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Theoretical investigation of isatin (Is) interaction with Be?*, Mg?*, and Ca?* cations has been performed at the
B3LYP/6-311G (d, p) level of Density Functional Theory (DFT). Be-Isa, Mg-Isa, Ca-Isa, Be-Isp, Mg-Isp, Ca-Isp
complexes show -324.37, -192.55, -144.15, -230.482, -113.581, -72.23 kcal/mol interaction energy. Topology

analyses such as the Quantum Theory of Atoms in Molecules (QTAIM) and the non-covalent index (NCI) analysis

based on the reduced density gradient (RDG) method indicate that the interactions between the isatin and Be?*

cation are more substantial than those of the other cations. The non-covalent interactions between Is molecule and

Be?*, Mg?*, and Ca?* cations are evidenced by the colour-filled RDG isosurfaces. The aromaticity change of phenyl

induced upon complex formation was evaluated with the Harmonic Aromaticity Oscillator Model (HOMA) index. The

vertical electron affinity (VEA) and the vertical ionization energy (VIE) for Is molecule, Be?*, Mg?*, and Ca?* cations

and their complexes were calculated and Electron Donor-Acceptor Map (DAM) was drawn.
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1. Introduction

The two-dimensional (2D) 1H-indole-2,3-dione or 2,3-
dioxindole called common name as isatin (Is) is an indole
derivative. There are two cyclic rings, one of which is five-
membered (antiaromatic character) and the other is six-
membered (aromatic property) in its structure. A five-
membered ring contains a nitrogen atom and also two
carbonyl groups are bound to a member ring, and both rings
lie in the same plane. It is found in plants of the genus Isatis,
in Couroupita guianensis Aubl. [1] in Calanthe discolor
LINDL.5 [2] and in humans, as it is a metabolic derivative

of adrenaline [3-5]. Isatin is used as a nucleophile and an
electrophile in synthetic chemistry. The most well-known
reaction of Is as an electrophile is nucleophilic addition to
the keto group in the third position. The aromatic ring and y-
lactam nitrogen behave as a nucleophile site.

They studied the optical anisotropic behaviour of Is in the
solid state with density functional theory (DFT) calculations
using both non-periodic and periodic approaches. Three
polarization vector directions [100], [010], and [001]
concerning the optical properties, the behaviours of the
complex dielectric and conductivity functions as well as the
refractive index and the extinction coefficient [6]. They
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studied the ab initio theoretical and experimental data on the
FTIR spectra of Is and six of its F, Cl, Br, I, NO,, CH3
derivatives to correlate these with the respective structural
data and those of Nacetylls and reported that strong
electron-donors shorten and stabilize the unusually long a-
dicarbonyl CC bond. At the same time, electron-accepting
groups tend to stretch this bond further. N-deprotonation
causes the elongation of the five-membered ring along the
NCCO vector and the widening of bonds within the a-
dicarbonyl moiety [7].

Adsorption of organic molecules on metals is of great
interest because it provides functionalization of surfaces.
[8]. The bond between the surface and the adsorbate is an
interaction between electrostatic interaction and covalent
doping, including charge transfer (CT) to the surface [9].
Since the conductivity of a molecule is related to the
potential energy of that molecule, as the potential energy
decreases, its conductivity increases, and as the potential
energy of the molecule increases, the stability of that
molecule decreases [10].

According to Koopmans Theorem, it is seen that the
ionization potential is the negative value of the Enomo of the
molecular device in question [11].

By investigating the interaction of benzene and substituted
benzene with alkali and alkali metal cations, fundamental
aspects of the Cation-rt interaction have been understood
[12]. The interaction of isatin with Li*, Na*, K" ions in group
IA was studied [13].

In this study interactions between Is and Be?*, Mg?*, and
Ca?" cations and the effects of metal complexation on the
aromaticity of Is were studied and characteristics of critical
Points (CPs) were calculated by Quantum theory of atoms
in molecules (QTAIM) and Non-covalent index (NCI)
analysis using the Multiwfn package and visual molecular
dynamics (VMD) software [14, 15].

In order to understand the antioxidant capacity of Is when it
interacts with Be, Mg and Ca cations and to investigate the
effect of these cations on the properties of isatin, the
interaction of isatin-metal complexes and the electron
transfer process were investigated.

