol) 195.869 0.000 200373 4300

“Conformer energies are reported relative to the lowest energy conformer.

previous reports.”’ The vibrational frequencies of all of the
optimized structures have also been calculated to ensure that the
optimized structure represents the true minimum. The atomic
numbering scheme employed in this work is shown in Figure 2.
The structures of the fully optimized [FSI]™ anion and [EMI]*
cation are shown in Figure 3. The selected structural parameters
for the [FSI]™ anion are compiled in Table 1.

The [FSI]™ anion has two minimum energy structures: one
with trans-symmetry, where the F atoms are on opposite sides of
the O—S—N-S dihedral angle, and the other with cis-symmetry,
where the F atoms are on the same side of the O—S—N—-S§
dihedral angle (see Figure 3). On the basis of the ®B97X-D
method and in the presence of a polarizable dielectric

continuum medium, we found that the conformers with the
O—S—N-S dihedral angles —35.6° (trans-[FSI]™) and —45.9°
(cis-[FSI]™) give the global and local minima, respectively, with
an SCF energy difference of 4.3 kJ mol™". Similarly, previous
studies conducted on the same [FSI]™ anion showed that the
[FSI]™ anion could exist as the cis-[FSI]™ or trans-[FSI]~
conformers, which are located either at the cis or trans position
with respect to the F—S—N—S—F skeleton.”* Experimentally,
the cis-[FSI]™ anion conformer was observed in the crystals of
[MJ*[FSI]” (M* = Li*, K, C¢Hg, Ag").” The trans-[FSI]”
anion conformer was observed in the crystals of [M]*[FSI]™
(M* = Cs*, CHCl,, Ph,C*, PhyPH", and (CH,);Pb*).***” Two
stable conformers of anti-[FSI]~ and cis-[FSI]- have also been

https://doi.org/10.1021/acsomega.4c00104
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Table 2. Bond Distance, Bond Angle, and Dihedral Angles between the [EMI]* Cation and [FSI]~ Anion in Dielectric Continuum

Using the wB97X-D/DGDZVP Level of Theory and Basis Set

acceptor—donor C, C,
bond length (&)
C,—-H, 1.077 1.078
C,—H,0, 2736 2.902
Cy—Hy+0, 2.857 2.832
C.—H;—0,
C,—-H,-0, 2.506 2511
C¢—Hoy—0,
C,—HgF,
Cs—HyF,
C,—H,-N, 3310 3.442
Ce—HyN, 2775
bond angle (deg)
<C,—H,0, 98.84 92.59
<C—Hg+0, 104.16 102.37
<Cs—Hg—0,
<C,—H,+0, 13529 138.01
<C¢—Hy—0,
<C,—H,N, 65.90 62.83
<Ce—HyN, 130.16
dihedral angle (deg)
<N,—C,~-H,-0, —64.5 —63.5
<N,—C,—H,-0, 113.5 1152
dipole moment (u) 16.1 164

relative E (kJ/mol) 4.637 4.434

Cs Cs Cs Cs
1.079 1.077 1.080 1.078
2.834 2.777 2.255 2917
2.966 2.871 2.419 2.817

2.610
2.511 2.496 2.764 2.563
2.616
2.887
2.738
2.469 3.298 3.806 3.363
2.737 2.816
92.56 98.75 142.35 94.31
94.04 105.77 149.48 105.01
149.48
143.46 137.34 134.68
124.26
115.36 65.04 124.97 63.14
124.47 128.30
65.1 —65.0 21.6 —63.1
—113.3 112.9 —1587.3 115.5

19.3 16.6 193 17.1

4.586 0.163 5.849 0.000

identified by Hartree—Fock (HF) calculations,”® MP2-level
calculations,*® MD simulations,”® DFT calculations, and Raman
spectroscopy.”’ Our calculated results for the S—N—S—F
dihedral angles are 66.3° for the cis conformer and 76.5° for
the trans conformer. The wB97X-D functional approach, in
which dispersion interactions are generally regarded as the most
excellent alternative to deal with ionic liquids containing
imidazolium-based systems, the effect of dispersion interactions
leads to ring stacking interactions and intermolecular
interactions like H-bonding.**

