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Abstract: The geometry, chemical reactivity and electronic structure of a bis(benzimidazole)silver (1) nitrate
([Ag(benzimidazole),] "[NO;s]” ) were discussed on the basis of Density Functional Theory calculations using B3LYP/6-31G(d,p)
and LANL2DZ for silver atom. The calculations indicated that [Ag(benzimidazole),] '[NOs]  exists in the form of an ion pair. A
large electropositive potential was found on the benzimidazole ligands, while the regions of a negative electrostatic potential is
linked with the lone pair of electronegative oxygen atoms in nitrate anion ([NOs]"). The natural bond orbital theory was using to
describe electron transfer both within the anion, and between the anion and cation of an ion pair. The energy values of —5.1508
and —2.0907 eV were calculated to HOMO and LUMO orbitals, respectively.

Keywords: bis(benzimidazole)silver (1) nitrate, quantum chemical calculations, geometry optimization, electronic properties

1. INTRODUCTION

Imidazoles and benzimidazoles have far reaching applications in the field of chemistry and beyond [1]. Benzimidazole and
its derivatives are known to possess antibacterial, antifungal, antiviral and antiproliferative properties [2,3]. They involved in a
great variety of biological processes and are used as a procarcinogenic or mutagenic compound. They contain both the imidazole
ring and a larger conjugated m system, capable of acting as hydrogen-bond donors and for n—n stacking interaction. Benzimidazoles
have different activities as they can act as bacteriostats or bactericides, anticarcinogens, etc [4,5].

Most of the biological studies on silver (I) complexes are on their antimicrobial activity [6-9]. Lately, however, there has
been increasing interest in exploring the anti-tumor properties of silver (I) complexes [10-12]. They have been found to exhibit
greater cytotoxic activity than of cisplatin. The combination of benzimidazole derivatives with silver ions leads the production of
compounds with properties which can be an alternative to existing treatments [13,14].

To predict properties and design more effective metal complexes with benzimidazole and choose a more suitable one for a
specific application, theoretical study at the molecular level seems to be necessary. In our previous works we are reported about
geometry, electronic structures and chemical reactivity of many complexes with benzimidazole [15-20]. The use of density
functional theory (DFT) makes an important contribution to promotion of theoretical calculations. In this work, a theoretical study
on the geometry, electronic structure and chemical reactivity of the bis(benzimidazole)silver () nitrate by density functional theory
(DFT) calculations using B3LYP method with the 6-31G(d,p) basis set and LANL2DZ for silver atom was carried out.

2. EXPERIMENTAL

The complex was obtained by mixing EtOH solutions of the silver nitrate and benzimidazole in molar ratio 1:2. The product
which precipitated (after one week) was filtered off, washed with EtOH and dried in vacuum over CaCl,. The identification of
[Ag(benzimidazole)2]NO3 was carried out by means of IR spectroscopy. The infra-red spectra were recorded on a Bruker Tensor
27 FT-IR spectrometer in the 4000 — 400 cm-1 range, with the samples embedded in KBr matrixes. Characterization results:
3148.82, 3116.32, 3055.71, 2915.90, 1751.10, 1625.11, 1598.36, 1493.51, 1463.21, 1439.56, 1367.65, 1343.51, 1303.04, 1276.02,
1248.73, 1130.79, 1105.61, 1006.27, 969.85, 820.41, 760.03, 739.92, 727.69, 632.18, 608.17, 429.11, 416.25 cm™.

3. COMPUTATIONAL METHODS

Computational calculation of [Ag(benzimidazole),]" [NOs]” was performed by using Gaussian 03W package [21] and
GaussView, Version 6 molecular visualized program [22]. The theoretical calculations were performed using the Density
Functional Theory (DFT) [23,24] along with the three-parameter hybrid functional (B3) for the exchange part and the Lee-Yang-
Parr (LYP) correlation functional [25-28]. The 6-31G(d,p) and LANL2DZ [29-31] for silver atom were used as a basis set. The
DFT hybrid B3LYP functional tend to overestimate the fundamental modes, therefore scaling factor of 0.9613 has to be used for
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obtaining a considerably better agreement with experimental data [32]. The frequency calculations were employed to confirm the
structure as minimum points in energy. The absence of imaginary wavenumbers on the calculated vibrational spectrum confirms
that the structure deduced corresponds to minimum energy.

