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Abstract
The binding properties of 1,w- bisbenzimidazolyl derivatives with cucurbit[6]uril (CB6) and cyclohexanocucurbit[6]uril (CCB6) host, for 1:1
stoichiometry, have been studied using density functional theory. The distance between the two benimidazole acidic hydrogen’s along with the
�exible butyl spacer group play a vital role in the complexation with host. The energetic analysis exhibits strong complexation ability of guests
with CB6 than CCB6 host. The computed enthalpy and free energy change were negative indicating the encapsulation process to be
spontaneous and thermodynamically favorable and enthalpy driven. The global reactivity descriptors based charge transfer calculations show
that charge transfer occurs from the guest to host molecule which was supported by the electron density difference map. The main factors for
the higher stability of stable complex was the presence of C-H····O = C hydrogen bonding interactions in addition to the weak C···O, C···N, N···O,
C···H, H···N type of interactions. AIM topological parameters and NCI analysis reveals the existence of weak interaction, mainly of electrostatic in
nature and more number of hydrogen bonds are present in stable complexes. EDA analysis demonstrates the presence of noncovalent and
electrostatic interaction with partial covalent character in the encapsulated complexes. The lower stability of CCB6 complexes compare to CB6
are due to the presence of positive Vs,max values of cyclohexanone methylene hydrogen’s on CCB6 host.

1. Introduction
In recent years, many types of synthetic macrocyclic molecules were synthesized due to their potential applications in many �elds [1]. Though
there exists a number of supramolecular guests molecules, cucurbiturils CBn (n = 5–9, 11, 12) gains much attention owing to their ability to bind
with inorganic and organic guest molecules with association constants up to 1015 M− 1, almost equivalent to the biotin-avidin pair which is
considered to be one of the tightest binding bimolecular system known to mankind [2]. These arti�cial receptors CBn possess simple yet rigid
pumpkin-like molecular containers, with cyclic methylene-bridged glycoluril oligomers with two portals on top and bottom wrinkled by ureido
carbonyl groups. The presence of the inner hydrophobic cavity and two identical carbonyl portals play a vital role in dictating the binding a�nity
of guest molecules [3]. There exist interesting studies regarding molecular recognition of cationic guests like ferrocene, substituted ferrocene,
adamantine, viologen, bicycle[2.2.2]octanes, and neutral molecules such as amino acids, estrogen, and biomolecules [4–6].

Since CBn’s, show a low solubility in aqueous conditions and the most organic solvents, their functionalization may provide a way to make them
soluble [7]. Extensive research is enduring to design new molecular carriers by modifying the carbonyl oxygen atoms with sulfur atoms to yield
thia-CB’s, introducing hydroxyl group on each glycoluril unit to yield perhydroxylated CB’s, or functionalizing with methyl groups to get
dodecamethylcucurbituril, attaching four methylene moieties to each glycoluril unit to yield cyclohexylhemicucurbituril were reported [8–10].
Besides the above cyclic analogous several other alicyclic cucurbiturils were also attempted [11]. Very recently Huber and coworkers, have
synthesized new cucurbiturils with one to six cyclohexyl equatorial units [12]. Upon the introduction of one cyclohexyl unit the water solubility of
cucurbit[6]uril has enhanced by a factor of 170, while the hexacyclohexyl cucurbit[6]uril (CCB6) shows a solubility by a factor of 5100 compared
to the cucurbit[6]uril (CB6). The enhanced solubility has been attributed to the formation of C-H…O hydrogen bonds between cucurbiturils.

Nucleic acids, natural and synthetic dyes and the majority of drugs are heterocyclic compounds. Among the heterocyclic family the bioactive
benzimidazole are fusion molecules, composed of imidazole ring with a positive charge and a benzene ring with hydrophobic part and exhibit a
wide range of biological activities [13]. Recently, benzimidazole compounds showed pharmacological activities and are used as drugs as
antifungal, antioxidant, anti-in�ammatory, anticancer antiviral, anti-parasitic and anthelminthic drugs[14–16]. However, the low aqueous
solubility the use of benzimidazole compounds limits its bioavailability, provoking many workers to seek to raise their solubility via using
different supramolecules as capping agents and surfactants[17]. The supramolecules acts a competitive substrate and binds to the drug. This
binding reduces the effective concentration and increases their half life of the drug molecules.

In the recent years, cucurbiturils and their derivate are extensively used for the encapsulation of benzimidazole and its derivatives. Koner and
coworkers observe the increase in solubility of benzimidazole and its derivatives[18]. Futhermore, the complexation of thiabendazole and
fuberidazole with CB inhibits its photodegradation [19]. Collins and coworkers reported that albendazole@CB7 complex is more cytotoxic than
the unbound ones against cancer cell lines [20]. Very recently, Liu and coworkers studied the binding of bisbenzimidazolyl derivatives with
cyclohexanocucurbit[6]uril (CCB6) (See Scheme 1) using NMR and isothermal titration calorimetry [21]. NMR analysis shows the guest can form
1:1 and 1:2 inclusion complex and the binding ratio depend on the amount of host. ITC analysis show the binding process is enthalpy driven.
Furthermore, X-ray diffraction analysis has been obtained for two of the guest molecules with CCB6 host for 1:1: stoichiometry. The complex
formation is ascribed to the cooperativity of ion-dipole interaction, van der Waals, C-H...i interaction and hydrogen-bonding.

The present computational study aims at revealing the mechanism of interaction between the hosts CB6/ CCB6 and guest molecules at the
atomic level. The guest molecules CB6 and CCB6 possess similar skeletons, however their solubility and complexation ability in aqueous
condition varies. The impact of introduction of cyclohexanone ring in CB6 and its consequent effect on binding with bisbenzimidazolyl
derivatives was carried out by a comparative study on the complexation of these hosts. To gibe the questions regarding the factors controlling
the complex formation, we employ density functional theory calculations in aqueous media. Various binding modes for the two host with three
guest molecules have been studied and systematically analyzed. The results obtained are compared with the experimental results. Also to
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evaluate the main interactions responsible for the stability of the complexes, atoms in molecules (AIM), noncovalent interaction analysis (NCI),
molecular electrostatic potential and energy decomposition analysis (EDA) are delineated. The outcome of the present study would help in
designing new host cucurbiturils molecules for molecular recognization and drug delivery applications.

2. Computational Details
We used the Gaussian G16 program suite [22] to carry out the quantum chemical calculations. Geometrical relaxations of encapsulated
complexes were optimized without any geometrical constrain using hybrid M06-2X functional incorporating the Grimme’s D3 dispersion term
[23]. We used the 6-311G(d,p) basis set for structure relaxation and to arrive at the wave function. The 6-311G(d,p) basis set was used without
diffuse function as the studied system involves charged ions [24]. Previous studies have shown that the use of diffuse function in charge
systems leads to an overestimation of energy terms and improper convergence during optimization [25]. Implicit solvation effects were
implemented using the conductor-like polarizable continuum method (CPCM), with sphere radii optimized for COSMO-RS proposed by Klamt [26].
Vibrational frequencies were calculated for all reported con�gurations to verify them to be real minima on the potential energy surface. The
binding energy of the guest molecules is computed using the Eq. (1)

ΔEbinding = Ecomplex – (EHOST + EGUEST) (1)

where EHOST and EGUEST are the energies of optimized host and guest molecules. Ecomplex is the total energy of the optimized complex. The strain
energy of the host and guest molecules is obtained from the difference in energy between the single point energy of the component and the
optimized complex.

We calculated several global reactivity descriptors (GRD) such as electronic chemical potential (µ), chemical hardness (η), and global
electrophilicity index (ω) which are connected with the maximum hardness and minimum electrophilicity principle (MHP) [27, 28].