3.1.2. Structures of Isolated lon Pair Conformers. The
transport properties of ionic liquids, such as viscosity and
diffusion coefficients, are controlled by the intermolecular
interactions among the ions, and the nature of this
intermolecular interaction, in turn, is governed by the type of
specific molecular conformation adopted by each ion. Both
experimental and theoretical studies have shown that the anions
and cations that constitute ionic liquids could exhibit the same
conformational landscape in the liquid phase as the ones
calculated by using ab initio (DFT) methods for the isolated
ions.* In the liquid state, the ions do have enough freedom to
adopt the conformations dictated by their internal structures
and may also have enough freedom to interconvert among
different conformations. A close inspection of the [FSI]™ anion
and [EMI]* cation, which can adopt different conformational
states, could shed some light on a better understanding of the
nature of intermolecular interactions in the 1-ethyl-3-methyl-
imidazolium bis(fluoromethylsulfonyl)imide ([EMI][FSI])
ionic liquid. To find the most stable geometry and the molecular
interactions of [EMI][FSI] ion pairs, geometry optimization of
each ion pair conformer was done on isolated ion pairs with the
@B97X-D/DGDZVP level of theory and basis set. Electrostatic
interactions of the ion pair with surrounding ions were
effectively accounted for by introducing an apparent dielectric
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constant (acetonitrile) in the ionic liquid environment. The
results of the selected parameters for the interionic bond lengths,
angles, and dihedral angles in different ion pair conformations
are listed in Table 2. For convenience, the atomic numbering
scheme employed in the present work is displayed in Figure 1. A
total of six optimized minimum energies were obtained for the
[EMI][FSI] ion pair that could be connected via the most acidic
proton (H;) of the cation or via the other protons of the methyl
and ethyl groups of the cation (see Figure 4). THe vibrational
frequencies of all of the optimized structures were also calculated
to ensure that the optimized structure represented the true
minimum.

The geometries of the [EMI][FSI] complex at the MP2/cc-
pVTZ//MP2/6-311G** level have been reported by Tsuzuki et
al."” In that study, the geometries of the [EMI][FSI] complex
were optimized from 54 initial geometries, of which 29
geometries of the [EMI][FSI] complex were obtained. Both
the trans and cis forms of the [FSI]™ anion conformers were used
for the geometry optimization of the [EMI][FSI] complex;
however, no indications were made on the conformational
preference of the [EMI]* cation (as either nonplanar staggered
[EMI]* and/or planar cis-[EMI]* cation) and, thus, there were
missing details on the optimized geometry of the minimum
energy structures. Moreover, the results were sensitive to the
computational method and basis set. For example, the optimized
geometries of the [EMI][FSI] ion pair at the MP2/cc-pVTZ//
MP2/6-311G** level, as shown in Figure 8 (1Y) of ref 12
involve [FSI]™ anions in between the cisoid and transoid
configurations (guach configuration), which when reoptimized
at the ®B97X-D functional resulted in the [EMI][FSI] ion pair
with the [FSI]™ anion in the cis-configuration. Moreover, the
optimized structures, which are reported in Figures 8 and 2S of
ref 12 did not take into account the presence of planar cis-
[EMI]*--cis-[FSI]™ and planar cis-[EMI]*---trans-[FSI]~ com-

https://doi.org/10.1021/acsomega.4c00104
ACS Omega 2024, 9, 14406—14418
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Cs E=5.849

Figure 4. Optimized geometrical structures of cation—anion pairs in order of their energy relative to the lowest energy conformer (kJ/mol). C; (planar
cis[EMI]---cis[FSI]), C, (staggered nonplanar[EMI]--cis[FSI] anti), C; (staggered nonplanar[EMI]---cis[FSI] syn), C, (planar cis[EMI]--
trans[FSI]), Cs (staggered nonplanar[EMI]---trans[FSI]), and C;4 (staggered nonplanar[EMI](anti)--trans[FSI]).

