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that the consolidation of IL into MOF could improve the stability and reusability of pure
MOF; nevertheless, research on the molecular interactions between the MOF
framework and IL is still lacking. The stability, compatibility, and selectivity of this
hybrid material are significantly influenced by the fundamental interactions between
the MOFs and ILs moieties (cation and anion molecules), particularly the sorts of
interactions. In this work, we focused on the topological properties of ILs and utilization
of molecular docking calculations to assess the binding energy (AGbind) and binding
affinity between UIO66 with TFSl-imidazole and TFSI-pyridinium ILs studied. The
properties of ILs such as aromaticity of the structures, bond critical point (BCP), and
electrostatic potential map surface were carried out using the Gaussian and Multiwfn
software while the binding energies were computed using the AutoDock software to
identify particular binding sites for IL toward MOF. The Autodock software's default
setting was used to prepare all of the structures. To determine the binding locations of
MOF, the IL was successively incorporated into the MOF pores inside the grid box of
90x90x 90 A (x, y, and z) dimensions. The results showed that both ILs; TFSI-imidazole,
and TFSI-pyridinium IL, interacted favorably with the MOFs, having binding energies

Keywords: varying from -4.12 to -8.60 kcal molL. The stability of UIO66-ILs system increases with
Binding energies; molecular docking; the addition of anion and cation. According to docking molecular structures, both
metal-organic framework; ionic liquid; cation and anion tend to bind in the corner of the MOF pore, which is in line with the
adsorbent previous work.

1. Introduction

Water is an indispensable substance for living organisms. One of the most formidable
sustainability issues faced throughout the world is safe water resources. The contamination of water
by hazardous contaminants such as heavy metal ions due to intensive industrial activities
deteriorated the quality of available water resources. The discharge of these heavy metals into water
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sources can cause a destructive effect on the ecological balance of humans as well as animal life. The
high amount of heavy metals exposure to living organisms (including humans) can lead to poisonings,
life-threatening, and promotes a variety of physiological disorders. Therefore, the removal of heavy
metals from industrial wastewater streams continues to be a challenge using today’s wastewater
treatment technologies [1-3].

Nowadays, the emergence of using MOFs in water treatment has become a topic of interest.
MOFs have been considered one of the compelling adsorbents to evacuate overwhelming metal from
water sources [4-6]. Their high porosities, tunable structures, and convenient process of presenting
both customizable functional groups and unsaturated metal centers have managed great adsorption
capacity. Despite this, the systems may collapse upon introduction to dampness making the stability
of the MOFs questionable [7-9]. The framework is depending on its metal-ligand interaction which is
vulnerable to ligand substitution by water or other nucleophiles. The collapsed structure of MOF
upon adsorption of water will create another metal defilement as the metal in MOF is discharged
into the watery medium. This can be a genuine concern in wastewater treatment as the interaction
of MOF and water can lead to the flimsiness of MOF. Whether the MOFs seem completely keep up
their capacities and basic structure after multicycle applications require advanced examination. The
MOF5, UIO66, and ZIF8 are some examples of MOFs that have large surface areas. The strong
coordination bonds between metal and organic ligands of MOF make it stable in acidic or alkaline
conditions. This provides the relevance of applying these MOFs in wastewater treatment.

Recent studies have suggested that the hybridization of a MOF with a different component may
result in novel materials that share traits with both the host MOF and the component that was
introduced. A new kind of "designer hybrid material" with improved host MOF properties could result
from this combination in a variety of applications. These hybrid MOFs have demonstrated promising
results in various applications such as catalysis [10], gas and separation [11, 12], energy storage [13],
and electrochemical [14]. Previously, the encapsulated ILs into MOF give great performance,
especially in gas adsorption [15, 16]. It had been proven that the performance of MOFs incorporated
with ILs had been improved especially in their stability and reusability, depending on the particular
applications.

The consolidation of IL into MOFs pores to remove contaminants, especially heavy metals from
wastewater, is a growing research area. Despite having been evidenced to be a resultful strategy for
enhancing the performance of pristine MOF, the interaction and their fundamentals are not well
explored. There are several interaction sites and functional groups in both MOFs and ILs. As a result,
more intricate interaction systems are involved, including hydrogen bonds, van der Waals
interactions, polarization, and Coulumbic forces (electrostatic attraction or repulsion) [17, 18].
Therefore, understanding their individual properties is of utmost importance as it could help to form
a specific type of MOF-IL hybrid adsorbent. It is still a significant challenge, but more research into
the particular interaction between IL and MOF might improve the performance of these IL-MOFs type
hybrid materials.

