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Abstract
Context  A comparative study of the change in different properties of electronic and structural of the free 1H-indole-2,3-dione 
molecule and its complexes has been obtained. HOMA analysis was performed to investigate the effects of lithium sodium 
and potassium cations on the aromaticity of lithium sodium and potassium complexes of 1H-indole-2,3-dione.
Methods  Several 1H-indole-2,3-dione complexes with lithium, sodium, and potassium cations were optimized at the 
B3LYP/6-311G(d,p) level. The cation and π interaction has been investigated from different aspects, including interac-
tion energy calculations, charge transfer values, and changes in the aromaticity of the ring upon complexation. The charge 
transfer and natural population analysis for the complexes were performed with the natural bond orbital (NBO) analysis. 
The properties of bond critical points in complexes were studied by applying the quantum theory of atoms in molecules 
(QTAIM). Finally, the aromaticity change of phenyl induced upon complex formation was evaluated by applying the har-
monic oscillator model of aromaticity (HOMA). [Li-INa]+ and [[Li-INb]+ were optimized with the wB97XD function using 
a version of Grimme’s D2 dispersion model, and the absorption energy was compared with the calculation made with the 
B3LYP functional.

Keywords  Charge transfer · HOMA · Frontier molecular orbital · Mulliken atomic charges · Quantum theory · Natural 
bond orbital

Introduction

The biological properties of 1H-indole-2,3-dione, called 
Isatin IN, involve a wide variety of actions in the brain, 
protect against certain types of infections [1], and possess 
central nervous system-monoaminooxidase (CNS-MAO) 
inhibition, anticonvulsant, and anxiogenic activities [2]. In 
humans, IN is a metabolic derivative of adrenaline [3]. IN 
is important in organic chemistry as it can be used to syn-
thesize various heterocyclic compounds such as INs, quino-
lines, and indoles [4].

With a combination of theoretical calculations and related 
isodesmic reactions, they stated that IN has some antiaro-
matic characteristics and isotonic anhydride has some aro-
matic stabilizations [5]. The encapsulation process of the 
anticancer drug IN was studied in a capped (10,10) single-
walled carbon nanotube. They examined some IN molecules 
that can be easily encapsulated within the single-walled car-
bon nanotube cavity by molecular dynamics simulation [6]. 
In their research on the interaction of DNA and IN using 
various spectroscopic methods such as circular dichroism, 
fluorimetry, UV absorption, viscometric techniques, and 
competition analysis, they reported that IN can bind to cir-
culating tumor DNA (CT-DNA) through groove binding [7].

Studies such as the interaction of alkali and alkali metal 
cations with benzene and substituted benzene derivatives 
have been conducted to understand fundamental aspects 
of the between π and cation interaction and the strength of 
these interactions [8, 9]. The role of cation-π interaction in 
substituted benzene and borazine with (Li+, Na+, and K+) 
ions through DFT and ab initio quantum chemical studies at 
different theoretical levels has been elucidated [8].
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Various alumaphosphinine ring complexes with 
alkali metal cations (K+, Na+, and Li+) and alkaline 
earth metal cations such as Ca2+, Mg2+, and Be2+ at the 
B3LYP/6–311 +  + G(d,p) level had been optimized and then 
performed single point calculations with MP2 functionals 
and 6–311 +  + G(d,p) basis set to describe the aromaticity 
change for the alumaphosphinine ring induced upon compl-
exation and reported that HOMA, PDI, and FLU decreased 
in aromaticity upon complexation [10].

The main purpose of this study is to define the type of 
interactions between main group metal cations and IN mol-
ecules. We know that no comparative research has been 
investigated before regarding the interactions of lithium, 
sodium, and potassium cations with the IN molecule. For 
this purpose, a comparative study of the change in differ-
ent properties of electronic, structural, and sensing of free 
IN molecules and complexes has been obtained with the 
adsorption of lithium, sodium, and potassium cations to the 
IN molecule.

In this work, the topology analysis to define the interac-
tion between IN and lithium, sodium, and potassium cati-
ons using QTAIM and non-covalent interactions (NCI) with 
reduced density gradient (NCI-RDG) has also been studied. 
The frontier molecular orbital (FMO) analysis of the studied 
complexes has been obtained by the density of states (DOS). 
HOMA analysis was performed to investigate the effects 
of these cations on the aromaticity of IN in the complexes 
obtained by interacting with lithium sodium and potassium 
cations.