The Highest Occupied Molecular Orbital (HOMO)-Lowest Unoccupied Molecular Orbital (LUMO) analysis has been carried out
to explain the charge transfer place within the molecule. The chemical hardness and chemical potential are also calculated.
Molecular Electrostatic Potential (MEP) analysis was obtained from the optimized structure. MEP surface mapping is investigated to
comment upon the reactive nature of the title compound. The Natural Bond Orbital (NBO) [33] analysis was carried out utilizing the
optimized geometry at DFT/B3LYP level using NBO program [34] under Gaussian 03W program package in order to understand
inter- and intra-molecular delocalization or hyperconjugation.

4. RESULTS AND DISCUSSION

4.1. Geometry Optimization

The optimized ground state molecular geometry of bis(benzimidazole)silver (1) nitrate was obtained by B3LYP with 6-31G(d,p)
basis set and LANL2DZ for silver atom. The optimized structural parameters were used in the vibrational frequency calculations at
the DFT level to characterize the stationary point as minima (convergence criterion 10® a.u.). The absence of imaginary frequencies
in the calculated vibrational spectrum confirms that the structure corresponds to minimum energy. The optimized molecular structure
with the numbering of atoms is given in Figure 1. The geometrical parameters (bond lengths and bond angles) corresponding to the
optimized geometry of the title molecule are given in Table 1.

Fig. 1. Optimized molecular structure and atom numbering of bis(benzimidazole)silver () nitrate: O-atoms are in red, Ag-atom
is in light blue, N-atoms are in dark blue, C-atoms are in grey, H-atoms are in white.

The calculated bond lengths and bond angles are in good agreement with XRD of similar compounds. The data showed that the
longest distance of 2.165 A is registered for Ag—N bond in the bis(benzimidazole)silver (1) cation. The typical Ag—N bond lengths
are within the range 2.1 — 2.4 A [35-37]. The N*-0% bond separation exhibits the shortest distance of 1.217 A, while N*~0* one
is the next — 1.225 A. It was observed that the hydrogen atom (H?®) connected with the imidazole ring forms a hydrogen bond to
0%, As a consequence the N*~0% bond length is 1.251 A [38].

It is worth noted that a difference between calculated and experimentally estimated geometrical parameters exists. The observed
discrepancy is due to the fact that theoretical calculations were carried out in gas phase, while the experimentally obtained crystal
data were conducted in condense phase.
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Table 1: Some optimized geometrical parameters of bis(benzimidazole)silver (I) nitrate

Structural parameters

Bond length (A)
Ag31_Nl
Ag31_N10

Nl_ 2
Nlo_gll

2_N3
Ccll_le
N3_ 4
N12_€l3

4 ~5
CC13_gl4

5_Nl
CC14_N10

4 ~6
CC13_ng

CG*C7
C15£15

7 8
C96£l7

8 9
o,

9 M5
C98£l4
N127H26

H26 . 032
H25 . 034
OSZ*NSS
033*N35
034*N35
Valence angle (degree)
N 1 A9317N 10
AgSI*N]'*CS
Ag‘?lleo*C]A
AgSI*N]'*CZ
Ag‘?lleo*Cll
lechNS
NlOfclliNIZ
CZ*NS £4
Clllez £13
NS*C4 £5
NlZﬁclS £14
C4*C5*N1
C13 AC]A*N]-O
CS*N]- £2
C14_N10 _Cll
C4_c6_c7
C13 —C15—C16
C6_c7_c8
C15 _ClG_Cl7
C7_c8_c9
C16 £l7_cl8
CB—CQ—C5

B3LYP 6-31G(d,p)

X-ray data

2.149
2.090
1.320
1.344
1.357
1.333
1.389
1.383
1.410
1.415
1.396
1.392
1.397
1.399
1.391
1.391
1.411
1.411
1.389
1.391
1.399
1.399
1.162
1.355
2.330
1.306
1.229
1.253

179.0
127.0
128.9
126.8
125.6
1121
113.4
107.9
106.6
105.0
106.9
108.9
107.6
106.2
105.4
116.5
117.2
121.7
121.5
121.6
121.4
117.4