binations. These studies failed to report C; (planar cis{EMI]---
cis[FSI]), C, (staggered nonplanar[EMI]---cis[FSI] anti), C,
(planar cis[EMI]---trans[FSI]), and Cg (staggered nonplanar-
[EMI](anti)---trans[FSI]) ion pair conformers, which are
extensively discussed in our work. Thus, to obtain accurate
optimized geometeries, higher-level methods with very good
and extended basis sets need to be employed. In our study, all
possible combinations of planar cis-[EMI]*--cis-[FSI]~, planar
cis-[EMI]*---trans-[ESI]”, nonplanar staggered-[EMI]*---cis-
[FSI]™, and nonplanar staggered-[EMI]"---trans-[FSI]™ inter-
actions were analyzed. As presented in Figure 4, a total of six
different minimum energy stable ion pair conformers (C,—Cy)

were obtained. The energy difference relative to the lowest
energy ion pair conformer ranged from 0.163 to 5.849 kJ/mol
(Table 2). According to our results, the C¢ (Figure 4) ion pair
conformer was found to be the lowest energy conformer. From
our closer inspection of the Cg ion pair conformer, we found that
the C4 ion pair conformer constitutes a nonplanar staggered
[EMI]*—cis[FSI] ™ ion pair configuration with the [FSI]™ anion
at the top position. The second, third, fourth, fifth, and sixth
lowest energy conformations predicted were, respectively,
nonplanar staggered-[EMI]* (anti)—cis-[FSI]~ (C,), nonplanar
staggered-[EMI]" (syn)—cis-[FSI]™ (C,), planar cis-[EMI]*—
cis-[FSI]™ (C,), and nonplanar staggered-[EMI]* (syn)—trans-
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[FSI]™ (Cs). The [FSI]™ anion, in all of the C;—Cj states, was
found to be in the top position with respect to the imidazolium
rings. For the [EMI][TFSI] ion pair conformers, however, both
in-plane and out-of-plane configurations were possible.”” The
[FSI]™ anion adopts a cis conformation for C; C,, and C; for the
C—S—S—C dihedral angle, whereas a trans conformation for the
[FSI]™ anion was predicted for C,, C;, and C4 ion pair
conformers. The [FSI]™ anion in the two most stable ion pair
conformers adopted a trans configuration. The values of the
dihedral angles N;—C,—H,—O, for all of the C;—Cg ion pair
conformers are in the range of 112.9—115.5°, indicating that the
[FSI]™ anion is in the top position with respect to the
imidazolium rings.

For imidazolium-based ILs, weak H-bonds are usually formed
with the C,—H, group of the cation as the primary H-bond
donor unit,** and the presence of a hydrogen bond between the
C,—H, unit of the imidazolium rin§ and the oxygen atom of the
[TFSI]™ anion has been reported. 4546 Intermolecular forces
such as H-bonds and z-type interactions that simultaneously
occur in [EMI][FSI]-based ionic liquids are worth mentioning.
Despite the absence of a conclusive and universally accepted
definition of the H-bond, H-bonding is still a key area of debate
regarding the properties of ionic liquids. The strength of the H-
bond can be related to the donor—acceptor distance and angle as
a first estimate.”” ™ This, of course, also depends on the nature
of the atoms involved and the angle between them. Figure 5
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Figure 5. [EMI]" cation showing the possible H-bond interaction sites
for the [FSI]™ anion.

shows the possible H-bond interaction sites between the [EMI]*
cation and the [TFSI]™ anion. Generally, an H-bond distance of
less than 250 pm is considered to be a very strong H-bond, an H-
bond distance between 250 and 265 pm is considered as a strong
or moderately strong H-bond, and a, H-bond distance greater
than 280 pm is considered very weak. On the basis of distance
criteria, the [EMI][FSI] complex shows distances of rather weak
hydrogen bonds (see Table 2). The values of the distances of
C—H,--O, for the ion pair conformers C,, C,, C,, Cs, and C,
respectively, are 2.78, 2.90, 2.83, 2.78, 2.26, and 2.92 A,
indicating that only the Cg ion pair conformer is within the
accepted criteria of the C;—H,--O primary H-bonds. The C;
ion pair conformer exhibits bifurcated C—H--O; inter-ion
interactions through the primary C;—H, (2.26 A) and terminal
methyl group C;—Hg cation H-bonds (2.42 A) (see Figure 4).

