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In the present paper, inter-ionic reactions involving two cations and four anions were used to model the
formation of neutral ion pairs. Moreover, density functional theory technique has been used to describe
the physical, chemical, and vibrational properties of the ionic liquids, containing imidazolium-based
cations and different anions at functional B3LYP with a def2-SVP basis set. The chemical parameters
have been investigated for different ionic liquids along with frontier orbitals “highest occupied molecular
orbital” and “lowest unoccupied molecular orbital” studies. All the optimized structures of the ionic
liquids did not produce imaginary frequency (i.e., imaginary frequency is zero), which validates that the
structures are energetically stable. The density functional theory method provides the stability sequence
for ionic liquids: [BMIM]|[PFs] > [EMIM][PF¢| > [BMIM|[TFSI] > [EMIM]|[TFSI] > [EMIM]|[C]] >
[BMIM][C]] > [EMIM][Br] > [BMIM][Br]. Herein, [BMIM][PF6] ionic liquid has highest energy gap

(2021)

(4.833 eV) that means that [BMIM][PF6] is the most stable.
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1. Introduction

Tonic liquids (ILs) have been studied for nearly
a century. Recently, however, they have gained in-
terest, owing to their potential as an eco-friendly
alternative to organic solvents [1-3]. Due to the in-
creasing number of publications on ionic liquids in
the last two decades, the theoretical calculations of
ILs has gained attention [3-7]. Solvents for hetero-
geneous and homogeneous catalysis, discerning sol-
vents for substantial metal contamination removal,
electrolytes in energy storage systems, and diffusing
agents for nanoparticle stabilization are all exam-
ples of IL applications [1]. Undoubtedly, the eco-
friendliness and low vapor pressure, i.e., proper-
ties of ionic liquid, open its vast potential appli-
cations and boost the curiosity of researchers. Re-
cently, ionic liquids have remained the centre of
the study of researchers due to their potential and
technical applications [5, 8]. The ILs have a large-
electrochemical window, excellent electrical conduc-
tivity, low melting point, large thermal and chem-
ical stability. It can be tuned as per the suitabil-
ity and choice of cations-anions [9, 10|. The ILs
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are predicted as “green solvent” because of their
negligible vapor pressure which supports the neg-
ligible loss of solvent to the environment [2, 11].
Ionic liquid systems consist of organic cations (as
EMIM™*, BMIM*, HMIM™* and OMIM™ etc.) and
inorganic anions (as PFg, BF,, C17, Br—, DCA~
and TFSI™ etc.) [6, 12].

Moreover, ILs based on imidazolium have at-
tracted a lot of attention. Imidazolium-based ILs
are one of the most studied ionic liquids in the liter-
ature, with the number of publications on the sub-
ject growing at an exponential rate. Imidazolium-
based ILs are nitrogen-rich heteroatoms having
a low melting point, excellent chemical stability, and
excellent ionization capability. Because of the stable
positive charge position of the aromatic ring, which
acts as a versatile cation framework for the ILs, the
use of imidazolium as a cation structure is an at-
tractive molecular strategy [13, 14]. Because of its
distinctive low viscosity, low melting temperatures,
ease of preparation, and great stability under oxida-
tive and reductive conditions, it can be employed
in polymer synthesis, energy storage, solvent, catal-
ysis, biofuel production, sensing, heat transport
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and storage, analytical chemistry, and tribology
etc. [15, 16]. However, there was relatively little in-
formation on properties of imidazolium-based ILs
in the literature.

The ILs have been classified by the researchers
into several classes, but in the present manuscript
imidazolium-based ionic liquids have been investi-
gated as energy storage applications and toxic ma-
terials removal agents. The DFT method is widely
used to compute the various structural, electronic,
thermal, and vibrational behaviors of ILs. This arti-
cle is focused on the calculation of chemical param-
eters, highest occupied molecular orbital and low-
est unoccupied molecular orbital (HOMO-LUMO)
energy level, cations—anions interactions, and vibra-
tional studies of ILs. The electrochemical potential
windows (ECWs) are one of the most essential pa-
rameters of electrochemical energy storage devices.
The ECWs have been investigated for different ILs
using the HOMO-LUMO measurement technique.
The molecular orbital theory (MOT) is a powerful
approach to calculating and analyzing the reactivity
and stability of molecules. In quantum chemistry,
there are several important parameters that include
HOMO and LUMO energies, energy gap (AEgap),
electronegativity (x), chemical potential (u), chem-
ical hardness (7)), softness (S), and electrophilicity
index (w) that define the properties of materials and
their potential application.