Quantum chemical calculations performed with the 
Gaussian 09 program package will make it easier to under-
stand the effect of lithium, sodium, and potassium cations 
on IN molecule properties of sensing and the metal cations 
nano-carriers on IN in drug release studies.

Materials and methods

Computational methods

All beginning complex structures are designed with lithium 
sodium and potassium cations in two ways. In one way, the 
cations were located on the normal lines of the phenyl group 
belonging to IN. In another, cations were located near the 
oxygen atom of carbonyl groups belonging to IN. Calcula-
tions for under-study compounds have been performed using 
the Gaussian 09 program [11]. All complexes, metal ions, 
and IN are fully optimized at the B3LYP/6-311G(d,p) level 
of theory.

The interaction, desorption, and adsorption energies for 
IN complexes with metal ions have also been computed. All 
interaction energies have been corrected for basis set super-
position errors (BSSE) using the balancing method of Boys 
and Bernardi [12].

The adsorption energy (ΔEads), the adsorption enthalpy 
(ΔHads), and the adsorption free energy (ΔGads) are predicted 
as follows:

where Acomplex(M∕IN) , AIN
 , and A

M
 are the total energy of 

the complex, the isolated energies of the IN, and the metal 
cation, respectively. BSSE is shown as A(BSSE) term cor-
rections obtained by the counterpoise method-CP [12]. The 
adsorption energy ΔAads of the complexes is given by the 
following equations [13]:

Deformation energy, shown as Adef, can be defined as

where Adef−M is the deformed energy of the metal ions 
adsorbed, Adef−IN is because of the energy applied to change 
the IN drug from its isolated configuration to the relaxed 
molecule in the complex.

Additionally, charge transfers between IN and lithium, 
potassium and sodium cations were performed. Electrostatic 
potential surfaces (ESP) were visualized with Gauss View in 
the Gaussian 09 program package.

To extract topological parameters and understand the nature 
of interactions, QTAIM analysis based on Bader theory [14] 
was performed with the MULTIWFN 3.7 program [15]. Prop-
erties at bond critical points (BCPs) in lithium, sodium, and 
potassium cation-IN interactions were calculated by QTAIM 
analysis.

Weak interactions were distinguished by performing NCI 
analysis [15] based on the RDG of quantum mechanical elec-
tron density through the Multiwfn 3.7 program. RDG distribu-
tion plots were obtained against the second-largest eigenvalue 
of the Hessian electron density matrix with the Multiwfn 3.7 
program. Color maps of the scattering points and surfaces of 
RDG were drawn using the gnuplot 5.7 program [16] and the 
visual molecular dynamics (VMD) package [17], respectively. 
MO analysis with a total density of states (TDOS) was also 
performed using the Gaussian Sum program [18].

The aromaticity for the IN ring and its complexes are meas-
ured using HOMA and bird aromaticity index [19, 20] using 
Multiwfn-3.7 [15].

(1)
ΔAads = Acomplex(M∕IN) −

(
A
IN

+ A
M

)
+ A(BSSE)A = E,H,G

(2)
Aint(complex) = Acomplex(M∕IN) − (A

INincomplex + A
Mincomplex)

(3)Adef = Adef−IN + Adef−M
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Results and discussion

In this study, the complexes obtained with the interaction 
of IN and lithium, sodium, and potassium cations are con-
sidered. First, the metal cations are placed near the oxygen 
atom belonging to the carbonyl group. The metal cations 
on the top of the IN and both structures have been opti-
mized at B3LYP/6-311G(d,p) level. The structures, map 
and HOMO, and LUMO images of IN and its optimized 
complexes with lithium, potassium, and sodium cations 

in both forms are given in Fig. 1. As can be seen from 
Fig. 1 and Table 1, the contribution of O11, O10, N1, C4, 
C5, C3, C2, C9, C6, C8, and C7 atoms of IN to HOMO 
is as percentages of 2.33, 7.82, 24.31, 12.09, 12.83, 0.33, 
0.98, 2.72, 10.28, 21.93, and 3.83. The contribution of 
O11, O10, N1, C4, and C6 atoms to HOMO decreases, 
and the contribution of C5, C3,C2, C9, C8, and C7 atoms 
to HOMO increases at [Li-INa]+, [Na-INa]+, and [K-INa]+ 
complexes. The contribution of N1, C4, C5, C9, C6, C8, 
and C7 atoms to HOMO decreases, and the contribu-
tion of O11, O10, C3, and C2 atoms to HOMO increases 