In pursuance of identifying the effect of the confinement ILs on MOFs stability, herein, in this
paper, we reported the comparison between pristine U066 and UlIO66-ILs by binding energy
calculation. The other details on the MOFs dynamic properties and their interaction with ILs also were
investigated using molecular dynamic (MD) simulation and will be disclosed in the next paper.

2. Methodology

To determine the binding energy and binding affinity of small compounds that bind to certain
receptor binding sites, molecular docking calculation was carried out. From the Automated Topology
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Builder (ATB) [19] web database, the starting structures of the ILs; 1-ethyl-3-methylimidazolium
(EMIM), 1-propyl-3-methylimidazolium (PMIM), 1-butyl-3-methylimidazolium (BMIM), 1-ethyl-4-
methylpyridinium (EMPYDM), 1-propyl-4-methylpyridinium (PMPYDM), 1-butyl-4-methylpyridinium
(BMPYDM), and bis((trifluoro)sulfonyl)imide (TFSI), are obtained. These structures have been
optimized at B3LYP/6-31G* level theory. To be utilized later for docking calculations, all of the
molecules were prepared and saved in the PDBQT file type. Using the scoring mechanism to
determine the optimum binding mode, the autogrid and autodock computations were executed as
part of the docking simulation using the default option in AutoDock 4.2 software [20]. Each MOF-IL
system was prepared by introducing each cation and anion into the macromolecular receptors cavity
of U066 consecutively inside a grid box of 90 x 90 x 90 A with a 0.375 A grid spacing (as shown in
Figure 1). We used the Lamarckian Genetic Algorithm (LGA) from MGLTools to determine the proper
binding modes and conformation for ILs [21].

Fig. 1. The grid box of x, y, z (90 x 90 x 90
A) U1066 docked with ILs

The following equation was then used to determine the binding energy (AGyping) of the inclusion
complex

AGping = AGypw + AGeiect + AGupona + AGaesory + AGior (1)

where AGypw represents van der Waal energy, AGeec: refers to electrostatic energy, AGhgond is
hydrogen bonding energy, AGgeso is desolvation energy and AGqor refers to torsional free energy.

The total density and electrostatic potential of ILs were generated using GaussView [22] to
determine the localization of electrons of the molecules. Then, the topology (bond critical points and
aromaticity) of the imidazole and pyridinium were analyzed using Multiwfn software [23]. The
aromaticity of the ILs was then calculated based on the Shannon aromaticity (SA) index [24]. The
formula can be briefly written as,

N
SA=In(N) + ) (=piInp) @
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where N is the total number of BCPs in the ring, race is the position of BCP, and p; refers to the

estimated normalized probability of the occurrence of specific data.

3. Results and Discussion
3.1 Topological Properties of ILs

The inclusion of ILs inside MOF has shown great potential in various fields. The investigation of
finding matching ILs with MOF is important to ensure the performance of this hybrid material could
enhance this specific type-MOF. In this work, the specific topological properties of TFSI-imidazole and
TFSI-pyridinium-based-ILs were investigated to find the possible locations interaction of ILs toward
MOF. To determine the electronic and topological properties of ILs, the map electrostatic potential
(MEP) was generated by GaussView and Multiwfn software and are illustrated in Figure 2 and 3,
respectively. Since the structures of imidazole (EMIM, PMIM, BMIM) and pyridinium (EMPYDM,
PMPYDM, BMPYDM) have similar geometry, the MEP surface was only plotted for one structure from
each type, respectively. MEP surface enables visualization of charge distribution throughout the
molecules using colour codes. The region filled with red colour indicates more negative potential,
while the area shaded with blue color indicates less negative potential (or positive potential).

Full-view Half-view

(a)
(b)
i .
(c)
Fig. 2. The electrostatic potential map of (a) EMIM (b) EMPYDM (c) TFSI.