2. Computational details

A fully extended molecule of ILs was used
as an initial configuration for simulation in the
present study. The initial configurations have been
drawn using Avogadro software based on the pre-
viously reported structures through several litera-
ture [3, 6, 15, 17]. Herein, different basis sets were
considered for geometry optimization to find an ap-
propriate one. Finally, the structure of ionic liquids
was optimized using hybrid functional (B3LYP) [1§]
with a valence double-zeta (def2-SVP) basis set.
This basis set is a diffuse function that ensures high
accuracy to the calculation. The zero value of imag-
inary frequency in the output confirmed that the re-
laxed structure obtained was completely optimized
and has attained its lowest energy level. Hence, the
ILs optimized in present study are found energeti-
cally stable. Furthermore, vibrational studies were
carried out on optimized structures. All calculations
were performed using the ORCA 4.1.0 program [19].

From MOT perspectives, HOMO has the capac-
ity to donate an electron while LUMO accepts the
electron [6]. HOMO-LUMO levels of ionic liquids
were obtained from Iboview. By Koopman’s theo-
rem, the HOMO energy (Egomo) is associated with
ionization potential (IP) and nearly related posi-
tion of the electrophilic attack. The LUMO energy
(ELumo), in turn, is closely related position of the
nucleophilic attack [20-22] and was taken to com-
pute electron affinity (EA). The differences between
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the HOMO and LUMO energy value provide an en-
ergy gap (AEg,p,) which is investigated by the fol-
lowing expression

Erumo — Eromo = AEgp. (1)
Quantum molecular descriptor like chemical hard-
ness (n), chemical softness (59), electronegativity (x)
represent the capacity of molecules to attract elec-
trons to itself. Chemical potential (u) is the main
indicator of any molecular reactivity and the most
basic descriptor of charge transfer during a chemi-
cal reaction. The electrophilic index (w) consists of
information related to the structural and reactivity
pattern of several electron systems in the ground
and excited state [23-25].

Large ECWs in ILs are suitable for improving
the energy and power density of energy storage de-
vices [26]. The voltage range between which the
electrolyte is neither oxidized nor reduced is referred
to as the ECW of ILs. The electrochemical stability
of ionic liquids can be investigated by the simplest
method in which the LUMO energy is correlated
with the cathodic stability while the HOMO en-
ergy value with the anodic stability. These are cal-
culated by the following expressions [16, 27] (anodic
limit V4, cathodic limit V)

Vi =— EH(ZMO ,

(2)
(3)

electrochemical window = V, — V¢, (4)

where e is the charge of an electron. One of the
most significant quality to look for in electrolytes
for electrochemical applications is ECW. It is worth
noting that chemical processes on the surface of
electrodes are indistinguishably linked to electron
transfer. The electrochemical stability windows of
ILs are determined by the combined effect of the
alkyl chain of the imidazolium rings [16, 27]. The ex-
perimental potential windows cannot be quantita-
tively reproduced because the theoretical technique
utilized in this study does not account for the effects
of solvation or the environment on the electrochem-
ical stability of ILs.

Understanding the nature of intermolecular
forces is required to comprehend material charac-
teristics. They determine whether matter adheres
to one another, whether gases condense into lig-
uids and whether liquids freeze into solids. Ionic
liquids are particularly interesting material because
of the force which holds the cationic and anionic
component of IL in amazing way that endows IL
with versatile properties. The extraordinarily low
vapor pressures and high enthalpies of vaporization
in these Coulomb fluids reflect the strong anion—
cation interaction. In ionic liquids, measuring the
interaction energy between cation and anion re-
mains a difficult task [1, 28]. In particular, the in-
teraction energies in ILs are worth mentioning. The
interaction energy (AE;,;) was calculated using

A-Eint - EIL - (Ecation + Eanion) 3

Vo = —Base,

()
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where Eyp, signifies to the total energy of ILs while
Feation and F,pnion are carried as energies of cationic
and anionic part, respectively [27]. The IR spec-
tra of ILs were also studied using density functional
techniques.