The terminal methylene H-bond interactions through C,—H,—
O, were observed for the C; (2.50 A), C, (2.51 A), C, (2.51 A),
and Cg4 (2.56 A) ion pair conformers. From Table 2, it can be
seen that the structures of the [EMI]* cation rings show very
little changes for the distance of C,—H,, except for C; ion pair
conformer (1.08 A), which indicates that only the Cs conformer
has C,—H,---O primary H-bond interactions. On the basis of
geometric criteria given in Table 2, there are no C—H-F
interactions observed for the [EMI][FSI] single ion pair
conformers. The presence of the out-of-plane interactions
between the [EMI]* and [FSI]™ ions is in good agreement with
the stronger interaction of the [FSI]™ anions with the alkyl group
hydrogens. The presence of out-of-plane conformers could also
be related to the interactions of the anion with the 7 clouds of
the [EMI]" ring, which is further discussed in Section 3.3 from
the natural orbital analysis of the conformers. In the [EMI]*
cation, the aromatic ring is 7-acidic due to the presence of a
positive charge in the N;—C;—N, ring, which leads to the
presence of [FSI]™ anion donor [EMI]* z-acceptor type
interactions.

3.2. Interaction Energies of Isolated lon Pair Con-
formers. The intermolecular interactions between the anions
and cations of ionic liquids are the most important factors that
dictate the transport properties of such liquids. Despite extensive
studies on the magnitude of the interaction energy between ions
and their influence on the structure and physical properties of
ionic liquids, however, little is known about their magnitude and
dependence on the ions. Ever since the first report on the
presence of hydrogen bonding in the structure of 1-alkyl-3-
methylimidazolium salts by Seddon et al,, further studies for the
presence of hydrogen-bonded ion—ion interactions were
conducted by Dymek et al,, Avent et al,, and Elaiwi et al. in
the early 1990s.'****°*°! Studies have been carried out since
then, and different explanations have been proposed to explain
the nature of the intermolecular interactions. While some
authors provided both theoretical and experimental evidence in
support of the role of hydrogen bonding, others strongly
challenged the presence of hydrogen bonds in ILs, arguing that
hydrogen bonding is not essential for understanding the
properties of ILs.'"*>**3%°! Ab initio molecular orbital
calculation methods are the method of choice for the
investigation of intermolecular interaction energies. As long as
a large basis set is used, and electron correlation is properly
implemented, ab initio calculations could provide accurate
values of interaction energiesfw”’3 Aiming at investigating the
molecular interactions and the occurrence of H-bonding in
[EMI][FSI] ion pairs, the interaction energies of the different
ion pair conformations were calculated, and the results are
shown in Figure 6. The interaction energy between the cation
and anion of the ILs was calculated according to the following
expression (eq 1):

E (kJ/mol) = E(IP) — (E(cation) + E(anion)) (1)

where E(IP) is the energy of the ion pair and E (cation) and E
(anion) are the energies of the cation and anion, respectively.
The correlations between the interactions and relative
conformer energies of different [EMI][FSI] conformers are
shown in Figure 6. The C, ion pair conformer has the maximum,
and the Cg conformer has the minimum absolute interaction
energy. A comparison between the interaction and relative
conformer energies reveals that there are very important
differences between the ordering of the calculated relative and
interaction energy values. According to Figure 6, the values of
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Figure 6. Correlation between the interaction and relative conformer
energies of different ion pair conformers of the [EMI][FSI] ion pairs.