Fig. 1   The optimized structures, 
HOMO–LUMO map of the 
structures, and ESP surfaces
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at [Li-INa]+, [Na-INa]+, and, [K-INa]+ complexes. The 
LUMO orbital of IN is composed of mainly O11, O10, C4, 
C5, C3, C2, C9, and C7. In the contribution of these atoms 
to HOMO as percentages of 20.66, 9.91, 5.56, 6.67, 22.10, 
10.87, 9.41, and 12.01 for IN, the contribution of C4 atom 
to LUMO decreases to 1.54 for [Li-INa]+ complex and 
increases to 11.05 for [Li-INa]+ complex. The color scale 
given below in Fig. 1 shows the change in HOMO charge 
densities of ESP graphs presented in the last column for 
the studied molecules from a negative charge value (red 
color) to a positive charge value (blue color). Green color 
codes also indicate that it is neutral.

For [Li-INa]+, [Na-INa]+, and [K-INa]+ complexes, 
cation–O11 bonds are shorter compared to the metal–O10 
bonds. It is seen that the distance of the ions to the oxygen 

atoms of IN increases with the increase of ion size from 
lithium cation to potassium cation, and also, the distance 
of the center of the phenyl group of IN increases with the 
increase of ion size from lithium cation to potassium cat-
ion. The binding energies of IN complexes are calculated in 
terms of gas phase electronic energy, enthalpy, and Gibbs 
free energy, as summarized in Table 2. The adsorption, inter-
action, and deformation energy for [Li-INa]+ and [Li-INb]+ 
were calculated with the wB97XD functional using a version 
of Grimme’s D2 dispersion model [21] and were given in 
Table 2.

As predicted in Table 2, the adsorption energy, enthalpy, 
and Gibbs free energy of these complexes decrease with 
the increase of cation size from lithium to potassium. The 
interaction energy values decreased with the increase of the 

Table 1   Contribution of atoms 
to HOMO and LUMO

O11 O10 N1 C4 C5 C3 C2 C9 C6 C8 C7

IN HOMO 2.33 782 24.31 12.09 12.83 0.33 0.98 2.72 10.28 21.93 3.83
[Li-INa]+ 1.58 5.22 15.60 8.57 17.76 0.70 1.87 7.56 10.00 25.95 4.61
[Li-INb]+ 32.79 33.61 4.95 7.95 0.41 8.51 8.51 0.6 0.59 0.42 0.07
[Na-INa]+ 1.65 5.62 16.95 9.12 17.02 0.67 1.73 6.80 10.10 25.38 4.39
[Na-INb]+ 33.24 33.03 4.82 7.85 0.41 8.59 8.67 0.65 0.58 0.43 0.07
[K-INa]+ 1.73 5.92 17.91 9.56 16.53 0.63 1.63 6.17 10.09 24.97 4.32
[K-INb]+ 33.38 32.70 4.80 7.78 0.42 8.65 8.75 0.70 0.61 0.46 0.07
IN LUMO 20.66 9.91 0.79 5.56 6.67 22.10 10.87 9.41 0.91 0.87 12.01
[Li-INa]+ 17.37 8.79 2.34 1.54 7.17 25.59 13.61 9.81 0.40 0.51 11.23
[Li-INb]+ 19.26 8.11 0.20 11.05 6.27 17.09 6.95 10.68 3.22 1.13 14.90
[Na-INa]+ 18.29 9.32 2.01 1.91 7.12 25.48 13.39 9.52 0.33 0.53 11.02
[Na-INb]+ 19.57 8.50 0.26 9.58 6.48 18.17 7.57 10.60 2.75 0.98 14.59
[K-INa]+ 18.92 9.59 1.81 2.28 7.07 25.18 13.19 9.36 0.31 0.55 10.91
[K-INb]+ 19.92 8.87 0.33 8.43 6.63 19.16 8.15 10.52 2.23 0.87 14.01