2. Materials and Method

Density functional theory (DFT) calculations of Is and Be?",
Mg?" and Ca?" cation complexes were performed with the
GAUSSIAN 09 software package [16]. Becke’s three-
parameter hybrid one [17] with the correlation functional of
Lee, Yang and Parr, and 6-311G (d, p) basis set were used
[18]. All the structures were fully optimized without
symmetry restrictions. It was also performed with frequency
analysis at the same B3LYP/6-311 G (d, p) level and real
minima were obtained at non-imaginary frequencies.
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Basis Set Superposition Errors (BSSE) using the Boys and
Bernardi's counterpoise method are used to correct
interaction energies [19]. The aromaticity of the Is ring and
its complexes was calculated with the Harmonic Oscillator
Model of Aromaticity (HOMA) at the B3LYP/6-311G (d, p)
level of theory using Multiwfn-3. Single point energy
calculations were performed for anionic and cationic states
of optimized molecules to study the electron transfer process
of positively charged molecules.

3. Results and Discussions

Theoretical studies with B3lyp functional and 6-311G(d,p)
basis set have been conducted on Be?*, Mg?*, and Ca*'metal
ion —Is complexes for two types of interactions. In one of the
interactions, the metal ions are placed near the oxygen atoms
of the carbonyl group of isatin, and in the other, the metal
ions are placed at the top of the phenyl group belonging to
the Is group. The optimized form, HOMO-LUMO orbitals
and ESP for Is and its complexes computed at B3LYP level
with 6-311G(d,p) basis set and generated via Gauss view 5.0,
are shown in Fig.1.
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Fig.1. Optimized form, HOMO, LUMO and ESP shape of
Is, Be-Is,, Mg-Is,, Ca-Is,, Be-Isy,, Mg-Isp, Ca-Isy
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Table 1 shows which atomic orbitals the HOMO and
LUMO of Is, Be-Is,, Mg-Is,, Ca-Is,, Be-Isp, Mg-Isy,, Ca-Isy
complexes consist of and what their contributions are. The
HOMO of the Is molecule consists of 010, O11, N1, C4,
C8, C3, C2 C5, C9, C10, C11 atoms and their percentage
contribution are 2.3, 7.8, 24.3, 12.1, 12.8, 0.33, 1.0, 10.3,
21.9, 3.8. The HOMO of the Be-Is, consists of O10, O11,
N1, C4, C8, C3, C2 C5, €9, C6, C11, C10, C11 atoms and
their percentage contribution are 0.9, 2.7, 8.0, 5.0, 21.0, 1.0,
2.9,13.8,9.6,28.8,5.8,0.2.

Table 1 Contribution of atoms orbitals to HOMO and
LUMO for Is, Be-Isa, Mg-Is,, Ca-Is,, Be-Isy,, Mg-Isp, Ca-Isy,
complexes

Be- Be- Mg- Mg- Ca Ca
Atoms Is Isa Isp Isa Isp Isa Isp
HOMO

010 2.3 09 31.6 09 323 1.0 | 32.0
Ol1 7.8 277 343 34 340 37 343
N1 243 8.0 6.4 9.6 5.9 10.7 = 5.7

C4 12.1 5.0 8.6 5.6 8.3 6.1 8.1

C8 128 210 0.5 204 05 199 0.5

C3 0.3 1.0 7.5 1.0 7.9 1.0 8.1

C2 1.0 2.9 7.8 2.7 8.0 2.5 8.1

C5 2.7 13.8 04 12.7 0.5 11.7 0.5

Cc9 10.3 9.6 0.8 9.9 0.7 9.9 0.7

Cé6 21.9 288 0.5 282 05 278 04

C7 3.8 5.8 0.1 5.1 0.1 4.9 0.1

17M 0.2 0.2 0.2 0.0 0.3 0.1

LUMO

o010  20.7 8.1 0.2 1.9 0.1 129 99
Ol11 9.9 4.6 0.1 1.8 0.2 7.1 3.1
N1 0.8 5.1 0.8 0.1 0.8 3.6 0.1