3. Result and discussion

3.1. Quantum molecular descriptors

Optimized structure of cations—anions and ILs
with the distribution of HOMO and LUMO are
shown in Figs. 1 and 2, respectively. The chemical
parameters of molecules were described by HOMO
and LUMO energy values. If the energy of HOMO
is low, that implies high ionization potential. If the
energy of LUMO is high, that implies high electron
affinity [3, 6, 15, 27]. Figure 1 shows that HOMO for
cations is concentrated mainly on imidazolium rings
which signifies that [EMIM] " will be better electron
donor than [BMIM]* [27]. Hence, [EMIM]|* based
IL will be more stable. For anions HOMO is al-
most distributed all over the surface. Furthermore,
LUMO of [TFSI|~ and [PFg]~ anions more concen-
trated on electronegative atoms, nitrogen (N) and
fluorine (F).

Figure 2 shows that HOMO for ILs are mostly
directed on anions. The anion states are always
dominant in HOMO, implying that the anion con-
trols the anodic stability. This confirms that anions
play important role in the ion dynamics of the elec-
trolytes for energy storage applications [6]. LUMO
is strongly located within the imidazolium ring and
halogen (i.e., more electronegative) atoms like chlo-
rine (Cl) and bromine (Br) [3, 15].

The values of ionization potential, electron affin-
ity, and HOMO-LUMO gap (AEg.p,) were calcu-
lated and given in Table I. It should be noted that
values of computational study parameters mainly
depend on the exchange—correlation functional and

Fig. 1.

Optimized structures and orbital plots of
cations (a) [EMIM]" and (b) [BMIM]*, and anions
(¢) [TFSI]” and (d) [PFs]™ at DFT/B3LYP/def2-
SVP level.
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Fig. 2. The optimized structure and molec-
ular orbital plots of the ILs at contour
0.02 a.u. (for HOMO and LUMO surface) using
DFT/B3LYP/def2-SVP level (a) [EMIM]|[TFSI],

(b) [BMIM|[TFSI, (c) [EMIM]|[PFq], (d)
[BMIM]|[PF¢], (e) [EMIM][C]], (f) [BMIM][C]],
(g) [EMIM]|[Br], and (h) [BMIM][Br].

TABLE 1

Ionization potential (IP), electron affinity (EA),
and HOMO-LUMO gap (AEgap) of ILs calculated
at DFT/B3LYP/def2-SVP level including previously
stated theoretical and experimental values of AFg,p,.

System IP [eV] | EA [eV] AEgap | - Literature
[eV] AFEgap [eV]
[TFSI|— 5.916 | 2.170 | 6.012 4.100%
[PFs]~ 6.279 | 1.515 | 12.080 16.218°
[EMIM]* 6.976 | 2.175 | 6.765 3.420°
[BMIM]t 4.072 | 1.753 | 6.733 8.160°
[EMIM][TFSI] | 5.971 | 2.186 | 3.746 | 4.280¢, 5.84¢
[BMIM][TFSI| | 3.974 | 1.596 | 3.785 | 3.25% 4.300¢
[EMIM][PFg] | 5.581 | 2.432 | 4.801 -
[BMIM]|[PFg] | 4.143 | 1.149 | 4.833 4.39f
[EMIM][C]] 3.827 | 1.804 | 2.644 -
[BMIM][C]] 3.973 | 1.595 | 2.378 -
[EMIM][Br] 6.987 | 2.154 | 2.319 -
[BMIM][Br] 3.827 | 1.805 | 2.023 -

theoretical: “Ref. [6], *Ref. [31],
experimental: “Ref. [6], ¢Ref. [32]

Ref. [32], /Ref. [10];

basis sets. For different exchange—correlation func-
tional and basis sets the values of calculated pa-
rameters will be different. From calculation, cations
[EMIM]*, and [BMIM|" possessed HOMO ener-
gies as follows —11.820, and —11.698 €V, respec-
tively, and anions [TFSI|~, and [PFg]~ possessed
HOMO energies as —2.491, and —4.375 €V, respec-
tively [17, 21]. The order of HOMO energy value
between these cations are as in order [EMIM|tT >
[BMIM]|™*.