2.165 [39]; 2.149 [40]
2.165 [39]; 2.180 [40]
1.32[41]
1.33[41]
1.35[41]
1.35[41]
1.36 [41]
1.37[41]
1.40 [41]
1.40 [41]
1.38[41]
1.40 [41]
1.39 [41]
1.40 [41]
1.36 [41]
1.37[41]
1.41[41]
1.40 [41]
1.37[41]
1.39 [41]
1.39 [41]
1.38 [41]
0.94 [38]
1.86 [38]
2.78 [38]
1.251[38]
1.217 [38]
1.225[38]

180.0 [39]
128.0 [41]; 126.9 [39]
127.9 [41]
125.0 [41];127.0 [39]
126.0 [41]
111.6 [41]
112.3 [41]
108.8 [41]
107.4 [41]
104.7 [41]
106.7 [41]
109.5 [41]
107.8 [41]
105.5 [41]
105.8 [41]
117.6 [41]
116.2 [41]
121.2 [41]
121.8 [41]
121.3 [41]
121.6 [41]
118.5 [41]
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cl’-ct-c* 117.6 117.4 [41]
c’-c°-¢c* 120.5 119.5[41]
cle_ctc® 120.8 120.6 [41]
c—c'-c° 122.4 121.9 [41]
c“ch c® 121.4 122.4 [41]
N*-C*—C° 132.6 133.4[41]
N'—ct-c? 131.6 130.9 [41]
N'-c°>-C° 130.6 130.9 [41]
No_ct_c?® 1315 131.6 [41]
CH_NP_H?° 122.7 119.0 [38]
N2-H%...0% 179.7 171.0 [38]
0%*-_N*-0* 118.4 118.4 [38]
0*-N*-0% 123.2 122.1[38]
O*-_N*-0%* 118.5 119.5 [38]
Dihedral angle (degree)
C-N'-N'—c" -65.3 -
C-N'-N'-—c" -69.3 -
Cll_N12_032_N35 14 _
C15_C13_N12_032 —096 _

4.2. Homo-Lumo Analysis

It is well known that in quantum chemistry there are two of the most important parameters — highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO). They allow the investigation of stability and reactivity of the molecules
[42]. The HOMO represents the ability to donate an electron, while the LUMO represents the ability to accept an electron [43]. The
larger values of the energy difference will provide low reactivity to a chemical species. The lower values of the energy difference
will render good inhibition efficiency, because the energy to remove an electron from the last occupied orbital will be low. The
energies of frontier molecular orbitals and their orbital energy gap were calculated using B3LYP/6-31G(d,p) level and LANL2DZ
for silver atom. The 3D plots generated from the calculations are illustrated in Figure 2. Results showed that HOMO is delocalized
on the nitrate anion (Figure 2(1)) includes mainly the p-orbitals of the oxygen atoms as the contribution — v, ;.. = 19.6% 2py(034) -
12.7% 2p(O%) + 12.7% 2p,(0*) — 12.1% 2p,(0%*) + 9.8% 3p,(0**) — 7.0% 3p,(0*). Unlike HOMO, LUMO is delocalized on the
benzimidazole ring (Figure 2(2)) involves the p-orbitals of the carbon atoms as the contribution =13.3% 3py(Cz) +10.7%

2p,(C?) + 7.3% 3p,(C®) + 6.9% 3p,(C°) + 5.4% 2p,(C°) + 4.8% 2p,(C").
™
. /’

'y

~ Yiumo

>

; 9
9
1 2
Fig. 2. Frontier molecular orbitals of bis(benzimidazole)silver (I) nitrate:
HOMO (1) and LUMO (2)
The energy of HOMO and LUMO orbitals are related to the ionization potential (1) and electron affinities (A) [44]: | = - Enxomo

= 51508 eV; A = — ELumo = 2.0907 eV; AE umo-Homo = 3.0601 eV. Using HOMO and LUMO energy values [45] and
approximations of Koopman’s theorem [46], the global quantum molecular descriptors such as global (chemical) hardness () and
softness (o), electronegativity (y), chemical potential () and electrophilicity index () were calculated. The hardness and softness
were suggested in literature to denote resistance to deformation by mechanical force [47]. The mathematical expression of (1) and
(o) can be written as:
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1
n= E( E, umo — Ehomo ) (1)

1

2n
The global hardness (1) and softness (o) for the bis(benzimidazole)silver (1) nitrate are 1.53005 and 0.3268 eV, respectively.
Electronegativity is the tendency of molecules to attract electrons [48]. Parr and Yang attempted to quantify this descriptor [49].
This is found by the average of HOMO and LUMO energy values:
1
X = _E(EHOMO + ELUMO)
®)
The electronegativity is a measure of resistance of an atom or ion, or a group or atoms in a molecule for an entering electronic
charge. The electronegativity of our compound is 3.6208 eV.
Chemical potential denotes the affinity of an electron to escape and is defined as the first derivative of the total energy with
respect to the number of electrons in a molecule [50]. The chemical potential is simply the negative of electronegativity value. It is
given as:

(o2

4]

1
H=—)= E( Eromo ELUMO) 4

The chemical potential of the bis (benzimidazole) silver (1) nitrate is —3.6208 eV.