The chemical hardness η is expressed as

η = -1/2(EHOMO - ELUMO) (2)

The term chemical potential, which is expressed as

µ = 1/2 (EHOMO - ELUMO) (3)

The term electrophilicity index (ω) is de�ned as

ω = µ2/2η(4)

To study the nature of bonding in the complexes, topological atoms in molecules analysis were carried out using AIM2000 package [29] and the
corresponding wave functions were generated at the M06-2X-D3/6-311(d,p) level of theory. The energy decomposition analysis (EDA) is carried
out at the M06-2X-D3/TZP level of theory using ADF(2019.304) program package [30]. The Noncovalent Interaction–Reduced Density Gradient
analysis (NCI-RDG) were carried out using the Multiwfn program and visualization of the gradient isosurface in real space was carried out using
the VMD program [31, 32]. In the NCI-RDG calculation, a density cutoff of ρ = 0.05 a.u. is applied, and the RDG pictures are generated for an
isosurface value of s = 0.5.

3. Results And Discussions

Structure of guest and host molecules
The optimized structures of cucurbit[6]uril (CB6) and cyclohexanocucurbit[6]uril (CCB6) are shown in Fig. 1a and b in lateral view and 1c and 1d
in on top view respectively. The computed cavity diameter between the oxygen portals and the cavity depth of CB6 is 6.92 Å and 6.09 Å
respectively with D6h symmetry. The observed values are in close agreement with the previously reported theoretical values [34]. The computed
oxygen portals diameter in CCB6 is 6.77 Å and its cavity diameter is 5.96 Å, which are shorter than the values computed for the CB6 molecule
[35]. Thus, the introduction of cyclohexanone groups in the glycouril part grades in the contraction of the oxygen portals and cavity diameter.

The studied three guest molecules are 1,ω-bisbenzimidazolyl derivates and have similar geometry with two benzimidazole connected by alkyl
chain, however, the length of the alkyl chain various (Scheme 1). In the guest BI1, the two benzimidazole unit is connected by an ethylene moiety
at the 2nd carbon of the heterocyclic ring. In guest BI2, propylene units connect the two benzimidazole groups, while guest BI3 has butane as a
connecting unit. Due to the existence of a �exible interconnecting alkyl group, the guest molecules can adopt multiple con�gurations. Therefore,
we have identi�ed the lowest energy conformer for each of the studied guest molecules, which are shown in Fig. 1 (e-g). The other low-lying
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con�gurations for the guest molecules are shown in supporting information Figure S1. It is found that all the guest molecules were found to have
a similar bent structure as the lowest energy conformer, while the leaner structures are high energy conformers.

Host-guest complexes between the studied CB6/CCB6 host and the guest molecules can exist in many possible conformers and with 1:1 and 2:1
stoichiometry [36, 37]. The present study is aimed at the complexation of the 1:1 stoichiometry and to understand the nature of interaction which
helps for the most stable, rigid complex and exhibits high binding energy of formation between the guest and host molecules. The coordination
of the guest with a host can exist in three binding modes (i) in which one of the guests aromatic rings are entrapped in the cavity (ii) in which the
aliphatic chain is encapsulated and the bibenzylimidazole groups are on top and bottom of the CB6/CCB6 carbonyl portals (iii) the exclusion
complex, in which the entire guest is outside the supramolecular cavity. The fully optimized structures of the lowest energy conformers in two
orientations (on top and lateral view) for CB6 and CCB6 hosts with three of the guest molecules are shown in Fig. 2. The low-lying energy
isomers for the CB6 complexes are shown in Figure S2 and CCB6 complexes in Figure S3. For all the studied complexes, the inclusion complexes
were found to be more stable than the surface adsorption of guests on the host molecules. We have previously observed similar results in the
complexation of cucurbiturils and pillararnes with various guest molecules. Recently, Liu and coworkers, deduce the X-ray structure of BI1@CCB6
and BI2@CCB6 and found partially encapsulated complexes to exists in 1:1 stoichiometry. Our theoretical result agrees well with these �ndings
and provides con�dence in our computational results [38, 39].

Upon encapsulation, we observed a high structural reorganization both in the host cucurbit[6]uril and cyclohexanocucurbit[6]uril and the guest
molecules. In the guest BI1 and BI2, irrespective of the host, upon encapsulation resulted in the partial exclusion of the guest, with the hydrogen
on heterocyclic nitrogen existing in bonding the carboxyl portal of CB6/CCB6. On the contrary, for the BI3 guest, the encapsulation occurs by the
full inclusion with the benzimidazole moiety protruding out of the CB6/CCB6 cavity, and with the benzimidazole moiety lying perpendicular to
each other. This indicates that the carbon chain length of the guest molecules plays a vital role in dictating the encapsulation of guest molecules
inside the CB6/CCB6 guest molecules. It is worth pointing out that experimentally, the crystals for BI3@CCB6 were not obtained even after
several attempts, while the 1H NMR spectral analysis has shown the existence of a fully encapsulated complex.

To apprehend the structural changes during the encapsulation, we computed the deformation energy of the host and guest molecules which are
provided in Table 1. Furthermore, the deformation energy indicates the higher stabilization of encapsulated complexes [40]. The deformation
energy is obtained from the difference in energy values of the host and guest in their optimized lowest energy state and the energy obtained on
the geometry of host and guest after encapsulation. The deformation energy on the host was found to change with the guest molecule. Among
the guests, BI2 shows the highest deformation on the host molecule with 5.13 kcal mol− 1 and 5.58 kcal mol− 1 on the CB6 and CCB6 molecule.
Among the host, BI2 shows the least deformation on encapsulation with CB6, while BI3 shows the least deformation energy with CCB6. On the
contrary, the highest deformation on guest molecule was found for CCB6 for BI2 guests followed by CB6 guests on BI2. It should be pointed out
that upon encapsulation, the carbonyl oxygen portal diameter of CCB6 got contracted to 5.86 from 6.77 Å in one surface and got enlarged to
7.06 Å in the opposite surface in BI2 encapsulated complex. In the BI2@CB6 complex, the carbonyl oxygen portal contracted to 5.81 from 6.92 Å.
This indicates that both the deformation of the guest and host ensued in a speci�c conformation serving to the formation of most stable
complexes. In the case of BI3 complexes, the CCB6 host underwent more deformation than the CB6, while the guest molecule has maximum
deformation with the CB6 host.

Table 1
Computed deformation energy, binding energy and theormodyanmical paprameters for the enapsulated complexes with guest

molecules computed at a M06-2X-D3/6-311G(d,p) level with host (CB6) and CCB6 in the solution phase.
Complex Deformation energy (in kcal/mol) Binding energy (in kcal/mol) Theormodyanmical paprameters (in kcal/mol)

Guest Host ΔG° ΔH° ΔS°

BI1@CB6 4.13 3.34 79.21 -61.45 -75.56 -47.34

BI2@CB6 2.05 5.13 83.07 -63.67 -79.27 -52.30

BI3@CB6 2.92 1.95 87.64 -69.68 -85.55 -53.24

BI1@CCB6 4.06 3.24 47.90 -29.34 -46.45 -57.36

BI2@CCB6 4.52 5.58 44.85 -28.56 -43.87 -51.35

BI3@CCB6 2.24 3.24 57.34 -37.07 -56.93 -66.59

 

A close examination of the structures indicates the existence of hydrogen bonding between the carbonyl oxygen atom and the hydrogen atoms
of benzimidazole dication. The number of hydrogen bonding was found to vary with the complex. The number of hydrogen bonding with the
guest BI3 was maximum than the partially encapsulated complexes with guest BI1 and BI2. In BI3 guest molecule, the intramolecular distance
between the two benzimidazole acidic hydrogen atom attached to the nitrogen is at a distance of 6.88 Å away from each other, which matches
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with the cavity diameter of the CB6 than the CCB6 host. Besides the two benzimidazole units are attached to the linear more �exible butyl groups
compared to the other studied guest molecules. Thus, in general, the more �exible guest BI3, make stable hydrogen bonding with the carbonyl
portal of the CB6 unit to form a more stable BI3@CB6 complex.