the relative optimized energies of the six conformers change in
the following order: C4 > C, > C, > C; > C, > C;, whereas the
absolute interaction energies change in the following order: C, >
C, > C4 > C, > C; > Cq. The absolute values of the interaction
energies of conformers C, C,, and C are 44.011, —44.186, and
—40.466 k] /mol, respectively, which are higher than those of C,
(40.332 kJ/mol), C4(40.180 kJ/mol), and C (—34.616 kJ/
mol). The relative energy of the Cg4 ion pair conformer is lower
than that of the ion pair conformers of C, by 0.163 kJ/mol (see
Table 2). On the other hand, the absolute interaction energy of
the C, conformer (44.186 kJ/mol) is greater than the absolute
interaction energy of the C4 conformer(40.466 kJ/mol). The
question of why the C ion pair (global minimum) conformer
has less absolute interaction energy than C, (local minimum) is
likely to arise. Ludwig and co-workers have shown that
agreement with experimental data can only be obtained by
choosing conformers that hold higher absolute interaction
energies than the global minimum. Thus, the sole importance of
the global minimum structure for the condensed phase is highly
questionable.”® Apparently from the results in Figure 6, for the
ion pair [EMI][FSI], the absolute value of the interaction
energies is lower than the normal hydrogen bond energies (S0
kJ/mol), which indicates that there exists a very weak
electrostatic interaction between the [EMI]* cations and
[FSI]™ anions. The weaker attraction between the [EMI]* and
[FSI]™ ions is suggested to contribute to the larger diffusion
coefficients of the ions. The lower viscosity of the [EMI][FSI]
compared to that of [EMI][ TFSI]-based ionic liquids originates
from its relatively smaller interaction energy. Similar conclusions
were drawn by Tsuzuki et al.'> for the [FSI]™ complex with
[EMI]* by ab initio molecular orbital methods.

Further to our analysis of the ion pair conformers, we also
stress the importance of H-bonding between the C,—H, of the
[EMI]"* ring and the [FSI]™ anion. The values of the interaction
energies are not well reflected in the geometry of the H-bond
(donor—acceptor distance and angle), indicating that the H-
bond is not the only interaction. For example, the absolute value
of the interaction energies is the lowest for the C ion pair
conformed, which has the strongest and most linear C,—H,---O,
interactions (see Table 2). On the other hand, the value of this
interaction energy is the highest for the C, conformer, while this
conformer has the weakest and nonlinear C,—H,---O, primary
H-bond interactions, indicating that the [FSI]™ anion
interaction with the C;—H, proton of the [EMI]" ring has little
influence on the interaction of the conformers. Tsuzuki et al.>'

have drawn similar conclusions because they obtained a smaller
angle (lacking directionality) in energetically stable conformers
than those in linear arrangements.

From our geometry optimizations, we found ion pairs with a
wide range of H-bond lengths and angles. The C; ion pair
conformer has shorter and stronger primary H-bond inter-
actions with the C,—H, hydrogen of the [EMI]* cation, while it
has the lowest absolute interaction energy. On the other hand,
C,, C,, and Cq ion pair conformers have weaker primary H-bond
interactions with C,—H, of the [EMI]" cation but yet stronger
and more linear secondary H-bond interactions with the
methylene hydrogen (C,—H,) of the [EMI]" cation, and have
higher values of absolute interaction energy. Prior reported
studies have argued that the interaction between the C;—H,
hydrogen atom of the [EMI]* cation was not an H-bond-like
interaction, and the distance from the nearest hydrogen atom
was not the main factor determining the size of the attraction.''
In those reports, it has been shown that the nature of the
interaction between the C,—H, hydrogen atom of the [EMI]*
cation and a range of anions was considerably different from that
of conventional hydrogen bonds and this interaction did not
show any dependence on orientation for these authors have
found that small angles (lacking directionality) in energetically
more stable conformers than those with linear arrangement.
When imidazolium cations are associated with large anionic
groups, like the [FSI]™ anion, there exist varying levels of H-
bond strengths and interactions, and additionally, the [FSI]~
anion takes preferential on-top distributions above and below
the imidazolium rings, leading to #-type interactions. The
interplay of H-bond and 7-type interactions in [EMI][FSI] ionic
species depends on the particular [EMI][FSI] ion pair
conformer, and in general, weak interaction energies have
been observed.”* However, an individual [EMI][FSI] ion pair
may undergo multiple interactions within the liquid environ-
ment, increasing the overall energy contribution from the H-
bonds.