The capability of a substance to accept electrons is quantified as electrophilicity index (w). Parr et al. defined the electron
affinity as the capability of a substance to have only one electron from the surroundings [47]. This index measures the energy
lowering of a substance due to the electron flow between donor and acceptor. Parr and co-workers [50] suggested that  can be
measured through the equation:

2

H
2n

=

®)

The electrophilicity index for our compound is 4.2841 eV.

4.3. Molecular Electrostatic Potentials and Atomic Charges

Atomic charges affect molecular properties such as dipole moment, polarizability and electronic structure. The net charge,
which is localized in the respective atom, is result of the redistribution of the electrons in the molecule. The calculated charge
distribution by Mulliken population analysis [51] and Natural population analzsis (NPA charges) [52] for the title compound is
presented in Figure 3. The result shows that the positive charges are mainly localized on nitrogen atom in nitrate anion, silver atom
and hydrogen atoms, while the carbon atoms are found to be either positive or negative. The nitrogen atoms in imidazole ring and
oxygen atoms in nitrate anion are found to be negative.

Molecular Electrostatic Potential (MEP) is used to predict the relative sites for nucleophilic or electrophilic attack and to predict
macroscopic properties [53, 54]. The 3D plot of the molecular electrostatic potential was calculated by using the optimized
molecular structures at B3LYP/6-31G(d,p) level and LANL2DZ for silver atom for the bis(benzimidazole)silver (1) nitrate. It was
established that the value of molecular electrostatic potential undergoes alteration form —0.09888 to +0.10567 a.u. The results are
illustrated in Figure 4. The electrostatic potential at the surface is presented by different colors: red — regions of negative, blue —
regions of positive and green — zero electrostatic potential. The negative regions of MEP are related to electrophilic reactivity, and
the positive regions are related to the nucleophilic reactivity. As can be seen from Figure 4, the negative electrostatic potential is
localized over the oxygen atoms of the nitrate anion, and is potential site for electrophilic attach. The positive regions are localized
around the complex cation.
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Fig. 4. Molecular electrostatic potential surface for
bis(benzimidazole)silver (1) nitrate
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4.4. Natural Bond Orbital (NBO) Analysis

The donor-acceptor interactions and main charge distribution between the anion and cation in ion pair
[Ag(benzimidazole),][NOs]” and nature of coordinate bonds were investigated using natural bond orbital analysis [52]. The
intensity of the donor-acceptor interactions was denoted by second order stabilization energy E(2). The stabilization energy value
inversely dependents on the difference between the energies of particular acceptor and donor orbitals. The latter can be written by
expression:

2
£@)n I A ®
o Ej o AE

where, E(2) is energy of stabilization (kcal/mol), n, is population donor orbital, F;,” are Fok’s matrix elements and AE is difference
between the energies of acceptor and donor orbitals (kcal/mol). Donor-acceptor interactions between nonbonding-antibonding,
bonding-antibonding and antibonding-antibonding orbitals decrease population of occupied orbital and electron density
transmission towards antibonding orbital. The stronger of the donor-acceptor capacity will be as the larger of E(2) value is. Only
interesting donor-acceptor interactions and their second order stabilization energies in [Ag(benzimidazole),] [NO;] are presented
in Table 2.