Table 2   The adsorption energy, 
Gibbs free energy, and enthalpy 
in the gas phase for studied 
structures

SEZPE sum of electronic and zero-point energies, SETEn sum of electronic and thermal enthalpies, SETFE 
sum of electronic and thermal free energies

ΔE ΔH ΔG ΔE ΔH ΔG

B3lyp/6-311G(d,p)
[Li-Na]+ Aads  − 64.70  − 65.59  − 57.17 [Li-Nb]+  − 26.90  − 27.53  − 19.64

Aint  − 69.86  − 70.60  − 62.55  − 37.97  − 38.71  − 30.72
Adef 5.16 5.01 5.38 11.07 11.18 11.07

[Na-Na]+ Aads  − 48.82  − 49.28  − 41.22 [Na-Nb]+  − 14.68  − 14.82  − 7.83
Aint  − 51.52  − 51.86  − 44.11  − 15.39  − 15.54  − 8.50
Adef 2.71 2.59 2.89 0.71 0.73 0.67

[K-INa]+ Aads  − 18.24  − 17.71  − 5.64 [K-INb]+  − 22.25  − 22.09  − 8.25
Aint  − 21.28  − 20.81  − 7.99  − 24.23  − 23.93  − 9.84
Adef 3.04 3.10 2.35 1.98 1.84 1.59

wB97XD/6-311G(d,p)
[Li-Na]+ Aads  − 60.54  − 61.35  − 53.10 [Li-INb]+  − 26.59  − 27.16  − 19.43

Aint  − 65.32  − 65.98  − 58.09  − 27.51  − 28.10  − 20.29
Adef 4.78 4.63 4.99 0.92 0.94 0.87
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equilibrium distance of the cation from the oxygen atoms 
of the carbonyl group or the geometric center of the phenyl 
ring [10].

The adsorption energy values have the following order: 
[Li-INa]+  > [Na-INa]+  > [K-INa]+ for the interaction oxy-
gen atoms of IN with metal ions, and [Li-INb]+  > [Na-
INb]+  > [K-INb]+ for the interaction phenyl group of IN with 
metal ions. Deformation energy values for [Li-INa]+  > [Na-
INa]+  > [K-INa]+ are 5.16, 2.71, 3.04 kcal/mol and 11.07, 
0.71, 1.98 kcal/mol. As seen, the adsorption energy val-
ues are found to be strongly dependent on the size of the 
cation in both calculations [8]. The ΔH and ΔG values for 
the B3LYP and wB97XD functionals were negative, con-
firming that the examined systems showed a spontaneous 
tendency [22].

Charge transfer (CT) and Mulliken atomic charges

The amount of CT between IN and a cation is easily deter-
mined as the difference between the isolated cation’s charge 
and the metal’s atomic charge in the corresponding com-
plexes. The larger radius of the metal ion is, the less electron 
density can be transferred from the neutral IN to the metal 
ion for both interactions. So, the transferred charge between 
IN and metal cations during complexation can indicate the 
adsorption strength between the IN and the cations for both 
complexations. The charge transfers between IN and metal 
cations during the interaction are given in Table 3.

In Table 3, the smallest charge transfer belongs to the 
IN-K+ complexes. This means less charge on Li+ cation with 

respect to other metal cations in the complexes. So, most of 
the charge transfers and interaction energy values are seen 
in [Li-INa]+ complex, while the least one is seen in [K-INb]+ 
complex (Table 3).

Topology analysis

Quantum theory of atoms in molecules

To learn more about bonding for IN with M (Li+, Na+, and 
K+ ion), topological analysis was performed and correspond-
ing wave functions were generated at the same theory level. 
The properties in terms of electron density ( �(r) ) and Lapla-
cian ( ∇2�(�) ), total electron energy density ( V(r) ), potential 
electron energy density ( V(r) ), and Lagrange kinetic energy 
( G(�) ) at the intramolecular BCPs were obtained (Table 4). 
The observed molecular topological map of C = O groups 
and phenyl group of IN with Li+ Na+ and K+ ion is provided 
in Fig. 2.