Atoms C, H, N, O, F, and S are colored grey, white, blue, red, turquoise,
and orange, respectively
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In Figure 2, the MEP surface of ILs is portrayed in two views; full-view and half-view, to make it
easier to locate the color distribution of the atoms. Both imidazole (EMIM) and pyridinium (EMPYDM)
are shaded with the blue region which elucidates their positive potential in that particular region.
The distribution of positive potential in the blue region is strongly contributed by carbon and
hydrogen atoms. In contrast, a higher negative potential was observed in TFSI. The most negative
potential is distributed around oxygen and sulfur (red region) while fluorine exhibits less negative
potential (orange region) than sulfur and oxygen. The red region represents the negative potential
associated with electrophilic sites, while the blue region represents the positive potential which is
suitable for the nucleophilic attack [25]. From these properties, the possible locations of ILs
interacting with MOF were identified for further calculation.

The topological analysis based on electron density at the wave function generated at B3LYP/6-
31G* level of theory was then carried out. The bond critical point (BCP) for the imidazole and
pyridinium structures was discovered using Atom-in-molecules (AIM) study. BCP is the location
where two neighboring atoms meet, defining the atoms' bonding. The local information at this critical
point is a good indicator to determine the aromaticity of the structures. Figure 3 shows where the
BCP (orange dots) was located in the imidazole and pyridinium ILs. Notably, the little orange dots on
the bond show the presence of the BCP between C-C, C-H, and C-N bonds which demonstrates that
between these bonds the electron density has effectively built up.

Imidazole ILs Pyridinium ILs
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Fig. 3. Positions of the BCP (orange dot) critical points in imidazole (EMIM, PMIM,
BMIM) and pyridinium (EMPYDM, PMPYDM, BMPYDM) ILs. Atoms C, H, and N are
colored yellow, white, and blue, respectively

The aromaticity of imidazole and pyridinium was then determined using the Shannon aromaticity

index (SA) which had been proposed by the Norizadeh groups [24]. The aromaticity value was
identified based on electron density at BCPs in the ring (as shown in Figure 3) and was tabulated in

48



Journal of Advanced Research in Applied Mechanics
Volume 102, Issue 1 (2023) 44-53

Table 1. According to the report, the boundary between the aromatic and non-aromatic compounds
was found to be 0.003 < SA < 0.005, respectively. The smaller the SA index, the more aromatic is the
ring. In this work, all the SA values obtained are less than 0.003 (refer to Table 1), which denoted the
aromaticity character for both molecules. The value of pyridinium aromaticity was found to be
significantly smaller compared to imidazole IL. These results show that pyridinium exhibits a strong
aromaticity character than imidazolium, thus making pyridinium have a more stable structure.

In previous work, Kruszewski and Krygowski [26] have come out with the idea of using the
Harmonic Osilator Model of Aromaticity (HOMA) method to determine the aromaticity of the
compound. This method has been used as a reference by researchers until today [27-29]. The HOMA
value for pyridinium was found to be closer to the unity value (~1) than imidazole [30]. The closer the
HOMA value to ~1, the stronger the aromaticity character of the compound. Thus, the aromaticity
result obtains in this work agrees with the previous work.

Table 1

The aromaticity index (SA) for imidazole and pyridinium ILs

ILs Cations SA index

Imidazole EMIM 0.001476
PMIM 0.001469
BMIM 0.001495

Pyridinium EMPYDM 0.0001465
PMPYDM 0.0001449
BMPYDM 0.0001462

3.2 Molecular Docking

Molecular docking calculation was carried out to identify the binding interaction between ILs and
UlOG66. In our previous paper [31], we reported the interaction of TFSI-imidazole and TFSI-pyridinium
ILs with the three MOFs (MOFS5, ZIF8, and UlIO66). Among the three MOFs studied, the UIO66 exhibit
a great performance in term of binding energy when interacting with both imidazole and pyridinium
ILs (as shown in Table 2). The stability of the system is indicated by the binding energy's (AGpind)
negative value. The highest stability of the complex is implied by the large negative value of binding
energy [32]. From the results, the UI0O66 framework profoundly gave the highest binding interaction
towards pyridinium-based ILs which makes it the most stable system. Herein, in this report, we
focused on UI0O66 binding interactions with ILs and the comparison of pristine UIO66 before and after
adding cation and anion consecutively inside the UIO66 pore.