Table 2. Some donor-acceptor interactions and their second order stabilization energies in [Ag(benzimidazole),]' [NOs],
calculated from NBO analysis by B3LYP/6-31G(d,p) method

Donor (i) ED (i)/ Acceptor (x) ED (x)/e E(2) E(x) — E(i) F(i,x).
e e kcal/mol a.u. a.u

LP(1) N* 1.(8())1 |_F>(6()*)Ag31 0.371 ( 53.01 : (0.42) é.13)9
LP(1) N*° 1.747 LP(6)" Ag* 0.371 74.09 0.37 0.153
LP(1) 0* 1.970 6 NP2-H® 0.192 10.23 0.97 0.093
LP(2) 0* 1.786 6 NP2-H¥ 0.192 102.38 0.78 0.254
LP(2) 0* 1.887 6 O%-N* 0.109 21.18 0.57 0.098
LP(2) O%* 1.887 6 O*-N® 0.075 18.01 0.67 0.099
LP(2) O* 1.901 6 O%%-N® 0.109 16.65 0.58 0.088
LP(2) O* 1.901 1 O*¥-N* 0.060 16.23 0.73 0.098
6 O*-N® 0.109 o N'*-_H* 0.192 11.55 0.02 0.038

E(2) — stabilization energy, kcal/mol

ED (i) — occupied donor orbital

ED (x) — occupied acceptor orbital

E(x) — E (i) — difference between the energies of acceptor and donor orbital, a.u.
F(i, X) — Fok’s matrix elements, a.u.

The obtained results showed that interactions between nonbonding donor orbitals form nitrogen atoms (LP(1)N?, LP(1)N*°) and
antibonding LP(6)" of silver atom increases ED(0.371e) that weakens the respective nonbonding orbitals ED(1.801, 1.747¢)
leading to stabilization of 53.01 and 74.09 kcal/mol, respectively. Therefore, the bonds N-Ag are formed due to charge transfer
from nitrogen atoms to silver atom. The Mayer bond orders for these two coordinate bonds are 0.449 and 0.576. It was observed
strong donor-acceptor interaction between LP(1), LP(2) O** with 6 N**~H? which decreases the population of occupied orbitals
(1.970, 1.786€) and increases the population of acceptor antibonding orbital (0.192e). As a result, stabilization energy values of
10.23 and 102.38 kcal/mol were obtained. The latter is a consequence of the charge transfer from oxygen atom to hydrogen one. As
a part of the stabilization energy of intramolecular interacting system, charge transfer plays a crucial role during the hydrogen
bonds formation [55, 56].

Calculated electron density contours with hydrogen bond critical point using B3LYP/6-311+G(d,p) are presented in Figure 5.

The hydrogen bond critical point is a specific point between the donor and acceptor, where the gradient of electron density is
zero, and it is essential evidence of hydrogen bond existence [56-60]. Here it is observed that intramolecular hydrogen bond
distance (O*---H%) is 1.355 A and Mayer bond order of 0.300. In addition, significantly weaker hydrogen bond between 0% and
H?® was observed. The latter was expressed by bond length and bond order values of 2.330 A and 0.030, respectively.

From NBO atomic charges shown in Figure 4 confirm the results obtained by means of FMO analysis that most of the negative
charge is located on 0% (-0.577) and O* (~0.537) atoms in the anion [NOs]. Based on the calculated bond order values in
[Ag(benzimidazole),] [NO;] it could be assumed that N*-Ag™ (0.449), N'>-Ag* (0.576) bonds are significantly higher than the
order (0.300) of O*--H% bond. The obtained results suggest that the O*---H?*-N*? bond seems to be the most reactive area in the
synthesized [Ag(benzimidazole),] [NOs] . The bond lengths for bonds with H atoms are not well measured by X-ray diffraction.
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Fig. 5. Contour map of the electron density for bis(benzimidazole)silver (I) nitrate.
Hydrogen bond critical point is indicated by filled square symbol (&).

5. CONCLUSION

The bis(benzimidazole) silver (1) nitrate ([Ag(benzimidazole),]'[NOs]") was synthesized. The complete molecular structural
parameters, electronic structure and chemical reactivity were optimized with DFT-B3LYP methods using 6-31G(d,p) basis sets and
LANL2DZ for silver atom. Quantum chemical descriptors such as global hardness and softness, chemical potential, electronegativity
and electrophilicity index, HOMO-LUMO energy gap and HOMO/LUMO energy were studied. Molecular electrostatic potential
analysis showed that the most negative charge is localized around the nitrate anion ([NO3]"), while a large electropositive potential is
observed in the area of complex cation ([Ag(benzimidazole),]*. The NBO analysis indicated the intramolecular charge transfer
between the bonding and antibonding orbitals. Mullikan and natural charge distribution of the [Ag(benzimidazole),] [NOs]” were
studied which indicated the electronic charge distribution in the molecule.
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