AIM theory [23] states that the existence of an interac-
tion corresponds to the existence of a bond path between the 
donor and acceptor, which includes the BCP in the topologi-
cal analysis of the electron density distribution. In general, 
�(�) is greater than 0.20 a.u in shared (covalent) bonding and 
less than 0.10 a.u in a closed-shell interaction (for example, 
ionic, van der Waals, hydrogen, dihydrogen, and H–H bond-
ing) [24].

The Laplacian of �(r) being related to the bond interaction 
energy is expressed as follows by viral theorem:

Table 3   Charge transfer values 
are deduced from Mulliken 
atomic charges during the 
interaction between IN and 
metal cations

Complex O11-Li O10-Li CT(INa-M) Complex Phen-Li CT(INa-M)

[Li-INa]+ 1.96665 1.93411 0.690664 [Li-INa]+ 1.89907 0.383667
[Na-Na]+ 2.32724 2.30015 0.212513 [Na-Nb]+ 2.48076 0.17889
[K-INa]+ 2.70279 2.65622 0.127519 [K-INb]+ 2.97839 0.090571

Table 4   Kinetic energy density (G), the electron density (ρ), total electron energy density (H), potential energy density (V), and Laplacian of 
electron density (∇2ρ) at BCPs in the IN-adsorbed compounds by QTAIM analysis

Struc Atoms �
BCP

GBCP VBCP HBCP ∇2�
BCP |VBCP|

/
G

BCP

[Li-INa]+ O11-Li 0.02792307980 0.03890655863 -0.03110269627 0.007803862362 0.1868416840 0.7994204
O10-Li 0.03021731125 0.04326507298 -0.03449413753 0.008770935450 0.2081440337 0.7972745

[Li-INab]+ Phen-Li 0.01888603202 0.02128993928 -0.01803727365 0.003252665623 0.0981704196 0.8472205
[Na-INa]+ O11-Na 0.02132646786 0.02654545088 -0.02144464236 0.005100808521 0.1265850376 0.8078462

O10-Na 0.02263229454 0.02880287079 -0.02320498336 0.005597887424 0.1376030328 0.8056483
[Na-INb]+ Phen-Na 0.01221008733 0.01162476990 -0.009307484342 0.002317285558 0.0557682218 0.8006597
[K-INa]+ O11-K 0.01836135905 0.01716300504 -0.01448460562 0.002678399425 0.0793656178 0.8439434

O10-K 0.02020860376 0.01943847773 -0.01642569722 0.003012780510 0.0898050329 0.8450094
[K-INb]+ Phen-K 0.00933858543 0.00691973535 -0.00531069187 0.001609043473 0.0341151153 0.7674704
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where ∇2�(�) , V(r) , and G(�) denote the excess potential 
energy, the electronic potential energy density, and the elec-
tronic kinetic energy density at BCP.

A positive ∇2�(�) in a BCP indicates that the contribution 
of kinetic energy is greater than potential energy, and a posi-
tive ∇2�(�) in a BCP indicates that the electronic charge is 
depleted along the bond path. Charge concentration occurs 
in the bonding region when ∇2𝜌(�) < 0 , and the charge 
depletion occurs when If ∇2𝜌(�) > 0.

In contrast, in closed-shell bonding, van der Waals inter-
actions, and ionic hydrogen bonding, the interaction is char-
acterized by a decrease in density in the interacting region 
of the two atoms. In covalent bonding, the two negative cur-
vatures are dominant and ∇2𝜌(�) < 0 [24].