3.3. Stabilization Energies of Isolated lon Pair Con-
formers. The mode of intermolecular interactions between the
[EMI]* cations and larger anions such as [TFSI]™ and [FSI]~
has been the subject of continuing scientific debate and
discussions. Some authors believe that the ions in ionic liquids
are held together by H-bonding, while others believe that the
role of the H-bond is minor compared to the role of electrostatic
interactions.'"”'*>* The natural bond orbital (NBO) carried out
on DFT-optimized [EMI][FSI] ion pair structures gives a
unique feature for analyzing the electron density, which thereby
allows the analysis of intermolecular donor—acceptor orbital
interactions. Therefore, we carried out an NBO analysis of the
different [EMI][FSI] ion pair conformers. This analysis, which
has been proven to provide reliable (in a chemical sense)
information regarding the change in charge densities of donor
and acceptor ions, is also less method-dependent.” The H-bond
strength of the ny — 0% ;; donor—acceptor follows the same
trend with NBO stabilization energies (E5_,+), as expressed in
eq 2°° For each donor NBO(i) and acceptor NBO(j) orbitals,
the stabilization energy E(2) associated with the delocalization
of the electron pair from the donor orbital (i) to the acceptor
orbital () is defined as

q.F(i, j)*

E(2) = AE; =
&g (2)
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Figure 7. Selected natural bond orbital (NBO) interactions between the different conformers of [EMI][FSI] ion pairs in a dielectric continuum
medium using the ®B97X-D method and DGDZVP basis set. C, (planar cis[EMI]---cis[FSI]), C, (staggered nonplanar[EMI]---cis[FSI] anti), C,
(staggered nonplanar[EMI]---cis[FSI] syn), and Cs (staggered nonplanar[EMI]---trans[FSI]).

where g; is the donor orbital occupancy, ¢ and ¢; are the diagonal
elements (orbital energies), and F(i,j) is the interaction element
between the donor and acceptor orbitals and is known as the
diagonal NBO Fock matrix element. The value of the
stabilization energy (E(2) (kcal/mol)) is obtained from
second-order perturbation theory.”> When electrons are shared
via the lone pairs of oxygen and nitrogen atoms to the o-type and
7-type antibonding orbital of the C—H, C=C, and N—C bonds
(Y, = 0% Yy = 7 c—c, Yy, = 7*c_y), where Y = N, O; this
is equivalent to transferring electron density from the lone pair
of N and/or O atoms into the 6*_p, 7%-—c, and/or 7¥._y
orbitals. The magnitude of the cation—anion interactions can be
related to the char§e transfer component of E®n - 0%, E¥n -
7*c_c, and/or EPn — m¥._y, which is proportional to the
amount of electron density (qi) donated from the filled donor
lone-pair orbital into the empty 6% and/or 7* antibonding
orbital, moderated by the energy difference between these two
fragment orbitals (A¢), and thus the NBO analysis on the DFT-

optimized structure allows the analysis of intermolecular
donor—acceptor orbitals interactions.*®

Early studies on NBO analysis on ionic liquids have been
limited to various alkyl-imidazolium derivatives with simple
poly/monatomic anions.””*° However, there have not been any
prior reported studies on the detailed NBO analysis of alkyl-
imidazolium derivatives with bis(fluoromethylsulfonyl)imide
[FSI] ion pair conformers that have multiple interaction sites for
the anion. In this article, we report how stabilization energy
obtained from NBO analysis of different ion pair conformers of
[EMI][FSI] helps to get the details of orbital interactions
between the empty 6*_y, 7*—c and 7%_y fragment orbitals
(FO) of the [EMI][FSI] ion pair complex at the ®B97X-D level
using the DGDZVP basis set and the presence of a dielectric
continuum medium, and the results are compiled in Tables S1—
S6. Previous reports'">*~® have shown that imidazolium-based
ion pairs with weak H-bond acceptor anions such as [BF,] ™ and
[PF¢]™ have E(2), — o* = 50—60 kJ/mol, while those with
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strong H-bond acceptor anions such as Cl™ and [NO;]™ have
E(2), —» o* = 110—180 kJ/mol. H-bond interaction is not a
binary on—off phenomenon but occurs on a graduated scale,
which makes quantifying and demarking H-bonding difficult.
Generally, weak H-bonds have E(2), — .« < 30 kJ/mol and
strong hydrogen bonds have E(2), — ¢* > 150 kJ/mol** and
those lying between these extremes are moderate hydrogen
bonds. A more robust level of knowledge is required to relate the
E(2), — o* parameter with respect to hydrogen bonds in ionic
liquids containing the [EMI]* cation and large, more diffuse
anions such as [FSI]™. It requires a close inspection and analysis
of a large range of ionic liquid ion pair conformers, geometric
influences, and the impact of multiple concomitant hydrogen
bonds that need to be better understood.