Energetic analysis and stability of complexes.
To identify the stability of the complexes, we computed the binding energies of the stable complexes. The computed binding energy is provided
in Table 1, which is obtained as the energy difference between the total energy of the encapsulated complex and the total energy of the host and
guest molecules at their most stable state. The binding energies of the encapsulated complexes vary with both guest and host molecules. The
binding energies are higher for the CB6 host compared to the CCB6. The binding energies for the guest molecules with the CB6 host vary from
79.21 to 87.64 kcal mol− 1. In the case of CCB6, the observed values were in the range of 44.85 to 57.34 kcal mol− 1. Furthermore, the highest
binding energy is observed for the BI3 guest molecule with CB6 host molecules. The higher binding energy of BI3 with CB6 can be attributed to
the bond length of linear �exible butyl groups whose length matches with the CB6 cavity. Our calculated energy difference between the lowest
energy BI3@CCB6 complex and the next higher energy isomer is just 9.35 kcal/mol, which implies that the two conformers can coexist during the
complexation process, which eventually interrupts the crystallization of one isomer.

To deduce the complexation ability of these guest with the hosts CB6 and CCB6, we have computed the thermodynamic parameters viz.,
standard free energy changes (ΔG°), enthalpy changes (ΔH°) and the entropy (ΔS°) changes for the formation of these encapsulated complexes.
Table 1 Summarizes the thermodynamic parameters for the encapsulated complexes. computed at 1 atm and 298.15 K using the partition
functions derived from the vibrational frequency calculations. The enthalpy changes for all the complexes are all negative indicating the
encapsulation process is exothermic. Furthermore, the Gibbs free energy change was also negative indicating the encapsulation process is
spontaneous and thermodynamically favorable. The negative ΔG° and ΔH° values imply that the formation of the encapsulated complex is a
spontaneous and enthalpy driven process [41]. The computed entropies were also negative implying that the system moves to a more ordered
encapsulated system from the free �uctuating guest molecules along with the structural modi�cation of the cucurbituril guests. It is interesting
to observe that the ΔG° and ΔH° are larger for the CB6 encapsulated systems than the CCB6 complexes. Besides, in the CCB6 encapsulated
complexes the BI3 complex has higher ΔG°, ΔH° and ΔS° suggesting that among the CCB6 complexes its formation would be more
thermodynamically favorable, spontaneous with high orderliness. Thus, from the thermodynamic consideration, the formation of CB6
encapsulated complex formation is more facile, stable, and spontaneous compared to the CCB6 complexes.

The frontier molecular orbitals (FMO) of a complex helps in determining its chemical stability [42]. The Highest Occupied Molecular Orbital
(HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) decides the materials' ability to donate and accept an electron during a chemical
reaction respectively. The FMO of the inclusion complex is depicted in supporting information Figure S4. It can be seen from the �gure, for all the
encapsulated complexes the HOMO or LUMO is located mainly on the guest molecule principally on the benzimidazole moiety. This implies the
electron density transfer happens mainly in the charged guest molecule and when excitation happens electron transfer happens between the
locally excited states.

Besides the HOMO-LUMO gaps is an important factor that dictates the chemical stability of a system [43]. The higher the HOMO-LUMO gaps, the
higher would be the stability of the system. The HOMO-LUMO gaps of the free guests, host molecules, and their inclusion complexes are
provided in Table 2. The complexes were found to have HOMO-LUMO gaps comparable to that of free guest molecules, implying no appreciable
change in their electronic properties upon their complex formation. Furthermore, the more stable complexes with BI3 guests were found to have
the highest HOMO-LUMO gaps con�rming their better stability computed through the binding energy calculation.
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Table 2
Calculated HOMO-LUMO gap (Egap) and the reactive discreptors for the

inclusion complexes chemical potential, electrophilicity indices, chemical
hardness for the inclusion complexes of CB6 and CCB6 with BI1, BI2, and

BI3 guest molecules computed in the solution phase at the M06-2X-
D3/6-311G(d,p)-level of theory.

System Egap (in eV) µ (in eV) η (in eV) ω (in eV) ECT

CB6 9.75 -3.51 4.88 1.26 -

CCB6 9.65 -3.42 4.80 1.22 -

BI1 7.83 -4.72 3.92 2.84 -

BI2 7.90 -4.63 3.95 2.71 -

BI3 7.95 -4.57 3.97 2.63 -

BI1@CB6 7.68 -4.54 3.84 2.68 0.49

BI2@CB6 7.80 -4.45 3.90 2.54 0.45

BI3@CB6 7.90 -4.28 3.95 2.32 0.43

BI1@CCB6 7.63 -4.49 3.82 2.65 0.49

BI2@CCB6 7.73 -4.43 3.87 2.54 0.46

BI3@CCB6 7.86 -4.32 3.93 2.37 0.44

 

The eigenvalues of FMOs can be used to compute the global chemical reactivity descriptors such as electronic chemical potential (µ), chemical
hardness (η), global electrophilicity index (ω), and electrophilicity based charge transfer (ECT) [44]. The details to arrive at the descriptors are
provided in our previous publications [45], and the values are listed in Table 2. The chemical potentials of all the complexes were negative, which
implies that the encapsulated complexes are stable. Besides, the chemical potentials of free guest molecules are greater than the free host
molecules which suggests that charge transfer can occur from the guest to the host molecule upon encapsulation. The chemical hardness of the
guest molecules is higher than the host molecules and between the host molecules, no appreciable change in hardness values was observed.
The higher the chemical hardness, the less probable would be the system to undergo electron transfer. The electrophilicity index ω, is a positive
quantity and higher values are characteristics of most electrophilic systems. From the table, we can see the guest molecules due to their
dicationic nature have higher ω values than the host molecules. Furthermore, among the guests, CB6 is a better electrophile than CCB6. Among
the encapsulated complexes CCB6 complexes have a lower electrophilicity index ω, suggesting them to be a better host system for neutral
guests compared to CB6 host.

To verify the direction of charge transfer we have computed the electrophilicity based charge transfer (ECT) using the Eq. (5)

ECT = (ΔNmax)host – (ΔNmax)guest (5)

where ΔNmax = µ/η

The obtained results for the encapsulated complexes are provided in Table 2. The ECT values for all the complexes were all positive, indicating
the charge transfer occurs from the guest to host molecule, due to the dicationic nature of the guest molecule. To comprehend the involvement
of charge transfer, electron density difference maps for the encapsulated complexes are plotted, which are depicted in the supporting information
Figure S2 for CB6 and CCB6 complexes. Red areas represent the increased density and blue area represents the decreased density in the
complex. In all the complexes, the carbonyl oxygen atom of CB6 and CCB6 experience an increase in electron density, while the hydrogen atom
on benzimidazole chromone a decrease in electron density is observed. This build-up of charge around the carbonyl portal is more pronounced in
the fully encapsulated BI3 complexes, which accounts for the higher interaction energy in those complexes.

Nature of Intermolecular Interaction
To understand the type of the main intermolecular interaction that stabilizes the encapsulated complexes and to label their nature and strength,
we used quantitative molecular electrostatic potential analysis (MESP), Atoms-in-molecules (AIM) analysis, NCI-RDG, and EDA analyses. The
obtained results are presented below.

Molecular electrostatic potential
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Molecular electrostatic potential analysis (MESP) is generally used to understand the effective localization of electron density, especially in the
supramolecular complexes where a charge transfer occurs from the guest to host or host to guest molecule [43, 45]. The MESP mapped
isosurface for all the encapsulated complexes is provided in Fig. 3 and for the individual molecules are provided in Figure S5. The electron-rich
regions are represented in red color and the electron-de�cient region is depicted by the blue color. In the cucurbit[6]uril the electron-rich regions are
found on the carbonyl portal and the electron-de�cient regions are found in the cavity. The guest molecules which are dicationic are electron-
de�cient which are clearly envisaged from the blue color of the MESP plot. Upon complexation, we observe that most of the regions turn to blue
shade, which indicates a high charge transfer from the guest to the host molecule. Among the complexes, a high electron density transfer is
observed for the BI3@CB6 and BI3@CCB6 complexes, from the carbonyl portal to the BI3 guest molecule. This accounts for the higher stability of
those complexes compared to the other encapsulated complexes.