C4 5.6 1.5 0.0 0.1 0.4 0.7 12.6

C8 6.7 6.6 0.7 0.1 1.1 6.9 3.1

C3 22.1  23.0 0.1 0.6 -0.1 | 25.1 6.0

C2 109 146 0.0 0.6 0.0 144 2.0

C5 9.4 13.5 0.0 0.0 1.2 11.3 113

Cc9 0.9 3.0 0.5 0.0 0.9 1.3 7.5

C6 0.9 0.4 0.1 0.0 0.2 0.4 0.8

Cll1 120 156 0.3 0.0 1.2 12.7 = 15.0
17M 38 977 948 943 34  28.1

As seen from the Table 1, the contribution of C8, C3, C2,
C5, C6, C7 atoms to HOMO increases and those of O10,
O11, N1, C4, C9 atoms to HOMO decreases at Be-Is,, Mg-
Isa, Ca-Is,, complexes. However, the contribution of O10,
011, C3, C7, atoms to HOMO increases and those of N1,
C4, C8, C5, C9, C3, C2 atoms to HOMO decreases at Be-
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Isp, Mg-Isp, Ca-Isp, complexes. The LUMO of the Is molecule
consists of 010, O11, N1, C4, C8, C3,C2 C5,C9, C10,C11
atoms and their percentage contribution are 2.33, 7.82, 24.3,
12.1, 12.8, 0.3, 1.0, 10.3, 21.9, 3.8. The HOMO of the Be-
Is, consists of 010, O11, C4, C8, C3, C7 C8, C11 atoms and
their percentage contribution are 20.7, 9.9, 5.6, 6.7, 22.1,
10.9, 9.4, 12.0 [13]. The contribution of O10, O11 and C4
atoms to LUMO decreases for Be-Isa, Mg-Isa, Ca-Is,, Be-Isp,
Mg-Isp, Ca-Is, complexes (Table 1).

As the ion size increases from Be?" to Ca?", the distance of
the metal ions from the oxygen atoms also increases.
Likewise, the distance of the centre of the phenyl group of
isatin from the metal ion also increases when going from
Be?" to Ca?* (Table 2).

Table 2 The bond length between the interacting atoms for
complexes

Structure 010-M Ol11-M = CT(Is-M)
Be-Is, 1.53601 = 1.54554 1.247
Mg-Is, 1.98188 = 1.98172 0.689
Ca-ls, 2.24945 | 2.24945 0.424

Structure Ph-M CT(Isa-M)
Be-Isp 1.28019 1.599
Mg-Isp 1.94056 0.943
Ca-Isy 2.37323 0.486

The amount of charge transfer (CT) from Is to Be?', Mg?*
and Ca®" cation®" is 1.247, 0.689 and 0.424 for Be-Is,, Mg-
Is,, Ca-Is, complexes and 1.599, 0.943 and 0.486 for Be-Isp,
Mg-Isp, Ca-Is, complexes. The amount of charge transfer
can be used as an indicator of the adsorption strength
between Is and cations for both complexations. The largest
CT is seen for Be-Is, (Table 2).

Adsorption, interaction and deformation energies of metal
complexes of isatin in terms of electronic energy, enthalpy
and Gibbs free energy are summarized in Table 3. As
predicted, the adsorption energy, enthalpy and Gibbs free
energy of Be?", Mg?"and Ca?" complexes decrease with the
increase of ion size (Be?*, Mg*and Ca*").

All the complexes are stable and true minima in the potential
energy surface, and interaction energy for Be-Is,, Mg-Is,,
Ca-Is,, Be-Isp, Mg-Isp, Ca-Is, complexes are -324.37, -
192.55, -144.15, -230.48, -113.58, -72.23 kcal/mol,
respectively. Electronic energy, enthalpy and Gibbs free
energy are summarized for studied complexes in Table 3.
Interaction energy values decrease with the increasing cation
equilibrium distance from the oxygen atoms of carbonyl
group or geometric centre of the phenyl ring [20].

The adsorption energy values have the following order: Be-
Isa > Mg-Is, > Ca-Is, for the interaction oxygen atoms of
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isatin with Be?", Mg?and Ca?" ions, and Be-Is, > Mg-Isp >
Ca-Is;, for the interaction phenyl group of Is with Be?*, Mg?*
and Ca®" ions. (Table 3). As seen the adsorption energy
values are found to be strongly dependent on the size of the
cation at both of calculation [12, 13].

