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Abstract

Basic knowledge of chemical events in the gaseous or liquid phase, as
well as on surfaces, is required to determine the macroscopic process.
The structure of ionic liquids were investigated using quantum chem-
istry. Cation and anion can bond together, according to the findings.
Their binding and interaction energies reveal that they are produced by
hydrogen bonds. The mechanism of a room temperature ionic liquid,
such as [BMIM][Cl] (1-butyl-3-Methylimidazolium chloride) monomer,
was studied using Density functional theory (DFT) computations using
the modern continum solvation model (IEFPCM-SMD). Ionic liquid [IL]
contains both anions and cations, allowing for greater intermolecular
interactions. By analyzing the relative minimum energy of [BMIM][Cl]
in the presence and absence of water, we were able to establish the
minimum energy structures and probable Cl anion binding sites in
[BMIM][Cl] ionic liquid. We have found that all 1-butyl-3-methyl-
imidazolium halide ILs investigated had trans conformations due to
the butyl group’s dihedral angles.

Keywords: Density functional calculations, absorption, ionic liquids,
cation and anion, computational Protocol, anionic effect.

Highlights

• Computational DFT study indentifies diverse interactions in
imidazolium-based ionic liquids.

• Monoatomic anion-based ILs exhibit unique H-bonding contacts
between cation and anion.

• Frequency analyses combined with DFT calculations enhance
understanding of different ILs.

• Study provides insights into the structural stability and challenges
of using [BMIM][Cl] commercially.
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1 Introduction

Ionic liquids (IL) are being studied as new liquid materials
in addition to their potential to replace standard synthe-
sis solvents [1], [2]. Many ILs are more fascinating than
their typical application as a “green solvent,”according to
recent discoveries. Since their finding, ILs have shown
to be whole new materials with a variety of intriguing
properties, many of which have yet to be explored. ILs are
formed of molecular ions as opposed to the molecules that
make up traditional solvents. Like any other ionic liquid,
liquid ions produce ILs and molten salts when heated to
room temperature or higher (less than 100 degrees Cel-
sius). Additional interactions like H-bonding are found
in ILs that are uncommon in traditional solvents [3], [4].
On the other hand, many types of forces alter the physi-
cal characteristics of various ILs. A detailed grasp of the
structural elements of IL is necessary since the molecular
structure of molecules in various phases determines the
properties of any substance. Pyridium-based ILs have re-
ceived less attention than imidazolium-based ILs in terms
of biodegradability. Because of their propensity to conduct
electricity, Pyrolidinium ILs are more typically encoun-
tered in dye-sensitized solar cells and batteries [5]. It is
important to note that the diffraction patterns of ILs based
on imidazolium are quite similar in terms of intermediate-
range ordering. For the sake of this piece, we’ll concentrate
on imidazolium cation-based ILs [BMIM][Cl] as they’ve
received the most attention in the literature.

It has been shown that the physical characteristics of im-
idazolium cations are affected by small changes in the
imidazolium cation, such as changes in the length of the
alkyl chain. This is true for actual “designer solvents,”too.
The density of IL, for instance, decreases as the length of
the cation’s alkyl chain increases. As the molecular weight
of the cation falls, the anion’s molecular weight increases.
The anion’s thermal stability rises with temperature and
the number of atoms it contains, whereas its heat capac-
ity rises with its size[6]. Anderson et al. [7] examined
a number of imidazolium and pyridinium-based RTILs
(room temperature ionic liquids) utilizing a linear free en-
ergy approach based on numerous solvation interactions
with probing solute molecules. The data that this model
produces can be utilized to compute significant chemical
interactions and attributes. According to study, the anion
has a greater effect on the hydrogen bond basicity of RTIL
than the cation. It has been shown that RTILs may operate
as both polar and non-polar solvents, depending on the
presence of polar molecules in a process [8]. The probe-
molecule and cation-anion interactions in ILs need to be
extensively examined, thus researchers must also look at
these interactions.

2 Methods and Materials

It has been shown that theoretical simulations can help us
better comprehend the interactions that take place in ILs.
[9] The electronic structure of a molecule (mainly in the
ground state) and numerous thermodynamic properties
of a molecule can be examined and computed using the
Density Functional Theory (DFT), a quantum mechanical
theory. If you know the function of another function, you
can figure out the attribute of an electron system (electron
density). In computational chemistry, DFT is now the most
extensively used and versatile technique. The bulk of our
work with DFT is devoted to structural analysis of ILs.
Because most ILs are liquids at room temperature, conven-
tional techniques such as single crystal x-ray diffraction
are extremely difficult to use to investigate their structure
(SCXRD).[10]
To examine the ionic pair with and without water, a sim-
ulation of ionic liquids was conducted. The minimal en-
ergy structures, interaction energies, and binding ener-
gies of complexes, as well as their intermolecular connec-
tions, were determined by density functional calculations.
In quantum chemical calculations, the Becke gradient-
corrected exchange function was used with the Lee-Yang-
Parr functional for exchange and correlation. The B3LYP
hybrid functional, which was designed by Becke, was used
for this.[11] A new implicit PCM model was used to model
the solvent in both water and vacuum (IEFPCM-SMD).
It’s called the Polarizable Continuum Model, and it’s used
to figure out how the reaction fields in a certain place
will change over time (IEFPCM). PCM is the same thing
as IEFPCM.DFT found the minimum amount of energy
and atomic charges needed to have an interaction. The
6-31+G(d,p) basis set was chosen because it was both cor-
rect and efficient to use. Because of a number of reasons,
this set was chosen as the base (Dhar 2014).In this paper,
we looked at gas and liquid phase architectures of ionic
liquid[BMIM][Cl] ion pair (Cation and anion).
DFT calculations have also been proven to be quite useful
in predicting the structure and interactions of a particular
molecule, and this is also true. The same technique may
be used to determine the magnetic moment, the dipole
moment, and many other physical properties of molecules.
It is feasible to determine the molecule’s vibrational fre-
quency and how its IR band shifts alter when it comes
into touch with other substances using both infrared and
Raman spectroscopy.
Chang et al. used DFT to show how the cation-anion
interaction changes vibrational frequencies [12].The IEF-
PCM was used to figure out the liquid phase structures
and vibrational frequencies at 298 K and 1 atmosphere
pressure.
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The NBOs and ESPs of all the structures that were opti-
mized were found at the B3LYP/6-31++ G(d,P) level. The
SMD model found out how much energy was used for
cavitation and not for polar energy. Molden 4.4 was used
to make all of the graphics in this article and the accompa-
nying material [13].