When V(r)
G(�)

> 1 , the charge reduction can also lead to a 
local accumulation of charge, resulting in a relatively stable 
bond dominated by potential energy. When the viral energy 
theorem is coupled with force, H(�) < 0 and (�) > 0 strongly 
indicate stable bonding and pure closed-shell interaction, 
respectively. H(�) can be calculated as follows:

[Li-INa]+, [Na-INa]+, and [K-INa]+ configurations 
in gas phase positive values of ∇2�(�)(0.1868416840, 
0.1265850376, and 0.0793656178 for C = O11 group of IN 
and M ion interaction and 0.2081440337 a.u., 0.1376030328 
a.u., and 0.0898050329 a.u. for C = O10 and M ion inter-
action) and H (0.001 a.u.) and [Li-INb]+, [Na-INb]+, and 
[K-INb]+ configurations in gas phase positive values of 
∇2�(�)(0.0981704196, 0.0557682218, and 0.0341151153 for 
phenyl group of IN and M ion interaction and 0.2081440337 
a.u., 0.1376030328 a.u., and 0.0898050329 a.u. for C = O10 
and M ion interaction) indicate a depletion of density in the 
region of contact of the two atoms and are characterized by 
ionic interaction.

(4)
1

2
∇2

�(�) = 2G(�) + V(r)

(5)H(r) = G(r) + V(r)

At BCPs, the computed values of ρc of the [Li-INa]+, 
[Na-INa]+, and [K-INa]+ configurations in gas phase 
0.02792307980, 0.02132646786, and 0.01836135905 
for C = O11 and M ion interaction, respectively, and 
0.03021731125, 0.02263229454, and 0.02020860376 for 
C = O10 and M ion interaction.

Non‑covalent interactions (NCI) analysis‑reduced density 
gradient (RDG)

NCI analysis is the second most powerful way to visualize 
the types of intermolecular interactions based on the average 
RDG function defined in the figure below.

NCI index, defined by Johnson et al., is used to investi-
gate the presence of weak [25]. The �(r) values represent the 
strength of bonds and the function with sign λ2, where λ2 is 
referred to as the second-largest eigenvalue of the Hessian 
matrix of �(r) . The nature and strength of the interaction are 
assessed by the NCI chart. Therefore, NCI plots are created 
to investigate the presence of weak interactions. For each 
specific value of RDG, as shown in a horizontal line on the 
NCI plots, the regions of the plots can be shown as red, 
green, and blue color codes corresponding to the repulsion, 
Wander-Waals forces, and strong electrostatic interactions, 
respectively. The interactions are repulsive if (sign λ2) �(r)
>0, attractive if (sign λ2) �(r)<0, and van der Waals type 
if (sign λ2) �(r) ≤ 0. The RDG scatter plots versus (sign 
λ2) ρ(r) of some selected complexes are illustrated on the 
left side of Fig. 3. [Li-INa]+ and [K-INb]+ complexes are 
preferred due to having the most and the minor charge trans-
fers and interaction energy values in Table 3, respectively. 
The color code diagram for the RDG scatter plots based on 
the type of interaction is given at the top of Fig. 3. Color-
mapped RDG isosurface graphs deduced from Multiwfn and 

(6)RDG(r) =
1

2(3�2)
1∕3

|Δ�(�)|
�(r)4∕3

Fig. 2   The molecular topo-
logical maps of IN-metal cation 
complexes
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VMD programs are also shown on the right-hand side of 
Fig. 3. The red- and blue-filled circles in the RDG isosurface 
graphs correspond to the repulsive and attractive interactions 
between atoms. Color codes such as green–brown or green 
circles indicate van der Waals interactions (Fig. 3).

In Fig. 3a, the two spikes in the blue region according to 
the value of (sign λ2) ρ(r) ranging from − 0.028 to − 0.05 a.u 
are used to describe the partially ionic interactions between 
Li-ion and IN molecule. The three spikes in the red region 
ranging from 0.015 to 0.05 a.u to the value of (sign λ2) ρ(r) 
in the RDG scatter plots of [Li-INa]+ describe the stabilizing 
steric interactions due to the red-filled circles of the rings in 
color RDG isosurface at the right-hand side in Fig. 3 (upper 
case). On the right-hand side in Fig. 3a, the blue color-filled 
circles on the bonds between Li-ion and oxygen atoms of 

the IN molecule show the RDG isosurfaces, indicating the 
existence of attractive interactions.

In Fig. 3 (lower case), the four red spikes at (sign λ2) 
ρ(r) value in the 0.005 to 0.04 regions indicate the desta-
bilizing interactions for the [K-INb]+ complex. The red 
circles are observed in the center of rings of the IN mol-
ecule illustrated on the right-hand side of Fig. 3 showing 
a strong steric effect.