Table 3 Adsorption, Interaction and Deformation energies
for Be-Is,, Mg-Is,, Ca-Is,, Be-Isp, Mg-Isy, Ca-Isp complexes

AE AH AG

5 Fae | 29581 29722 -287.60

T Ew | -32437  -325.49 -316.48
® Ewr 2856 2827 28.88

B -17943  -180.36 -171.08

2 B 19255 -193.24 -184.51
<’ Ear 13.12 12.88 13.42

Eus  -132.87  -133.55 -124.68

£ Ew | -14415  -144.60 -136.26
& Eawr 1128 11.06 11.58

. Ew 21961 22062 211.79

% Em 23048  -231.63 22236
I P 10.87 11.01 10.58
Euws  -107.07  -107.56 -99.21

2 Ew | -11358  -11415 -105.57
<’ Bur 6.51 6.59 6.36
Eus 6807  -6841 -60.35

£ Em | 7223 7264 -64.37
& Eur 4.16 4.22 4.02

HOMO-LUMO energy gap AE, which is the difference
between the highest occupied molecular orbital energy
(Enomo) and the lowest unoccupied molecular orbital
energies (ELumo), of the Is and its complexes with the Be?”,
Mg?" and Ca>" ions, AE, Enomo, ELumo, computed at B3LYP
level with 6-311G(d, p) basis set are shown in Fig.2.

Energy (V)

Ge ‘/‘——-——.—/‘-_—_'
Is

Bellsa Belsb Mglsa Mglisb Calsa Ca-Isb

g HOM O g LUMO Eg

Fig.2. HOMO LUMO and Band gap energies of Is, Be-Is,,
Mg-Is,, Ca-lIs,, Be-Isp, Mg-Isy,, Ca-Is, complexes
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The negative value of Enomo, and Erymo decrease noticeably
when the Is was adsorbed to the Be?, Mg?* and Ca?" ions.
Enomo of Is is -6.78 ¢V while that of Be-Is,, Be-Is,, Mg-Is,,
Mg-Isp, Ca-Is,, and Ca-Is, complexes are -15.90, -15.99, -
14.77, -15.10, -14.20, -14.56 eV. The greatest energy
reduction in Enomo was observed in the Mg-Is, complex.
The LUMO energy of Is is -2.86 eV and the greatest energy
reduction for Erumo was observed also in the Mg-Isy
complex. The energy gap of Is is 3.92 eV, those of Be-Is,,
Be-Isy, Mg-Isa, Mg-Isy, Ca-Is,, and Ca-Is, complexes are
2.72, 3.06, 2.80, 1.85, 2.98, 3.03 eV indicate that the
HOMO-LUMO energy gap is greater if the metal ion
interacts with the phenyl group of isatin (Fig. 2). In general,
the lower the energy gap means the better the electron
transfer process can be.

Quantum Theory of Atoms in Molecules (QTAIM)
analysis

To obtain more information about the binding of Is with M
(Be?*, Mg?* and Ca”" ions), the topological parameters such
as electron density (p(r)) and Laplacian (V2p(r)), total
electron energy density (V(r)), potential electron energy
density (V(r)) ve Lagrange kinetic energy (G(r)) at the
bond critical point (BCP) involved in intermolecular
hydrogen bonds were calculated using Bader's Theory of
Atoms in Molecules (AIM) as known QTAIM [21](Table4).

Table 4. The QTAIM topological parameters of the Is-
adsorbed compounds

Structure BCPs Dscr Ggcr Vacr
Drug/NT
Be-Isa 010-Be 0.103229  0.185876  -0.199219
Ol11-Be 0.099747 0.178137 | -0.189793
Be-Isp Ph-Be 0.063640 0.072543  -0.092787

Mg-Isa ~ OI0-Mg (489624  0.077694 = -0.066528

Ol1-Mg 0048638  0.077494 = -0.066155

Mg-Isp Ph-Mg 0.029429 0.031468 = -0.029999
Ca-Isa 010-Ca 0.049936 0.581967  -0.053534

O11-Ca 0.050364 0.059467 = -0.054635
Ca-Isp Ph-Ca 0.027407 0.021200 = -0.020888

H 2 V,
BCP \V4 pBCP | BCP | /GBC

Be-Isa 010-Be -0.013344  0.690128 1.071789
O11-Be -0.011657 0.665920 1.065436
Be-Isp Ph-Be -0.020244  0.209193 1.279070
Mg-Isa 010-Mg 0.011166 0.355440 0.856279
O11-Mg 0.011338 0.355330 0.853686
Mg-Isp Ph-Mg 0.001468 0.131745 0.953336
Ca-Isa 010-Ca 0.004663 0.251438 0.091988
O11-Ca 0.004832 0.257196 0.918750
Ca-Isp Ph-Ca 0.000312 0.086049 0.985287
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The observed molecular topological map of C=0O groups
and phenyl group of Is with Be?", Mg?" and Ca?* ions are
given in Fig. 3.