3 Results and Discussion

Understanding chemical bonds and intermolecular inter-
actions is one of the most crucial chemistry concepts to
master. According to their properties, chemical substances
are often divided into categories. Ionic liquids (ILs) were
first discovered in the early 1900s. In recent years, research
on ILs has gotten a lot of attention due to their adaptabil-
ity and low vapor pressure. Numerous applications are
possible for them. Recognizing the intermolecular forces
that are most crucial is a smart concept. Additionally, it’s
crucial to exercise caution while seeking for ILs’ general
characteristics because this desire for generality has given
rise to several IL myths. Most of the time, the chemical
composition of the particular material may be used to ex-
plain an ionic liquid’s properties. They aren’t always the
same. As an example of imidazolium-based ionic liquids,
we used 1-butyl-3-dimethylimidazolium chloride as a case
study ([BMIM][Cl]).
The ionic liquid [BMIM][Cl] structures are discussed theo-
retically. Their preferred interaction sites also calculated.
We discovered that RTIL anion have long-term stability
compare to their cation. But may hurdles must be over-
come before [BMIM][Cl] can be widely used commercially.
As expected, the imidazolium ring is a planar pentagon,
as demonstrated by the optimized structures. The trans
conformations of all 1-butyl-3-methyl-imidazolium halide
ILs under investigation were caused by the dihedral an-
gles of the butyl group, as Table 1 shows. [BMIM][PF6]
was found to have the same issue as [BMIM]BF4].
These computations have proved to be highly valuable in
the description of the interactions that take place within
a certain IL. The physical state of ILs varies substantially
when the anion and cation are altered. BMIMCl [Bmim:1-
butyl-3-methylimidazolium] is a liquid at room temper-
ature. It was observed that DFT calculations accurately
predicted the structures of these ILs, which we studied
further in our next paper.
Additionally, in [BMIM][BF4], [BMIM][PF6], multiple H-
bondings were observed between the cation and anion,
whereas only one large H-bonding was found in [BMIM]
[Cl], which is agree to our study with other who study
[BMIM] [Cl] by using rotational isomerism analysis [14],
[15].

Table 1. Binding energies from DFT simulations, implicit
solvation method (b3lyp/6-31+g (d,p) (optimized ion pair
cations and anions and their interaction energies)

Cation(+)
Anion(-)
Position

Interaction
energy (Kcal/mol)

1-butyl-3
methylimidazolium Cl(Top) -6.5

1-butyl-3
methylimidazolium Cl(Ethyl side) -3.1

1-butyl-3
methylimidazolium PF6 -4.5

1-butyl-3
methylimidazolium Cl(Methyl side) -6.8

1-butyl-3
methylimidazolium BF4 -3.1

Ethyl –
methylimidazolium Cl -3.8

1,3 di
methylimidazolium Cl -5.4

Hexa-
methylimidazolium Cl -4.2

Tetra Methyl
Ammonium Cl -7.8
Tetra Methyl

Phosphonium Cl -7.1

Fig 1. 1-butyl-3-methylimidazolium chloride (BMIMCl)
ion pair analysis.

As stated earlier, we used DFT simulations to examine the
interactions between the molecular structures of [BMIM][Cl]
IL at the B3LYP/6-31G++ (d,p) level of computation is
shown in Figure 1 as the optimally structured molecu-
lar structure. Their corresponding Binding energies also
reported.
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4 Conclusion

This study describes imidazolium-based ILs with anions
ranging from straightforward monoatomic to intricate an-
ions. All of the ILs were subjected to a comprehensive DFT
computation at the B3LYP level in order to get completely
optimized geometry. These calculations might advance
our knowledge of a variety of interactions, including H-
bonding interactions. In contrast to other ILs, such as
[EMIM][BF4], it was shown that monoatomic anion-based
ILs (BMIMCl) exhibit multiple H-bonding contacts be-
tween the cation and anion. In addition, frequency analy-
ses of different ILs were carried out in combination with
DFT calculations to help the reader understand and inter-
pret the results.
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