In ILs, it was observed that [EMIM]|[PFg| and
[BMIM][PF¢| have the highest HOMO energy value
(—6.987 and —6.976 eV) which implies that the
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stability of these ILs is low and reactivity high.
Therefore, [EMIM]|[PFg| and [BMIM][PF¢| are rec-
ognized as the most useful ionic liquids for en-
ergy storage applications [6, 15, 29]. The DFT
method provides the stability row for ionic liquids:
[BMIM]|[PF6] > [EMIM]|[PF6] > [BMIM][TFSI]
> [EMIM]|[TFSI] > [EMIM]|C]] > [BMIM][C]] >
[EMIM]|Br| > [BMIM][Br] [5, 6, 15, 16, 21, 29, 30].
Comparisons with the previous computational/ ex-
perimental studies have been given in Table I.

[BMIM][Br] has a lower energy gap value
(2.023 eV) which means that [BMIM]|[Br| is more
reactive but less stable. [BMIM]|[PFg| has higher
energy gap (4.833 €V) that means [BMIM][PFg] is
more stable. A large HOMO-LUMO energy gap
implies that molecules are hard which is why op-
posing charge transfer. Furthermore, having small
HOMO-LUMO energy gap molecules implies soft
molecules [30]. In the case of cations, [EMIM]|* has
lowest chemical softness value (0.296 eV—1). For the
removal of heavy metals, the better ILs would be
the ones whose complex has a large softness value.
Therefore, [BMIM][Br] is taken as the appropriate
ionic liquid for shifting toxic wastes [33—-35]. The
value of electronegativity and electrophilicity index
are reported in Table II. Out of eight ILs which
were investigated, [EMIM]|[PFg] was found most
electronegative. Herein, we also conclude that all
cations have high electronegative values compared
to the anions. From Table II, cations have a large
electrophilicity index value compared to anions.
Cation [EMIM]" has high electrophilic index value
(10.520 V) which implies the best electron acceptor
followed by [BMIM]|™T [24, 25]. In ILs, [BMIM]|TFSI]
has a high electrophilic index value (4.395 eV) which
implies that the nucleophilicity can donate electrons
and the electrophilic can accept electrons in an ionic
liquid. Hence, [BMIM]|[TFSI] is one of the best ionic
liquid for extraction of toxic waste [34, 35].

TABLE II

The computed values of chemical parameters of
cations—anions, and their combination of ILs at
DFT/B3LYP/def2-SVP level.

System x [eV] | & [eV] [0 [eV]|S [eVTY]| w [eV]
[TFSI|— —0.515| 0.515 | 3.006 | 0.333 0.044
[PFs]~ —3.333| 3.333 | 6.041| 0.165 0.919
[EMIM]+ 8.437 | —8.437|3.382| 0.296 10.520
[BMIM]* 8.332 |—8.332|3.366 | 0.297 10.310
[EMIM][TFSI|| 4.043 |—4.043|1.873| 0.534 | 4.363
[BMIM|[TFSI|| 4.078 |—4.078|1.892| 0.528 | 4.395
[EMIM|[PFg| | 4.575 |—4.575]2.401| 0.416 | 4.359
[BMIM|[PFg] | 4.570 |—4.570|2.416 | 0.414 | 4.322
[EMIM|[CI] | 2.882 |—2.882|1.322| 0.756 | 3.141
[BMIM][C]] | 2.785 |—2.785|1.189 | 0.841 | 3.262
[EMIM|[Br] | 2.912 |—2.912|1.159 | 0.863 | 3.658
[BMIM|[Br| | 2.816 |—2.816]1.012| 0.988 | 3.918
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3.2. Interaction energy and electrochemical
stability, i.e., ECW by HOMO-LUMO method

To evaluate interaction energies (A Fiy), the sin-
gle point calculation at DFT/B3LYP /def2-SVP was
taken out and aware about the basis set super-
position errors. The interaction energy values of
ILs are given in Table III. We observed the inter-
action energies value in the order of [BMIM][PFg]
> [EMIM]|[PFg] > [BMIM][C]] > [BMIM][Br| >
[EMIM][C]] > [BMIM][TFSI] > [EMIM][Br] >
[EMIM]|[TFSI].