With the help of QTAIM [21] it is now possible to describe
the structure of molecules quantum mechanically. This
theory has been widely applied to unravel atom-atom
interactions in molecules, molecular clusters, small
molecular crystals, proteins, covalent and non-covalent
interactions in DNA base pairing and stacking [22,23]. It has
been also considered to study the type of interactions
between the molecules and nanomaterials such as carbon
and silicon based nanotubes [24-26] and nanoribbons [27].
Defining the concept of bonding via bond pathways and
bond critical points (BCPs) has been found to be extremely
useful in interpreting the topological properties of electron
density (ED) and its derivatives. In general if p(r)> 0.20 au
in shared (covalent) bonding and if p(r)< 0.10 au in a
closed-shell interaction [28]. Generally speaking, the larger
the electron density value in BCP, the stronger the bond.

Me-Tsp

%ﬁ;gf

Mg-Isa.

Ca-Iss

Fig.3. The QTAIM molecular graphs between attractive
atom pairs at BCPs.

From Table 4, for the Be-Is,, Mg-Is,, Ca-Is, complexes, the
values of Oy, for 0O10-Be, O11-Mg, O10-Ca bond lengths

are 0.103229, 0.489624, 0.049936, and those for O11-Be,
0O11-Mg, O11-Ca bond lengths are 0.099747, 0.048638,
0.503641. The strongest bond is calculated for Be-IS,
complex. Laplacian of p(r) is expressed as following by
viral theorem

~V2p(r) = 26(r) + V(r) (1)
Where, 2G(r), V(r), and V?p(r) represent the electronic
kinetic energy density, the electronic potential energy
density and the excess potential energy at BCP. A positive
VZp(r) at a BCP means that the contribution of kinetic
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energy is bigger than that of potential energy and indicates
depletion of electronic charge along the bond path.

If V2p(r) is negative charge concentration occurs. In
covalent bonding the two negative curvatures are dominant
and V2p(r) is negative. In contrast, ionic, hydrogen-bonding
or van der Walls interactions are characterized by a depletion
of density in the region of contact of the two atoms [28].
V2p(r) is positive for C=010 group and C=011 group of Is
belonging Be-Is,, Mg-Is,, Ca-Is, complexes and the distance
between phenyl group of Is and M ion belonging Be-IS;,
Mg-Isp, and Ca-Is, complexes. Considering that kinetic and
potential energy densities have equal weights, Cremer and
Kraka proposed to evaluate the total electronic energy
density in BCP with the following formula [29].
Hr)=G@) + V(@) ?2)

Table 4 obtains a positive value V? Ppcp and negative value

H(r) for ionic and coordinate bonds. Based on the ratio
|[VBcp|/Ggrep, for the closed shell interaction Vgcp|/Gaep <1
and for the shared shell interaction |Vgcp[/Gecp >2. The
interaction for the intermediate type refers to the ratio falls
between these two limits. Some strong bounds have a |V|/G
ratio value greater than 1.0 and it is taken into account for
partially covalent interactions. As seen in Table 4, the
interactions in Be-Is, and Be-Is, complexes show partially
covalent character because of the values of |Vgcp|/Grep >1.
The other |V|/G ratio values are [Vgcp|/Grer <1, thus, those
interactions refer to non-covalent bonds. On this line, the
non-covalent index (NCI) analysis was performed using the
reduced density gradient (RDG) method.