To corroborate the above information we have calculated the quantitative molecular electrostatic potential values for the free guest, host, and the
encapsulated complexes at 0.001 electrons/Bohr3 isodensity surface [46]. The observed positive and negative potentials which are designated
as Vs,max and Vs,min respectively were all positive for the guest molecule due to the dicationic in nature. In the host CB6, the Vs,max value of 52.31
kcal/mol was observed at the middle of the eight-membered ring, and two negative Vs,max with values of -29.51 and − 42.09 kcal/mol were
observed inside the cavity one close to the �ve-membered glycoluril unit and at the middle of the eight-membered ring respectively. The Vs,min

value of -111.76 kcal/mol was observed on top of the carbonyl portal. In the case of the CCB6 molecule, we observed a positive Vs,min of 26.06
kcal/mol on the cyclohexanone methylene group and a negative value of -129.56 kcal/mol on the carbonyl portal. In the CCB6 host, we observed
several positive Vs,max values on the cyclohexane methylene hydrogen atoms with values of 44.98 kcal/mol and with two negative Vs,max with
values of -60.76 and − 48.65 kcal/mol were observed inside the cavity one close to the �ve-membered glycoluril unit and at the middle of the
eight-membered ring respectively. The close observation of quantitative molecular electrostatic potentials in the host’s molecule shows the
presence of higher negative potential on the carbonyl portal and positive Vs,max values on CCB6 host compared to the CB6 molecule.

Upon encapsulation, we observe the Vs,max values on both the host CB6 and CCB6 turned to positive values in most cases. The Vs,min of partially
encapsulated complexes with guest BI1 and BI2 have negative values on the carbonyl portal opposite to the encapsulated parts, however, the
values are considerably lower than their bare host molecules. The Vs,min values on the carbonyl portal near the encapsulated regions were found
to have a high positive value, while the charge on the benzimidazole hydrogen has considerably got reduced. A comparison between the BI3 and
other guest encapsulated system, show that in BI3 both the Vs,max and Vs,min turn to positive values. These results suggest that the distribution
between the host and BI3 molecule is more pronounced. Furthermore the Vs,max value on the benzimidazole hydrogen has got reduced to 62.85
kcal/mol from 108.55 kcal/mol, implying the acidic hydrogen attracts the charge density from the host molecule. Vs,max values on the methylene
group which acts as a spacer between benzimidazole group has gained only less positive charged after encapsulation. Thus, from the above
results, we can conclude that in BI3, the spacer length has helped for the charge transfer from the two benzimidazole groups compared to the
other guest molecules.

AIM analysis
The atoms in molecules (AIM) has been used to analyze the nature of interactions in many molecular systems and to categorize bonding
interactions in terms of a quantum mechanical parameter the electron density [47, 48]. The quantity of electron density at the bond critical point
(BCP) provides information about the strength of bonding between the two molecules in any supramolecular complexes. The computed total
electron densities at the BCP along with the total intermolecular BCP number are provided in Table 3 for all the encapsulated complexes. The
molecular graphs obtained for all the encapsulated complexes are shown in Fig. 4. It is evident that several of these BCPs have total electron
density are in the range between 0.01 to 0.04 a.u. which can be classi�ed as hydrogen bonding. It is interesting to �nd that the total number of
intermolecular BCP’s and total electron density at the BCP’s in the encapsulated complex varies by guest and host. The computed electron
density per BCP’s is found to be higher for BI3 guest which agrees well with their higher computed binding energy calculations.
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Table 3
QTAIM summation parameters corresponding to intermolecular bonding between the guest BI1, BI2 and BI3 and CB6/CCB6 host molecule in the

host-guest complexes computed at the M062X-D3/6-311G(d,p) level of theory. The provided values are in atomic units.
Complexes Σ(ρ)ρ Σλ1 Σλ2 Σλ3 Σ∇2ρ(ρ) ΣG(ρ) ΣV(ρ) ΣΗ(ρ) Average

- ΣG(ρ)/
ΣV(ρ)

Number
of
BCP’s

BI1@CB6 0.249427 -0.241048 -0.197211 1.349685 0.911427 0.199961 -0.172066 -0.027896 1.162118 23

BI2@CB6 0.301850 -0.306907 -0.258491 1.668798 1.103399 0.244910 -0.213970 -0.030940 1.144600 27

BI3@CB6 0.264485 -0.272668 -0.200436 1.493464 1.020359 0.222045 -0.189000 -0.033045 1.174841 23

BI1@CCB6 0.239112 -0.220356 -0.171598 1.261291 0.869338 0.189813 -0.162291 -0.027522 1.169584 23

BI2@CCB6 0.242413 -0.222664 -0.180765 1.263100 0.859671 0.186768 -0.158617 -0.028150 1.177478 25

BI3@CCB6 0.272185 -0.285365 -0.219852 1.568082 1.062864 0.233698 -0.201680 -0.032018 1.158756 22

 

The sign of Laplacian is determined by energy that dominates in the bonding zone. A positive ∇2ρ indicates that kinetic electron energy density
G(ρ) is greater than the potential electron energy density V(ρ). A positive ∇2ρ is observed in closed-shell systems/noncovalent interaction and is
indicative of the depletion of electronic charge between the nuclei, and a negative value indicates a covalent bond [49, 50]. More basic
information on the AIM can be found in previous publications [34, 35, 38, 39]. Furthermore a positive value of H(ρ), also indicates the existence of
noncovalent interaction at the BCP. Besides the above terms, if the ratio of -G(ρ)/V(ρ) > 1, then the interaction can also be classi�ed as
noncovalent [51]. The observed topological parameters namely ∇2ρ, G(ρ), V(ρ), and H(ρ) at the intermolecular BCP’s of all the complexes are
provided in the supporting information Tables S1-S6 and their summation values are provided in Table 3. We observe the presence of C···O, C···N,
N···O, C···H, H···N type of interaction in addition to the conventional C-H····O = C hydrogen bonding interactions. In the case of BI3 guest, we
observe more number of C-H····O = C BCPs than the other nonconventional intermolecular interactions. Furthermore, the ρ values are higher for
the C-H····O = C interaction between the benzimidazole hydrogen and the carbonyl portal of the guest molecule, especially in the case of the BI3
guest molecule.

Rozas and coworkers, classi�ed the interactions based on ∇2ρ and H(ρ) values as (i) strong H-bonds with covalent character if the values of
∇2ρ < 0 and H(ρ) < 0. (ii) medium-H bonds with partial covalent character, if the values of ∇2ρ > 0 and H(ρ) < 0 and (iii) weak H-bonds with major
electrostatic character, if the values of ∇2ρ > 0 and H(ρ) > 0 [52, 53]. From the topological parameters in Table S1 – S6, the values of H(ρ) were
found to be all positive and ∇2ρ were all small positive values implying the existence of weak interaction, mainly of electrostatic in nature.
Besides the ratio of G(ρ)/V(ρ) is > 1 for all the complexes, supporting the existence of weak intramolecular bonding.

Noncovalent Interaction Analysis – Reduced Density Gradient (NCI-RDG) analysis
The method of noncovalent interaction analysis (NCI) provides the graphical visualization of the regions where non-covalent interactions occur
in real-space and was demonstrated to be capable of distinguishing hydrogen bonds, van der Waals interactions, and repulsive steric interactions
[54, 55]. Recently, we have shown that NCI-RDG analyses can recognize weak interaction de�nitely than the AIM analysis [56]. To know the
existence of weak interactions, NCI plots are generated with the plot of the RDG S versus (sign λ2)ρ, where (sign λ2)ρ is the electron density
multiplied by the sign of the second Hessian eigenvalue (λ2). The value of (sign λ2)ρ is helpful to predict the nature of interaction; for a repulsive
interaction (sign λ2)ρ > 0 and attractive interaction (sign λ2)ρ < 0 interactions.