From Tables S1—S6, we observed, in general, that, for
[EMI][FSI] ion pair conformers, charge transfer occurs mainly
from the lone pairs of oxygen and nitrogen atoms to the o-type
antibonding orbital of C—H, and to the z-type antibonding
orbitals of N—C and C=C bonds. This is evident from the
values of the stabilization energy (E(2)) associated with the
delocalization of each electron from the donor to acceptor
orbitals. The [FSI]~ anion transfers charge to the [EMI]* cation,
and this extra electron density is distributed over the N}, N3, and
C,s-H centers. There is a rough correlation between the
amount of charge transferred and the relative value of the
stabilization energy: the greater the value of the stabilization
energy, the more stable the ion pair, and the more charge is
transferred. Apparently, from the above results, it is noticeable
that for the [EMI][FSI] ion pair conformers, the values of the
stabilization energy E(2) are (generally small (EQ2), » 6% <2
kcal/mol) for the individual E?n — %, E¥n — 7%._, and/or
E@n — 7%y . interactions. The [EMI]* cation and [FSI]~
anions tend to form multiple 6* and 7* interactions but reduce
the strength of the individual contributions from a potential
(linear) maximum. The relative contribution from each of these
is not easily resolved via the association energy, which includes
the ionic and combined H-bond contributions.

The shorter the C,—H,---O H-bond distance, the larger the
charge transfer, and the larger the corresponding stabilization
energy E(2) associated with electron delocalization from the
donor to acceptor antibonding orbital. The ion pair conformer
Cg, for example, has the shortest C;—H;---O; bond (2.26 A) and
a more linear angle (142.35°), and thus relatively with a greater
value of second-order perturbation energy for O; = 6%¢;_y
(E(2) = 1.37 kcal/mol) among all ion pair conformers
investigated. NBO analysis of the [EMI][FSI] ion pair
conformers also revealed that the lone pairs of oxygen and
nitrogen atoms donate electrons to the o-type (6%¢,_y,;) and 7-
type antibonding orbital for 7%y, ¢, and 7%c,—_cs bonds. The
occurrence of NBO interactions of n — #%y;_¢; and n —
7* c4—cs implies the existence of anion donor—7* interactions in
these systems. The LP(1)F, LP(2)F, and LP(1)F (donor
NBO)— BD*(2)C,—N; (acceptor NBO) interactions show the
presence of weak N;—C;--F anion donor—z* interactions for
the Cs ion pair conformer. Furthermore, for the C conformer,
the LP(1)O; and LP(3)O; (donor NBO)— BD*(2)C,—N,
(acceptor NBO) interactions show the presence of weak N;—
C;---O anion donor—7* interactions. Similar types of weak N, —
C;---O anion donor—7* interactions have been observed for all
other types of C;—C; conformers. A second type of weak C=
C---O anion donor—z* interactions has also been observed for
C, and Cg ion pair conformers.

Further to our analyses of the ion pair conformers, the NBO
method has also been employed to characterize the natural
orbital coeflicients and orbital hybridization of the different
conformers of the [EMI][FSI] ion pair. The main listing of
NBOs, displaying occupancy, natural atomic hybrids, polar-
ization coefficient, and sp’1 composition of the different
conformers of the [EMI][FSI] ion pair for a selected set of
NBOs are shown in Tables S7—S11. For the ion pair conformer
Cs, which has relatively higher value of E(2) values for C,—H;--
O interactions, the 6% ¢;_;;; NBO is formed from an sp™** hybrid
(62.03% p-character) on carbon interacting with hydrogen
(100.00%) s-character corresponding to a linear combination of
atomic orbitals 0.6097*C(p1.64)—0.7926*H (s) comprising a
larger polarization coefficient of H. The orbital interaction
between lone pair orbitals LP(1)O, and 6*(1)C,—H, (E(2) =
1.37 kcal/mol) has sp"®® hybrid orbital with s(75.44%)
character and p(24.55%) character; and the orbital interaction
between lone pair orbitals of LP(2)O; and 6*(1)C,—H; (E(2)
= 1.15 kcal/mol) with s(0.01%) character and p(99.70%)
character for LP(2)O, orbital. Similarly, for the C, ion pair
conformer, the 7%,_cs NBO is formed from an sp®** hybrid of
carbon (C,) with p (99.87%) character and carbon (C;) with p
(99.88%) character, corresponding to the linear combination of
the orbitals 0.7061*C(sp®**)—0.7081*C(sp®**) with nearly
equivalent polarization carbon atoms. The natural bond orbital
(NBO) interactions of the different conformers C,—Cg of the
[EMI][FSI] ion pairs are shown in Figure 7.