Table IIT shows all the imidazolium ionic liquids
which were taken under study, have negative inter-
action energy values. Interaction energies between
a cation and an anion for ILs are typically in the
range of —1 to —3 kJ/mol. Positive values mean
that not attractive but repulsive interactions are
dominant, which indicates that the studied struc-
ture of interest is not stable. If the value of in-
teraction energy is positive, this implies a stronger
bond within the isolated molecules of cations and
anions, while the negative value of interaction en-
ergy signifies interaction between cations and an-
ions [25]. [BMIM]|PF| has the favorable interaction
within cation and anions among ILs discussed here
(—2.904 kJ/mol). The ability of the cation—anion
interaction also affects the kinetic behaviors of or-
ganic reactions [36].

The ECWs of ILs play a crucial role when used
in energy storage devices. The requirement for elec-
trolytes in the high-voltage application should have
large ECWs, excellent thermal stability, low vapor
pressure, and a wide liquid range [10, 16, 26, 27].
The ECW is one of the most important parame-
ters of ILs. Many ILs having the value of ECW in
the range of 4-7 V [10]. Furthermore, the ECWs
by the HOMO-LUMO method can be investigated
by oxidation and reduction potential (anodic and
cathodic limits). The values of ECWs of ILs were
calculated using (2)—(4) respectively and presented

TABLE III

Interaction energies and ECWs values of ILs, calcu-
lated at DFT/B3LYP/def2-SVP level. Designations:
N — name of ionic liquids, AE — interaction energy
difference of cation—anion, Va — anodic limit (ox-
idation potential), Vi — cathodic limit (reduction
potential), ECWs calculated with HOMO-LUMO
method.

N AE [kJ/mol][Va [V]]Va [V]] ECWs [V]
[EMIM][TFSI]| —1.483 [ 5916|2170 | 3.746
[BMIM][TFSI]| —1.700 | 5.971 | 2.186 | 3.785
[EMIM][PFg] —2.753 | 6.976 | 2.175 |  4.801
[BMIM][PFg] —2.904 | 6.987 | 2.154 | 4.833
[EMIM][CI] —~1.716 | 4.204 | 1.560 | 2.644
[BMIM][C]] —~1.853 | 3.974 | 1.596 | 2.378
[EMIM]|Br] ~1.613 | 4.072 | 1.753 | 2.319
[BMIM][Br] —~1.827 | 3.827 | 1.804 | 2.023
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Fig. 3. IR spectra of (a) [EMIM]|[TFSI], (b)

[BMIM|[TFSI], (c) [EMIM][PFq], (d) [BMIM][PFg,
(e) [EMIMJ[CI], (£) [BMIM[CI], (g) [EMIM][Bx].
and (h) [BMIM]|Br| ionic liquids investigated at
DFT/B3LYP/def2-SVP level.

in Table III. The phenomenon of the transfer of
electrons from the highest energy levels of the
molecules is called the oxidation reaction. There-
fore, if the molecules or ions have small HOMO
energies, it shows higher oxidation potential [10].
Herein, in the case of anions, TFSI shows the small-
est HOMO energy value and consequently, this has
the highest oxidation potential. From Table III, we
observed that ionic liquid [BMIM][PFg| has the
largest electrochemical stability window (4.833 V)
among all the imidazolium-based ionic liquids, while
[BMIM][Br] have the lowest electrochemical sta-
bility window (2.023 V). More chemically stable
molecules have larger HOMO-LUMO energy gap
which makes it ideal for use as an electrolyte in dif-
ferent energy storage applications [6].