The NCI plots for all the CB6 encapsulated complexes are shown in Fig. 5, along with the 2D RDG plots, while the NCI plots for CCB6
encapsulated complexes are depicted in Figure S6. In the 2D scatter plots the stronger interactions which are shown in blue color are seen at the
higher density values (ρ > 0.01 a.u.), and the weaker interaction which is shown in green color including that of dispersion will show a spike in
regions with ρ < 0.01 a.u. The steric repulsion which is depicted with red color is observed above ρ < 0.02 a.u. We observe broad spikes in the high
ρ regions 0.03–0.04 a.u. which arises from the hydrogen bonding. In the encapsulated complexes with BI1 and BI2 as guest the strong
interaction show spikes in the region − 0.03 a.u., while in BI3 encapsulated CB6 and CCB6 complexes, we observe a broad spike due to the
existence of multiple hydrogen bonding in the systems. Equally, some low-gradient spikes were observed near − 0.02 a.u. which are due to the
existence of hydrogen bonding interaction between the guest molecules methylene hydrogen’s and the host's carbonyl oxygen atoms. Also, we
observe spikes due to the van der Waals forces near − 0.01 a.u. in all the complexes. This spike due to van der Waals forces are broader in the
BI1 and BI2 guest encapsulated complexes, exemplifying the dominant role of weak van der Waals forces than the BI3 guest encapsulated
complexes.



Page 9/18

The 3D spatial isosurface visualization of NCI for all the CB6 encapsulated complexes is shown in Fig. 5 and for CCB6 it is shown in Figure S4.
In the above �gures, the van der Waals forces are shown in green patches, steric hindrance in red patches, and hydrogen bonding with blue
patches. In all the complexes, we observe the existence of splattered green patches especially in the regions with eight-membered cyclic rings of
CB6 and CCB6 units. The presence of such splattered green patches has been attributed to the charge perturbation which occurs due to the
electrostatic interactions between the charged guest and neutral host molecules. Besides that, pronounced red patches are observed in the �ve-
membered ring due to the increased steric hindrance in the encapsulated complexes. In the BI1@CB6 and BI1@CCB6 complexes, we observe the
presence of a partially blue patch due to the interaction between the benzimidazole hydrogen atom and the carbonyl portal of CB6 and CCB6
host molecules. In the BI2@CB6 and BI2@CCB6 complexes, the above interaction was found to be more pronounced and see as an intense blue
patch and this happens on one side of the carbonyl portal. In the case BI3@CB6 and BI3@CCB6 complexes, two such intense blue patches were
observed on each side of the portal originating from the two hydrogen atoms present on the cationic benzimidazole nitrogen atoms. Thus, in the
BI3@CB6 and BI3@CCB6 complexes, the higher stability can be attributed to the more pronounced hydrogen bonding between the hydrogen
atoms of the cationic benzimidazole unit and the portal oxygen atom of the carbonyl group in the host molecules.

EDA analysis
To quantitatively know the strength of intermolecular interactions in the encapsulated complexes between the guest and host molecule, we used
the energy decomposition analysis (EDA). In EDA analysis the total interaction energies were decomposed into Pauli repulsion, electrostatic,
orbital and dispersion energy terms using the Ziegler-Rauk decomposition analysis as is evaluated using Eq. 6 [57].

ΔEint = ΔEPauli + ΔEelst + ΔEorbital + ΔEdisp (6)

where ΔEPauli is Pauli’s repulsion energy, ΔEelst, ΔEorbital, ΔEdisp is electrostatic interaction, orbital and dispersion energies. ΔEPauli is always
positive due to the destabilizing interactions associated with proper antisymmetrization and renormalization of the Hartree product of the
fragment wavefunctions and is accountable for steric repulsion. ΔEorbital is stabilizing component originating from the interactions of occupied
molecular orbitals of one fragment and the unoccupied molecular orbitals of the other fragment, or the mixing of occupied and virtual orbitals.
ΔVelst corresponds to the classical electrostatic interaction between unperturbed charge distributions between the fragments.

The calculated EDA values along with the percentage of contribution for the encapsulated complexes are provided in Table 4. Pauli’s repulsive
energy for all the complexes is similar, except the BI3@CCB6 complex. The high BI3@CCB6 Pauli’s value for the complex indicates the higher
involvement of destabilizing factor involved. In stabilization terms, the largest contribution is attributed to the electrostatic energy presumably
due to the dicationic charge of the guest molecules. Also, it can be seen that the orbital and dispersion terms have an almost equal contribution.
Among the complexes, the BI3@CCB6 has the highest % contribution of 55 percent and among the guest molecules, BI3 shows higher energy
towards electrostatic attraction energy. ΔEorbital terms which account for the covalent nature associated with a charge transfer between the
fragments were found to have a contribution in the range of 23.62 to 26.21 % towards interaction energy, which supports the charge transfer
occurs mainly within the guest/host molecule. This observed result supports the result observed in the FMO and ECT study. The ΔEdisp has a
contribution in the range of 20.27 to 23.27 %. It is interesting to observe that those complexes with high ΔVelst have low ΔEdisp values. Thus, from
the EDA results, we can conclude that noncovalent and electrostatic interaction with partial covalent character stabilizes the encapsulated
complexes.

Table 4
Energy decomposition analysis for the encapsulated complexes at the B3LYP-

D3/TZ2P level of theory on the optimized geometry.
Complexes ∆Epauli ∆Eelst ∆Eorbt ∆Edis

BI1@CB6 81.12 -117.25 (51.28) -58.24 (25.47) -53.12 (23.23)

BI2@CB6 82.46 -117.70 (50.98) -60.52 (26.21) -52.62 (22.79)

BI3@CB6 88.20 -134.16 (54.57) -58.07 (23.62) -53.60 (21.80)

BI1@CCB6 81.44 -125.21 (52.28) -58.56 (24.45) -55.72 (23.26)

BI2@CCB6 75.15 -117.69 (52.09) -55.82 (24.70) -52.44 (23.21)

BI3@CCB6 94.23 -150.39 (55.33) -66.30 (24.39) -55.09 (20.27)

4. Conclusion
A computational investigation on the inclusion complex of bisbenzimidazolyl derivatives with CB6 and CCB6 host, for 1:1 stoichiometry, was
carried out using DFT. The lowest energy optimized geometries for all the studied complexes were found to be the guest encapsulated
complexes. The guests BI1 and BI2 were found exists in partially encapsulated state, while the BI3 guest a full encapsulation occurs with the
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benzimidazole moiety protruding out of the CB6/CCB6 cavity. The computed deformation on the guest was highest for BI2 guest, while the host
CCB6 underwent more deformation with BI3 guest. In the BI3 guest, the distance between the two benzimidazole acidic hydrogen’s distance
matches with the cavity carbonyl portal diameter of the CB6 host followed by CCB6. The two acidic two benimidazole hydrogen’s along with the
�exible butyl spacer group in BI3 make hydrogen bonding with carbonyl portal. The energetic analysis exhibits strong complexation ability of
guests with CB6 host than CCB6. Among the guests BI3 shows highest binding energy which is attributed to the bond length and �exible butyl
groups whose length matches with the host’s cavity. The change in entropies were also negative implying that the system moves to a more
ordered encapsulated system from the free �uctuating guest molecules along with the structural modi�cation of the cucurbituril guests. The
computed enthalpy change and free energy change were negative indicating the encapsulation process to be spontaneous and
thermodynamically favorable and enthalpy driven. The complexes were found to have HOMO-LUMO gaps comparable to that of free guest
molecules, implying no appreciable change in their electronic properties upon their complex formation. The more stable complexes with BI3
guests were found to have the highest HOMO-LUMO gaps con�rming their better stability computed through the binding energy calculation. The
global reactivity descriptors based charge transfer calculations show that charge transfer occur from the guest to host molecule, due to the
dicationic nature of the guest molecule. Electron density difference maps show the build-up of positive charge around the carbonyl portal and
decrease in density on the hydrogen atom on benzimidazole chromone.