Table 2
Binding energies (AGping) of TFSI-imidazole and TFSI-pyridinium with UIO66 [31]
MOF ILs Binding Energies (kcal mol?)
ulo66 EMIM-TFSI -4.25

PMIM-TFSI -4.18

BMIM-TFSI -4.18

EMPYDM-TFSI -4.12

PMPYDM-TFSI -8.60

BMPYDM-TFSI -4.19
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The comparison of AGyping of UIO66 with the addition of cation and after adding both cation and
anion were highlighted in Table 3. In general, the binding energies increase significantly for both
UlO66-imidazole and UlO66-pyridinium after the addition of an anion to the UlO66-cation system.
The addition of anion into the UlO66-cation system increases the stability and binding energy
interaction of the whole system, thus making the interaction between the MOF and IL are getting
stronger. In addition, it is interesting to note that the values of AGping for cation pyridinium (EMPYDM,
PMPYDM, BMPYDM) interact with UI066 was found to be slightly higher (-3.04 to -3.36 kcal mol?)
than cation imidazole (EMIM, PMIM, BMIM) (-2.22 to -2.61 kcal mol™?). This might be related to the
aromaticity strength of the cations. The stronger aromaticity character of pyridinium presumably
accounts for the remarkable stability in the UIO66-pyridinium system.

Table 3

Comparison of binding energies (AGping) of UIO66 with cation and after adding anion (TFSI)

Cation Binding Energies, AGoind (kcal ~ Cation-Anion Binding Energies, AGbind (kcal
mol?) mol™?)

EMIM -2.22 EMIM-TFSI -4.25

PMIM -2.43 PMIM-TFSI -4.18

BMIM -2.61 BMIM-TFSI -4.18

EMPYDM -3.04 EMPYDM-TFSI -4.12

PMPYDM -3.23 PMPYDM-TFSI -8.60

BMPYDM -3.36 BMPYDM-TFSI -4.19

To identify the preferred locations for ILs to bind inside UIO66, the molecular structure of the
lowest energy conformer from docking, which is between UIO66 and PMPYDM-TFSI ILs was acquired
and shown in Figure 4. The lowest energy conformer is defined by the lowest interaction energy
between the cations/anions and UIO66 (high negative value). As shown in Figure 4, TFSI and PMPYDM
opted to bind at various pores of UIO66 and were separated from one another. The anion and cation
were located close to the metal sites in the corner of the pore, which is consistent with a prior work
in which the author employed ILs of smaller size [33, 34]. Generally, the modest size of ILs encouraged
stability and robust interaction with MOF [35]. In addition, the TFSI was bent more towards the metal
Zr atom of UlIO66. This can be understood from MEP analysis where TFSI exhibits higher negative
potential associated with the electrophilic sites (refer to Figure 2).

Atoms C, H, O, and Zr are colored purple, grey, red, and blue turquoise, respectively (UIO66).
Atoms C, H, O, N, S, and F are colored green, white, red, blue, yellow, and green turquoise (ILs).
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Fig. 4. The molecular docking structure of PMPYDM/TFSI-UI066 (a) PMPYDM cation (b) TFSI anion

4. Conclusion

The topological properties of ILs and the binding energies interaction ILs-MOFs were investigated
by carried out DFT calculation and molecular docking calculations respectively. From the MEP
surface, both imidazole and pyridinium are shaded with the blue color which indicates the
distribution of positive electrostatic potential, while the red color (negative potential) is distributed
on the TFSI structure. The results were used as a reference for the possible location of ILs interaction
inside UIO66 pores. The TFSI-imidazole and TFSI-pyridinium-based IL were successfully docked into
Ul066. These matched ILs and MOFs have shown encouraging findings in terms of their capacity to
bind to one another, demonstrating that the PMPYDM-TFSI has the greatest interaction with UIO66
(-8.60 kcal mol?). The results from binding energies show that the incorporation of both imidazole-
TFSI and pyridinium-TFSI based ILs enhances the stability of the UIO6. Further investigation on the
dynamic interaction between ILs and MOFs will be discussed in depth and will be disclosed in the
next paper.
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