There is a weak vdW-type interaction due to the spike 
placed in the green region at − 0.01 a.u of (sign λ2) ρ(r) for 
the [K-INb]+. The big green-yellow color circle between 
the K ion and IN molecule at the color-filled RDG iso-
surfaces is in Fig. 3. These colored RDG isosurfaces and 
spikes indicate the existence of non-covalent interaction 
between alkali metal ions and IN molecules.

Fig. 3   The RDG scatter plots 
(left) and the color-filled RDG 
isosurfaces (right) for (a) 
[Li-INa]+ and (b) [K-INb]+ 
complexes
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Frontier molecular orbital (FMO) analysis

FMO analysis is based on the HOMO and LUMO energies 
and the HOMO–LUMO energy gap, which is the differ-
ence between HOMO energy and LUMO energy of the IN 
and its complexes with the lithium, potassium, and sodium 
cations before and after interaction has been utilized and 
illustrated in Fig. 4. EHOMO and ELUMO were computed at 
the B3LYP level with 6–311 + G(d) basis set and were 
given in Fig. 4.

In Fig. 4, EHOMO and ELUMO decrease remarkably after 
IN adsorption to lithium, potassium, and sodium cations. 
The HOMO energy of IN is − 6.78 eV, while that of [Li-
INa]+, [Li-INb]+, [Na-INa]+, [Na-INb]+, [K-INa]+, and 
[K-INb]+ complexes is − 10.83 eV, − 11.02 eV, − 10.41 e
V, − 10.59 eV, − 10.08 eV, and − 10.32 eV. The most sig-
nificant energy reduction in HOMO was observed in the 
[Li-INb]+ complex. The LUMO energy of IN is − 2.86 eV, 
and the greatest energy reduction for LUMO was observed 
in the [Li-INb]+ complex.

EHOMO, ELUMO, and band gap (Eg) provide informa-
tion about the decrease or increase in chemical stability 
and chemical reactivity of a system. As the energy gap 
(Eg) increases, chemical reactivity decreases. The energy 
gap of IN is 3.92 eV, those of [Li-INa]+, [Na-INa]+, and 
[K-INa]+ complexes are 3.40 eV, 3.71 eV, and 3.47 eV, 
and those of [Li-INb]+, [Na-INb]+, and [K-INb]+ com-
plexes are 3.77 eV, 3.53 eV, and 3.82 eV, which indicate 
that if metal ion interacts with the phenyl group of the IN, 
HOMO–LUMO energy gap is more affected.

The DOS plot of Isatin is given in Fig. 5 by comparison 
with the DOS graph of [Li-INa]+ complex, which shows 
the metal cation complex with the lowest energy gap.

The most percentage change in Eg as %ΔEg is a 
decrease of 13.265% calculated for the [Li-INa]+ complex. 
It agrees with the charge transfer values given in Table 3. 
The lower the ΔEg, the better the electron transfer process 
can be. The most charge transfer value in Table 3 has been 
calculated for the [Li-INa]+ complex.

HOMA and BIRD aromaticity index analysis

The harmonic oscillator aromaticity measurement (HOMA) 
index is known as displacement in cyclic structures and was 
defined by Kruszewski and Krygowski [26–28]. It is one 
of the most popular indexes for measuring aromaticity. 

Fig. 4   EHOMO and ELUMO for the 
IN and complexes of IN with 
lithium, potassium, and sodium 
cations

Fig. 5   The DOS graphs for (a) Isatin and (b) [Li-INa]+ complex
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The HOMA index estimates an aromatic character of the 
π-electron systems (molecules, ions, or their fragments) built 
up by the following bonds: CC, CN, CO, CP, CS, NN, and 
NO. BIRD index can describe the geometry-based aroma-
ticity of the studied compounds. These indices are one of 
the best methods to describe the change in aromaticity [29]. 
Here, both indices were calculated by the MULTIWFN pro-
gram and given in Table 5 for the studied complexes.

If HOMA is one [30], the compound is fully aromatic; if 
HOMA is zero (0), the compound or ring is not fully aro-
matic. The HOMA values of IN, [Li-INa]+, [Na-INa]+, and 
[K-INa]+ are 0.973816, 0.936574, 0.950318, and 0.956769.