The main factors for the higher stability of BI3@CB6 complex, was identi�ed using intermolecular interactions analysis using MESP, AIM, NCI-
RDG and EDA. MESP analysis show a high electron density transfer from the carbonyl portal to the BI3 guest molecule in CB6 and CCB6. The
quantitative molecular electrostatic potentials in the host’s molecule shows the presence of higher negative potential on the carbonyl portal and
positive Vs,max values due to the cyclohexanone methylene hydrogen’s on CCB6 host compared to the CB6 molecule. Vs,max values on the
methylene group which acts as a spacer between benzimidazole group has gained only less positive charged after encapsulation in BI3@CCB6
complex, due to the presence of cyclohexanone methylene hydrogen’s on CCB6 host, which accounts for its lower stability compared to the
BI3@CB6 complex. From the AIM analysis shows the presence of C···O, C···N, N···O, C···H, H···N type of interaction in addition to the conventional
C-H····O = C hydrogen bonding interactions. AIM topological parameters revels the existence of weak interaction, mainly of electrostatic in nature
and more number of hydrogen bonds in BI3@CB6 and BI3@CCB6 complexes. In the 2D RDG plot low-gradient spikes were observed near − 0.02
a.u. for BI3 complexes which are due to the existence of hydrogen bonding interaction between the guest molecules methylene hydrogen’s and
the host's carbonyl oxygen atoms. This was further conformed from the 3D plot in which two intense blue patches were observed on each side of
the portal originating from the two hydrogen atoms present on the cationic benzimidazole nitrogen atoms. EDA analysis demonstrates the
presence of noncovalent and electrostatic interaction along with partial covalent character in the encapsulated complexes. Thus, in the BI3@CB6
and BI3@CCB6 complexes, the higher stability can be attributed to the more pronounced hydrogen bonding between the hydrogen atoms of the
cationic benzimidazole unit and the portal oxygen atom of the carbonyl group in the host molecules with electrostatic interaction and with partial
covalent character. The lower stability of CCB6 complexes compare to CB6 are due to the presence of positive Vs,max values of cyclohexanone
methylene hydrogen’s on CCB6 host. The presence of positive potentials due to the methylene hydrogen make CCB6 host an ideal candidate for
binding neutral and anionic guest molecules.

Declarations
Acknowledgements

The authors would like to thank the staff of the Center for Computational Materials Science, Institute for Materials Research, Tohoku University,
and the supercomputer resources through the HPCI System Research Project (Project ID: hphp200040). The authors thank V. Keerthana for her
help in performing submission of computational jobs.

Con�icts of Interest

The authors declare no con�ict of interest

References
1. Reinhoudt, D.N., Crego-Calama, M.: Synthesis beyond the molecules, Science, 295, 2403–2407 (202).)

https://doi.org/10.1126/science.1069197

2. Cao, L., Sekutor, M., Zavalij, P.Y., Mlinariċ-Majerski, K., Glaser, R., Isaacs, L.: Cucurbit[7]uril-guest pair with an attomolar dissociation constant.
Angew. Chem. Int. Ed. 53, 998–993 (2014). https://doi.org/10.1002/anie.201309635

3. Raja, I.A., Gobre, V.V., Pinjari, R.V., Gejji, S.P.: Encapsulation of alkyl and aryl derivatives of quaternary ammonium cations within
cucurbit[n]uril (n = 6,7) and their inverted diastereomers: density functional investigations. J. Mol. Model. 20, 2138 (2014).
https://doi.org/10.1007/s00894-014-2138-3



Page 11/18

4. Chen, Y., Klimczak, A., Galoppini, E., Lockard, J.V.: Structural interrogation of a cucurbit[7]uril-ferrocene host-guest complex in the solid state:
a Raman spectroscopy study. RSC Adv. 3, 1354–1358 (2013). https://doi.org/10.1039/C2RA21584E

5. Moghaddam, S., Yang, C., Rekharsky, M., Ko, H.Y., Inoue, Y., Gilson, M.K.: New ultrahigh a�nity host-guest complexes of cucurbit[7]uril with
bicycle[2.2.2]octane and adamantine guests: Thermodynamic analysis and evaluation of M2 a�nity calculations. J. Am. Chem. Soc. 133,
3570–3581 (2011). https://doi.org/10.1021/ja109904u

�. Prakash, R., Usha, G., Karpagalakshmi, K., Ramalakshmi, S., Piramuthu, L., Yang, C., Selvapalam, N.: Vitamin B1 sensor at neutral pH and
improvement by cucurbit[7]uril. Bull. Chem. Soc. Jpn. 92, 1503–1508 (2019). https://doi.org/10.1246/bcsj.20190043

7. Jon, S.Y., Selvapalam, N., Oh, D.H., Kang, J.-K., Kim, S.-Y., Jeon, Y.Y., Lee, J.W., Kim, K.: Facile synthesis of cucurbit[n]uril derivatives via direct
functionalization: expanding utilization of cucurbit[n]uril. J. Am. Chem. Soc. 125, 10186–10187 (2003). https://doi.org/10.1021/ja036536c

�. Lu, L.-B., Zhang, Y.-Q., Zhu, Q.-J., Xue, S.-F., Zhu, T.: Synthesis and X-ray structure of the inclusion complex of dodecamethylcucurbit[6]uril
with 1,4-dihydroxybenzene, 12, 716–722 (2007). https://doi.org/10.3390/12040716

9. Singh, M., Parvari, G., Botoshansky, M., Keinan, E., Reany, O.: The synthetic challenge of thioglycolurils. Eur. J. Org. Chem. 2014, 891–1109
(2014). https://doi.org/10.1002/ejoc.201490009

10. Kaabel, S., Adamson, J., Topiċ, F., Kiesilä, A., Kalenius, E., Öeren, M., Reimund, M., Prigorchenko, E., Lðokene, A., Reich, H.J., Rissanen, K., Aav,
R.: Chiral hemicucurbit[8]uril as an anion receptor: selectivity to size, shape and charge distribution. Chem. Sci. 8, 2184–2190 (2017).
https://doi.org/10.1039/C6SC05058A

11. Andrae, B., Bauer, D., Gaß, P., Koller, M., Worek, F., Kubik, S.: In�uence of cyclic and acyclic cucurbiturils on the degradation pathways of the
chemical warfare agents VX, org. Biomol. Chem. 18, 5218–5227 (2020). https://doi.org/10.1039/D0OB01167C

12. Lewin, V., Rivollier, J., Coudert, S., Buisson, D.-A., Baumann, D., Rousseau, B., Legrand, F.-X., Kouřilova, H., Berthault, P., Dognon, J.-P., Heck, M.-
P., Huber, G.: Synthesis of cucurbit[6]uril derivatives and insights into their solubility in water, 2013, 3857–3865 (2013).
https://doi.org/10.1002/ejoc.201300229

13. Rashid, M.: Design, synthesis and ADMET prediction of bis-benzimidazole as anticancer agent. Bioorg. Chem. 96, 103576 (2020).
https://doi.org/10.1016/j.bioorg.2020.103576