The Non-Covalent Index (NCI) —Reduced Density
Gradient (RDG) Analysis

To identify the interaction as a non-covalent bond character
clearly, the NCI theory [30, 31]. gives qualitative
information using a colour scale (as given in Figure 4), i.e.
blue, green and red. These colours indicate strong, attractive,
weak, and strong repulsive interactions. The NCI analysis
based on the RDG method can be considered an extension of
the QTAIM theory for visual study. The RDG function,
which is the derivative of electron density [32, 33] has been
computed using the Multiwfn package to determine the non-
covalent interactions through the sign (A2), which is the
largest Hessian matrix of p(r). The NCI plots are illustrated
in Figure 4 (left side) for Be-Isa and Mg-Isa structures at 0.5
isosurface value by plotting RDG versus sign (A2) p using
the Multiwfn program package [14]. The value of sign (A2)
p in Fig. 4 is represented by filling colour according to the
colour bar at the top of Fig. 4. according to the colour bar as
given at the top of the Fig. 4.
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In Fig. 4, red regions refer to steric interactions, blue regions
to the strong, attractive interactions and green areas to van
der Waals interactions. The typical non-covalent and
covalent bonds can be distinguished from the NCI plots. In
the non-covalent bonds, a green mixed with blue colour
isosurface refers to a moderate attractive interaction
observed in the NCI plots. The RDG isosurfaces between
Isatin and Be*" /Mg?" obtained from VMD are also shown
in Fig. 4 on the-hand side.

JL J
T T
vdW Strong repulsion

0020 Bels,
0.015

1.60 Y 0.010

RDG (a.u)

Fig.4 The NCI/RDG scatter plots (left) and the colour filled
RDG isosurfaces (right) for (a) Be-Is, and (b) Mg-Is,
structures where C, H, O, N, Be and Mg atoms are shown in
cyan, white, red, blue, purple and silver, respectively.

Here, the three distinct spikes in the red region, precisely
according to the value of sign (A2) p(r) ranging from 0.02 to
0.045 a.u, describe the stabilizing steric interactions. These
interactions are clearly visible due to the red—filled circles
at the centre of both phenyl rings and over the bond between
0-Be-O in the colour RDG isosurface for Be-Is.. On the
right-hand side of Fig. 4 (lower case), the blue-filled circles
over the bonds between the Mg?* cation and oxygen atoms
of the Is molecule indicate the existence of attractive
interactions. The red circles are observed at the centre of
both phenyl rings of the Is molecule during the interaction
with the Mg?* cation.

HOMO aromaticity Index analysis

HOMA index was able to describe the geometry-based
aromaticity of the studied compounds and are given in Table

HOMA 0.973816
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5. HOMA index was defined by Kruszewski and Krygowski
[34-36] and known as displacement in cyclic structures.

Table 5 HOMA and Bird aromaticity index value

Is Be-Isa Be-Isb
Bonds = Atom pair Contribution for HOMA
C5-C4 -0.000049 = -0.052460 -0.012714

C4-C8 -0.015338 | -0.121813 | -0.145283
C8-C9 -0.000063  -0.040796  -0.098060

CO-CT 005141 -0.083103 0049283

C7-C6 -0.003953  -0.005837 @ -0.057651

C6-C5 -0.001640  -0.000130 = -0.063048

0.695862 0.573961

Bonds Mg- Isa Mg- Isp Ca-Isa Ca-Isp

Atom pair Contribution for HOMA

Cs5-C4 -0.027720 = -0.011966 = -0.020470 = -0.002446
C4-C8 -0.070341  -0.112131  -0.062750 = -0.076327
C8-C9 -0.025038  -0.061823 | -0.019995 -0.034075
C9-C7 -0.045796  -0.038168  -0.034632 -0.013956
C7-Co6 -0.005820 = -0.042693 = -0.005631 @ -0.028272
C6-C5 -0.000006 = -0.041071  -0.000001 = -0.022882

HOMA 0.825279 0.692148 0.856521 0.822041
Is Be-Isa Be-Isp

Bonds Atom pair Contribution for Bird aromaticity index
C5-C4 1.814235 1.648384 1.733734