Relative aromaticity trends among the com-
puted compounds are thus IN > [K-INa]+  > [Na-
INa]+  > [K-INb]+  > [Li-INa]+  > [Na-INb]+  > [Li-INb]+, 
which denotes aromaticity is affected by the interaction of 
IN and metal cation.

Conclusions

IN, [Li-INa]+, [Na-INa]+, [K-INa]+, [Li-INb]+, [Na-INb]+, 
and [K-INb]+ were calculated theoretically in the gas 
media with the DFTB3LYP/6-311G(d,p) level of theory. 
The HOMA index for the phenyl ring of IN was 0.973816, 
and the HOMA value with the interaction of IN and metal 
cation decreased. HOMO–LUMO energy difference for IN, 
[Li-INa]+, [Na-INa]+, [K-INa]+, [Li-INb]+, [Na-INb]+, and 
[K-INb]+ was found as 6.04 eV.

Surface maps of the IN, [Li-INa]+, [Na-INa]+, [K-INa]+, 
[Li-INb]+, [Na-INb]+, and [K-INb]+ complexes were drawn 
with GaussView5. The map visualizes the charge regions 

of the molecule, with red and blue colors on the scale bar 
indicating negative and positive parts, respectively. Based 
on the QTAIM results, the IN interactions with metal 
cations are the non-covalent character. It was observed 
in the RDG scatter plots a weak vdW-type interaction 
order due to the spike placed in the green region based 
on the values of (sign λ2) ρ(r) as for the [Li-INb]+  > [Na-
INb]+  > [K-INb]+. This is also evidenced by the color-
filled RDG isosurfaces created with VMD for [Li-INb]+ 
and [K-INb]+ complexes. The difference between the 
charge distribution of the IN molecule and the charge dis-
tribution of the complexes can be seen from the MEP map. 
According to the HOMA and BIRD aromaticity index, 
the aromaticity order was found as IN > [K-INa]+  > [Na-
INa]+  > [K-INb]+  > [Li-INa]+ > [Na-INb]+  > [Li-INb]+. 
The ΔH and ΔG values were negative, confirming that 
the examined systems showed a spontaneous tendency.
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Table 5   The HOMA and BIRD 
aromaticity index for IN-metal 
cation complexes

IN [Li-INa]+ [Li-INb]+ [Na-INa]+ [Na-INb]+ [K-INa]+ [K-INb]+

Bonds Atom pair contribution to HOMA index
C9-C4  − 0.000049  − 0.00455  − 0.001107  − 0.003364  − 0.000880  − 0.002555  − 0.000617
C4-C5  − 0.015338  − 0.03398  − 0.040319  − 0.026195  − 0.031829  − 0.023128  − 0.026408
C5-C9  − 0.000063  − 0.00670  − 0.009537  − 0.004401  − 0.004994  − 0.003306  − 0.002676
C6-C7  − 0.005141  − 0.01349  − 0.012114  − 0.010793  − 0.009236  − 0.009281  − 0.007076
C7-C8  − 0.003953  − 0.00437  − 0.015130  − 0.004558  − 0.013691  − 0.004471  − 0.010579
C8-C9  − 0.001640  − 0.00033  − 0.012312  − 0.000371  − 0.009317  − 0.000490  − 0.005650
HOMA 0.973816 0.936574 0.909479 0.950318 0.930053 0.956769 0.946992
Bonds Atom pair contribution to BIRD aromaticity index
C9-C4 1.814235 1.767846 1.793957 1.775054 1.796728 1.780736 1.800432
C4-C5 1.725453 1.680807 1.668821 1.697309 1.685152 1.704510 1.696824
C5-C6 1.825814 1.884009 1.745052 1.871689 1.765429 1.864685 1.779830
C6-C7 1.764645 1.731192 1.735746 1.740372 1.746219 1.746046 1.755252
C7-C8 1.771346 1.768908 1.726080 1.767821 1.730556 1.768310 1.741149
C8-C9 1.788416 1.805509 1.735076 1.804734 1.745905 1.802521 1.762017
BIRD 94.388074 89.329833 93.644906 90.838593 94.152504 91.631406 94.441066
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