14. Penning, T.D., Zhu, G.-D., Gandhi, V.B., Gong, J., Liu, X., Shi, Y., Klinghofer, V., Johnson, E.F., Donawho, C.K., Frost, D.J., Bontcheva-Diaz, V.,
Bouska, J.J., Osterling, D.J., Olson, A.M., Marsh, K.C., Luo, Y., Giranda, V.L.: Discovery of the Poly(ADP-ribose) Polymerase (PARP) Inhibitor 2-
[(R)-2-methylpyrrolidin-2-yl]-1H-benzimidazole-4-carboxamide (ABT-888) for the Treatment of Cancer. J. Med. Chem. 52, 514–523 (2009).
https://doi.org/10.1021/jm801171j

15. Sondhi, S.M., Rani, R., Singh, J., Roy, P., Agarwal, S.K., Sexana, A.K.: Solvent free synthesis, anti-in�ammatory and anticancer activity
evaluation of tricyclic and tetracyclic benzimidazole derivatives. Bioorg. Med. Chem. Lett. 20, 2306–2310 (2010).
https://doi.org/10.1016/j.bmcl.2010.01.147

1�. Demirayak, S., Kayagil, I., Yurttas, L.: Microwave supported synthesis of some novel 1,3-Diarylpyrazino[1,2-a]benzimidazole derivatives and
investigation of their anticancer activities. Eur. J. Med. Chem. 46, 411–416 (2011). https://doi.org/10.1016/j.ejmech.2010.11.007

17. Yousef, F.O., Ghanem, R., Al-Soúod, K.A., Alsarhan, A., Abu�aha, R.K., Bodoor, K., Assaf, K.I., El-Barghouthi, M.I.: Investigation of spectroscopic
properties and molecular dynamics simulations of the interaction of mebendazole with β–cyclodextrin. J. Iran. Chem. Soc. 8, 75–86 (2021).
https://doi.org/10.1007/s13738-020-02006-w

1�. Koner, A.L., Ghosh, I., Saleh, N., Nau, W.M.: Supramolecular encapsulation of benzimidazole-derived drugs by cucurbit[7]uril. Can. J. Chem.
89, 139–147 (2011). https://doi.org/10.1139/V10-079

19. Saleh, N., Ajeb, S.M., Sham, A., AbuQamar, S.F.: Enhancement of in vitro fungicidal activity of fuberidazole to Botrytis cinerea by cucurbiturils.
J. Incl. Phenom. Macrocycl. Chem. 79, 301–309 (2014). https://doi.org/10.1007/s10847-013-0352-8

20. Zhao, Y., Pourgholami, M.H., Morris, D.L., Collins, J.G., Day, A.I.: Enhanced cytotoxicity of benzimidazole carbamate derivatives and
solubilisation by encapsulation in cucurbit[n]uril, Org. Biomol. Chem. 8, 3328–3337 (2010). https://doi.org/10.1039/C003732J

21. Zheng, L.-M., Zhang, K., Lin, R.-L., Chu, X.-F., Liu, J.-X.: Binding interactions of bisbenzimidazolyl derivatives with cyclohexanocucurbit[6]uril.
J. Incl. Phenom. Macrocycl. Chem. 96, 125–135 (2020). https://doi.org/10.1007/s10847-019-00957-z

22. Frisch, M.J., Trucks, G.W., Schlegel, H.B., Scuseria, G.E., Robb, M.A., Cheeseman, J.R., Scalmani, G., Barone, V., Petersson, G.A., Nakatsuji, H.,
Li, X., Caricato, M., Marenich, A.V., Bloino, J., Janesko, B.G., Gomperts, R., Mennucci, B., Hratchian, H.P., Ortiz, J.V., Izmaylov, A.F., Sonnenberg,
J.L., Williams-Young, D., Ding, F., Lipparini, F., Egidi, F., Goings, J., Peng, B., Petrone, A., Henderson, T., Ranasinghe, D., Zakrzewski, V.G., Gao, J.,
Rega, N., Zheng, G., Liang, W., Hada, M., Ehara, M., Toyota, K., Fukuda, R., Hasegawa, J., Ishida, M., Nakajima, T., Honda, Y., Kitao, O., Nakai, H.,
Vreven, T., Throssell, K., Montgomery, J.A.Jr., Peralta, J.E., Ogliaro, F., Bearpark, M.J., Heyd, J.J., Brothers, E.N., Kudin, K.N., Staroverov, V.N.,
Keith, T.A., Kobayashi, R., Normand, J., Raghavachari, K., Rendell, A.P., Burant, J.C., Iyengar, S.S., Tomasi, J., Cossi, M., Millam, J.M., Klene, M.,
Adamo, C., Cammi, R., Ochterski, J.W., Martin, R.L., Morokuma, K., Farkas, O., Foresman, J.B., Fox, D.J.: Gaussian, Inc., Wallingford CT, 2016

23. Zhao, Y., Truhlar, D.G.: The M06 suite of density functionals for main group thermochemistry, thermochemical kinetics, noncovalent
interactions, excited states, and transition elements: two new functionals and systematic testing of four M06-class functionals and 12 other



Page 12/18

functionals. Theor. Chem. Acc. 120, 215–241 (2008). https://doi.org/10.1007/s00214-007-0310-x

24. Zhang, R.-Q., Fan, W.-J.: Economical Basis sets and their uses in ab initio calculations. Inter. J. Quantum. Chem. 115, 570–577 (2015).
https://doi.org/10.1002/qua.24830

25. Venkataramanan, N.S., Suvitha, A., Kawazoe, Y.: Unravelling the nature of binding of cubane and substituted cubanes within cucurbiturils: A
DFT and NCI study. J. Mol. Liq. 260, 18–29 (2018). https://doi.org/10.1016/j.molliq.2018.03.071

2�. Klamt, A., Jonas, V., Bürger, Lohrenz, J.C.W.: Re�nement and Parameterization of COSMO-RS. J. Phys. Chem. A. 102, 2074–5085 (1995).
https://doi.org/10.1021/jp980017s

27. Pan, S., Solá, M., Chattaraj, P.K.: On the validity of the maximum hardness principle and the minimum electrophilicity principle during
chemical reactions. J. Phys. Chem. A. 117, 1843–1852 (2013). https://doi.org/10.1021/jp312750n

2�. Chattaraj, P.K., Sarakar, U., Roy, D.R.: Electrophilicity index. Chem. Rev. 106, 2065–2091 (2006). https://doi.org/10.1021/cr040109f

29. Biegler-König, F., Schönbohm, J., Bayles, D.: AIM2000 – A program to analyze and visualize atoms in molecules. J. Comput. Chem. 22, 545–
559 (2001). https://doi.org/10.1002/1096-987X(20010415)22:5<545::AID-JCC1027>3.0.CO;2-Y

30. Velde, G.T., Bickelhaupt, F.M., Baerends, E.J., Guerra, F., van Gisbergen, C., Snijders, S.J.A., Ziegler, J.G.: T.: Chemistry with ADF. J. Comput.
Chem. 22, 931–967 (2001). https://doi.org/10.1002/jcc.1056

31. ADF: 2019.3, Chemistry, S.C.M.T., Universiteit, V. Amsterdam, The Netherlands, http://www.scm.com

32. Lu, T., Chen, F.W.: Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 33, 580–592 (2012).
https://doi.org/10.1002/jcc.22885

33. Humphrey, W., Dalke, A., Schulten, K.: VMD – Visual Moleuclar Dynamics. J. Mol. Graphics. 14, 33–38 (1996). https://doi.org/10.1016/0263-
7855(96)00018-5

34. Venkataramanan, N.S., Suvitha, A.: Theoretical investigation of the binding of nucleobases to cucurbiturils by dispersion corrected DFT
approaches. J. Phys. Chem. 121, 4733–4744 (2017). https://doi.org/10.1021/acs.jpcb.7b01808

35. Venkataramanan, N.S., Suvitha, A.: Encapsulation of sulfur, oxygen and nitrogen mustards by cucurbiturils: a DFT study. J. Inclusion
Phenom. Macro Chem. 83, 387–400 (2015). https://doi.org/10.1007/s10847-015-0575-y