3.3. Study of vibrational spectra

The infrared spectra give strong information
about the functional groups, especially hydrogen-
bonded interactions, and constitution difference of
the organic cations in distinct ILs. The IR-spectra
of imidazolium-based ILs are presented in Fig. 3.
The IR absorption spectra profile of all the ILs is
very different due to its anions.
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For the IR absorption profile of [EMIM]|[TFSI],
its spectrum is strongly dominated by contribu-
tions from the [TFSI|~ anion. Mostly all modes
are found in the mid-frequency range. The inter-
action between the imidazolium ring of the cationic
and anionic fragment is responsible for the most in-
tense peak at 1070 cm~* [5, 6, 11]. Stretching S=0
bonds is represented by the band at 1250 cm~*. In
the anion and molecule spectra, the intense peaks
at 1070 and 1180 cm~! correspond to the S-N-S,
S=0, and N-S-C stretching vibrations. Three an-
ion peaks (485, 575, and 634 cm~!) are com-
bined in the low-frequency domain to form a broad
band at 584 cm~! (S-N oscillation) in the ion pair.
The peaks at 546 cm™! are due to CF3 asym-
metric bending. A strong C-C stretching is ob-
served at 1191 ecm™!, though anion is dominating
between 1500 and 1350 cm~! again. The CF3 asym-
metric stretching at 1149 and 1203 cm~! and a CF3
symmetric stretching at 1260 cm ™! occur. Only the
vibrations of the cation portion are observed in the
high frequency area. At 3180 cm ™!, which confirms
the stretching C—H mode of the methyl group of the
imidazolium ring.

For the IR absorption profile of [BMIM]|[TFSI],
the spectrum is strongly dominated by con-
tributions from the [TFSI|~ anion. The peaks
at 546 cm~! are due to CF3 asymmetric bend-
ing, 620 cm~! due to SO, asymmetric bending,
S-N-S bending at 683 cm~!, and a strong C-C
stretching at 1191 cm™', though anion is domi-
nating between 1800 and 1350 cm~! again. The
CF3 asymmetric stretching at 1149 and 1203 cm™*
and a CF3 symmetric stretching at 1260 cm ™! oc-
cur. N-H stretching mode of [BMIM]|[TFSI]| occur
at wave number 3521 cm~! while CHy stretch-
ing mode at 2957 cm~!. For [BMIM]|PF|, peaks
at 1142 cm ™! in-plane C-H bending of imidazolium
ring and, C—H vibrations of alkyl chain are at 2948,
2953 cm~'. The peak at 3165 cm ™! is due to the
C-H vibration of the cation ring. For [EMIM][C]]
and [BMIM]|[C]] the peaks at 3069.93 cm~! by
stretching of ~OH group and 2860 cm™! are allo-
cated to C-H stretching. The CH, wagging occurs
at 1317 cm™!, C-H stretching at 1371 cm~!, and
C-O stretching at wave number 1160 cm™?!.

The IR spectra of [EMIM][Br| and [BMIM][Br]
are quite similar, the strong and sharp peaks were
obtained in the range of 1527 (C-O stretching)
and 1162.85 cm ™! (CHy stretching) [17, 37].

4. Conclusion

The major intention of the current work is to
provide a straightforward approach and possible in-
formation on “imidazolium-based” ionic liquids and
their application in energy storage and toxicity re-
moval agents. Thereby, details of quantum chemical
descriptors, electrochemical stability, intermolecu-
lar interactions, and the Fourier transform infrared
(FTIR) spectra were studied. Quantum chemical
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parameters, including HOMO-LUMO energy, en-
ergy gap, hardness and softness were studied, giv-
ing information on the chemical reaction and sta-
bility of IL. The ECWs observed by the HOMO-
LUMO method with the DFT treatment demon-
strated excellent agreement with previously stated
literature results [6, 9, 15, 16, 29, 37]. The ILs,
[EMIM]|[PF6] and [BMIM|[PF6] are recognized as
the most suitable ionic liquids for energy storage ap-
plications. For the removal of heavy metals, the bet-
ter ILs would be the ones whose complex has a large
softness value. Therefore, [BMIM]||Br] is considered
a suitable ionic liquid for shifting toxic wastes, but
[BMIM][TFSI] is one of the best. The ionic liquid
[BMIM][PFg]| showed a very high interaction energy,
which indicates that this IL highly affects the ki-
netic behavior of organic reactions. It is remark-
able to mention that the distinction in HOMO en-
ergies between an ion pair and its respective anion
is almost precisely equivalent to the interaction en-
ergies. The cation—anion coupling tended to cause
a decrease in the energies of HOMO in the neu-
tral pairs relative to the free anions. We theoreti-
cally investigated IR spectra for imidazolium-based
ILs in the range of 400-3500 cm~*!, showing bet-
ter agreement with the reported experimental val-
ues [4-6, 11, 17, 38].
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