C4-C8 1.725453 1.563610 1.541443

C8-C9 1.825814 1.981763 1.588617

C9-C7 1.764645 1.606123 1.653463

C7-Cé 1.771346 1.761084 1.640428

C6-C5 1.788416 1.828486 1.632557

BIRD 89.08859

94.388074 = 75.020813 7
Mg- Isa Mg- Isb CaIsa Calsp

Bonds Atom pair Contribution for Bird aromaticity index
C5-C4 1.693893 1.736254 1.711170  1.781562
C4-C8 1.622477 1.573445 1.632981 1.614622
C8-C9 1.945713 1.634310 1.931986 = 1.680629
C9-C7 1.659244 1.672771 1.679530 = 1.729712
C7-Cé 1.761167 1.664589 1.762117 = 1.692680
C6-C5 1.821520 1.667466 1.818903 1.705109
BIRD 81.25937  91.167408  83.14288  91.06353
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Since C4-C8 deviates to ideal bond length for both Is and its
complexes, it gives negative contribution to HOMA, that is
this bond significantly braked aromaticity of Is especially in
the complexes formed by Is with metal ions. The negative
contribution order of C4-C8 to HOMA in studied complexes
is Be-Ispy >Be-Is,> Mg- Isy,> Ca-Isy> Mg- Is,> Ca-Is,.

According to Table 5, it is obviously that BIRD index order
is Mg-Isp> Ca Isp> Be-Is, > Ca-Is, > Mg- Is,> Be-Is, HOMA
value of Is is 0.973816 near 1, however Be-Is,, Mg-Is,, Ca-
Isa, Be-Isp, Mg-Isp, Ca-Is, are 0.695862, 0.825279,
0.856521, 0.573961, 0.692148, and 0.822041 denotes
aroma city is affected by the interaction of Is and metal ion.
Another geometry-based quantity is bird index [37]. The
closer the bird index is to 100, the stronger the aromaticity.

Toxicity

The oxidative stress of all systems can be determined by
calculating the electro-donating and electro-accepting
forces. Good electron donors will donate their electrons.
Good electron acceptors will accept electrons from other
systems. The tendency to donate electrons (®-) and the
tendency to accept electrons(w-) can be determined as
following [34].

+ _ (VIP+3 VEA)? 3)
16(VIP-VEA)
_ _ (3VIP+VEA)? @
16(VIP-VEA)
Where VEA and VIP denote vertical electron affinity and
vertical ionization potential energy, respectively, calculated
as follows:

A"l > A+ le, VEA=E(A) —E(A™Y). %)
A- A* + 1e, VIP = E(AT1)-E(A), (6)

Using the ®- and the o+ values, DAM can be determined
and is given in Fig. 5.

Good electron acceptor

] ols MBe ¢Belsa ¢fBelkh kMg #Mg-l= ¥Me-lb aCa aCzlsa alakh

Good electron donor

0 a0 £0 B0 100 120

Fig.5 The DAM for Is, Be, Mg, Ca cations, Be-Is,, Mg-Is,,
Ca-Is,, Be-Isp, Mg-Isy, Ca-Isp complexes.
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If the systems below on the left are good electron donors,
they donate electrons by producing reductions of other
molecules that gain these electrons. The systems above on
the right are good electron acceptors. They oxidize other
species by accepting electrons. The (®-) values of the studied
cations are larger than those of their complexes, on the
contrary, the (o+) values of the studied cations are smaller
than those of their complexes. Fig. 5 shows that Be cation is
the best electron acceptor and adsorption energy of its
complexes for Be-Is, is the highest (-295.81kcal/mol).

3. Conclusion

Be-Is,, Mg-Is,, Ca-Is,, Be-Isp, Mg-Isp, Ca-Is, complexes
were calculated theoretically in gas phase using
DFTB3LYP/6-311G (d, p) method. HOMA values of the
Be-Is., Mg-Is,, Ca-lIs,, Be-Isp, Mg-Isp, Ca-Is, complexes is
less than that of free Is. The adsorption energy, enthalpy and
Gibbs free energy of the Be-Is,, Mg-Is,, Ca-Is,, Be-Isp,, Mg-
Isp, Ca-Isy, complexes decrease with the increase of ion size
(Be?*, Mg**and Ca?"). The negative value of Enomo, and
Erumo of the complexes decrease according to free Is. The
strongest bond was calculated for Be-Is, complex according
to QTAIM result. It can be defined partially covalent
character. However, the weak interactions of Is molecule
with Mg and Ca cations are non-covalent type. This is also
evidenced by the colour filled RDG isosurfaces created with
VMD for Is-Be?" and Is-Mg?" complexes. According to
DAM, Mg-Is, complex is the worst electron donor and the
best electron acceptor.
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