3�. Mohanty, B., Suvitha, A., Venkataramanan, N.S.: Piperine encapsulation within cucurbit[n]uril (n = 6,7): A comibined experimental and density
functional study. Chem. Select. 3, 1933–1941 (2018). https://doi.org/10.1002/slct.201702846

37. Zhang, M., Shi, H., Meng, D., Chen, K., Lin, R.-L., Sun, W.-Q., Liu, J.-X.: Encapsulation and removal of aniline by dicyclohexanocucurbit[6]uril.
New. J. Chem. 43, 1487–1493 (2019). https://doi.org/10.1039/C8NJ05298K

3�. Suvitha, A., Venkataramanan, N.S.: Trapping of organophosphrous chemical nerve agents by pillar[5]arene: a DFT, AIM, NCI and EDA
analysis. J. Incl. Phenom. Macrocycl. Chem. 87, 207–218 (2017). https://doi.org/10.1007/s10847-017-0691-y

39. Venkataramanan, N.S., Suvitha, A., Mizuseki, H., Kawazoe, Y.: Computational study on the interactions of mustard gas with cucurbituril
macrocycles. Int. J. Quantum Chem. 115, 1515–1525 (2015). https://doi.org/10.1002/qua.24964

40. Senthilnathan, D., Solomon, R.V., Kiruthika, S., Venuvanalingam, P., Sundararajan, M.: Are cucurbitruils better drug carriers for bent
metallocenes? Insights from theory. J. Biol. Inorg. Chem. 23, 413–423 (2018). https://doi.org/10.1007/s00775-018-1547-7

41. Imane, D., Leila, N., Fatiha, M., Abdelkrim, G., Mouna, C., Ishmahan, L., Abdelazize, B., Brahim, H.: Investigation of intermolecular interactions
in inclusion complexes of pyroquilon with cucurbit[n]urils (n = 7,8) using DFT-D3 correction dispersion. J. Mol. Liq. 309, 113233–113250
(2020). https://doi.org/10.1016/j.molliq.2020.113233

42. Lande, D.N., Shewale, M.N., Gejji, S.P.: Host-Guest interactions accompanying the encapsulation of 1,4-diazabicyclo[2.2.2]octane within endo-
functionalized macrocycles. J. Phys. Chem. A. 121, 3792–3802 (2017). https://doi.org/10.1021/acs.jpca.7b02238

43. Athare, S.V., Gejji, S.P.: Perethylated pillar[n]arenes versus pillar[n]arenes: theoretical prespectives. J. Mol. Model. 26, 3: (2020).
https://doi.org/10.1007/s00894-019-4257-3

44. Chattaraj, P.K.: Chemical reactivity and selectivity: Local HSAB principle versus frontier orbital theory. J. Phys. Chem. A. 105, 511–513
(2001). https://doi.org/10.1021/jp003786w

45. Venkataramanan, N.S., Suvitha, A., Kawazoe, Y.: Unraveling the binding nature of hexane with quinone functionalized pillar[5]quinone: a
computational study. J. Incl. Phenom. Macrocycl. Chem. 95, 307–319 (2019). https://doi.org/10.1007/s10847-019-00945-3

4�. Venkataramanan, N.S., Suvitha, A.: Nature of bonding and cooperativity in linear DMSO clusters: A DFT, AIM and NCI analysis. J. Mol. Graph.
Model. 81, 50–59 (2018). https://doi.org/10.1016/j.jmgm.2018.02.010

47. Seridi, L., Boufelfel, A., Soltani, S.: Structural, electronic and QTAIM analysis of host-guest interaction of warfarin with β-cyclodextrin and
calix[4]arene. J. Mol. Liq. 221, 885–895 (2016). https://doi.org/10.1016/j.molliq.2016.06.071

4�. Yahiaoui, K., Seridi, L., Mansouri, K.: Temozolomide binding to cucurbit[7]uril: QTAIM, NCI-RDG and NBO analyses. J. Incl. Phenom.
Macrocycl. Chem. 99, 61–77 (2021). https://doi.org/10.1007/s10847-020-01027-5

49. Bader, R.F.W.: Atoms in molecules. Acc. Chem. Res. 18, 9–15 (1985). https://doi.org/10.1021/ar00109a003



Page 13/18

50. Koch, U., Popelier, P.L.A.: Characterization of C-H-O hydrogen bonds on the basis of the charge density. J. Phys. Chem. A. 99, 9747–9754
(1995). https://doi.org/10.1021/j100024a016

51. Mahadevi, A.S., Sastry, G.N.: Cooperativity in noncovalent interactions. Chem. Rev. 116, 2775–2825 (2016).
https://doi.org/10.1021/cr500344e

52. Rozas, I., Alkorta, I., Elguero, J.: Behavior of ylides containing N, O, and C atoms as hydrogen bond acceptors. J. Am. Chem. Soc. 122,
11154–11161 (2000). https://doi.org/10.1021/ja0017864

53. Alkorta, I., Rozas, I., Elguero, J.: Theoretical study of the Si-H group as potential hydrogen bond donor. Int. J. Quantum Chem. 86, 122–129
(2002). https://doi.org/10.1002/qua.1613

54. Johnson, E.R., Keinan, S., Mori-Sanchez, P., Contreras-Garcia, J., Cohen, A.J., Yang, W.: Revealing noncovalent interactions. J. Am. Chem. Soc.
132, 6498–6506 (2010). https://doi.org/10.1021/ja100936w

55. Mohanty, B., Venkataramanan, N.S.: Sustainable metallocavitand for �ue gas-selective sorption: A multiscale study. J. Phys. Chem. C. 123,
3188–3202 (2019). https://doi.org/10.1021/acs.jpcc.8b11185

5�. Venkataramanan, N.S., Suvitha, A., Kawazoe, Y.: Intermolecular interaction in nucleobases and dimethylsulfoxide/water molecules: A DFT,
NBO, AIM and NCI analysis. J. Mol. Model. Graph Model. 78, 48–60 (2017). https://doi.org/10.1016/j.jmgm.2017.09.022

57. Ziegler, T., Rauk, A.: A theoretical study of the ethylene-metal bond in complexes between copper(1+), silver(1+), gold(1+), platinum(0) or
platinum(2+) and ethylene, based on the Hatree-Fock-Slater tranisition-state method. Inorg. Chem. 18, 1558–1565 (1979).
https://doi.org/10.1021/ic50196a034

Appendix
Appendix A. Supplementary data

Electronic supplementary material The online version of this article (doi:10.1007/XXXXXX-XXX-XXX-X) contains supplementary material, which is
available to authorized users.

Figures



Page 14/18

Figure 1

Optimized structures of (a) cucurbit[6]uril in lateral view (b) cyclohexanonecucutibit[6]uril in lateral view (c) cucurbit[6]uril in on top view (b)
cyclohexanonecucutibit[6]uril in on top lateral (e) guest molecule BI1 (f) guest molecule BI2 and (g) guest molecule BI3.
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Figure 2

Optimized structures of encapsulated complexes with guest molecules in their on top and lateral orientation for the CB6 and CCB6 host
molecules.
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Figure 3

Electrostatic potential maps of encapsulated complexes superimposed on the isodensity surface of the structures (isovalue 0.001), computed at
M05-2X-D3/6-311G(d,p) Level.
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Figure 4

Molecular topography analysis for the encapsulated complexes of CB6 and CCB6 with the guest molecules BI1, BI2 and BI3.
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Figure 5

Reduced density gradient isosurfaces depicting noncovalent interaction (NCI) regions for (a,b) BI1@CB6 (c,d) BI2@CB6 (e,f) BI3@CB6 The
isosurfaces wereconstructed with RDG = 0.5 au and the blue –red colors scaling from -0.02 < sign(λ2)ρ < -0.02. (g,h,i) Plot of RDG S versus
sign(λ2)ρ for BI1@CB6, BI2@CB6 and BI3@CB6 respectively.
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