Selected partial charges for the different ion pair conformers
of [EMI][FSI] are also reported in Tables S7—S11. The
hydrogen atoms that interact with the [FSI]™ anion are more
positive, and the associated carbon atoms are slightly more
negative. NBO analyses of the [EMI][FSI] ion pair conformers
were performed to obtain the NBO charge distribution. For the
C ion pair conformer, the NBO charge of H; (0.25252) is more
positive than that of other hydrogen atoms, while the NBO
charges of O;(—0.97161) is more negative than that of other
oxygen/fluorine atoms, which is ascribed to the Cr H,---O, H-
bond interactions. Similarly, the anion donor z-type antibond-
ing interactions between the most electronegative N; and O,
atoms of the [FSI]™ anion with the 7%y, _¢, antibonding orbital
of the [EMI]* cation leads to more positive charges on the C,
atoms of the C,(0.34293), C,(0.35193), and C4(0.35038) ion
pair conformers. The greater the magnitude of the anion donor
7*y1-c) antibonding interaction, the higher the positive charges
on the C; atoms of the [EMI]* cation.

4. CONCLUSIONS

The nature of the optimized geometries of a series of ion pair
conformers of the Il-ethyl-3-methylimidazolium bis-
(fluoromethylsulfonyl)imide ionic liquid has been thoroughly
discussed by analyzing the interaction energies, stabilization
energies, and natural orbital of the ion pair conformers. The
[FSI]™ anions, unlike the [TFSI]™ anions, exist at the top
position with respect to the imidazolium rings. The presence of
the out-of-plane interactions between the [EMI]* and [FSI]~
ions is in good agreement with the higher interactions of the
[FSI]™ anions with the alkyl group hydrogens. The presence of
out-of-plane conformers could also be related to the interactions
of the anion with the 7 clouds of the [EMI]" ring. In the [EMI]*
cation, the aromatic ring is 7-acidic due to the presence of a
positive charge in the N;—C;—N, ring, which leads to the
presence of [FSI]™ anion donor [EMI]" z-acceptor type
interactions. For the ion pair [EMI][FSI], the absolute value
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of the interaction energies is lower than the normal hydrogen
bond energy (50 kJ/mol), which indicates that there exist very
weak electrostatic interactions between the [EMI]* cations and
[FSI]™ anions. The weaker attraction between the [EMI]* and
[FSI]™ ions is suggested to contribute to the larger diffusion
coefficients of the ions. The lower viscosity of the [EMI][FSI]
compared to [EMI][TFSI]-based ionic liquids originates from
its relatively smaller interaction energy. Charge transfer occurs
via the lone pairs of oxygen and nitrogen atoms to the o-type
antibonding orbital of the C—H bonds (Y}, = 6*_y), 7-type
antibonding orbitals of the C=C bonds (Y;, = 7*c_¢), and 7-
type antibonding orbitals of the N- C bonds (Y}, — 7¥c_y),
where Y =N, O, or F. The values of the stabilization energy E(2)
for the [EMI][FSI] ion pair conformers are generally small
(E(2), = 6* < 2 kcal/mol) for individual E?n — %, E®n —
7*c—c, and/or E®n — 7% . interactions. The [EMI]* cation
and [FSI]™ anions tend to form multiple 6* and 7* interactions,
but reduce the strength of the individual contributions from a
potential (linear) maximum.
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