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ABSTRACT

A binuclear cobalt(Il) benzoate complex with pyridine as auxiliary ligands has been synthesized and
identified by UV-Vis, IR spectroscopy, and TG-DTA analysis. The molecular structure of the complex
was determined by single-crystal X-ray diffraction (SCXRD). Thermogravimetric analysis shows two
steps decomposition of the present complex. The Co (Il) ions are in a distorted octahedral environment
[CoN,O4]. The crystal structure was stabilized by different intramolecular/ intermolecular interactions,
including Van der Waals, hydrogen bonding, donor-acceptor, and ©-n interactions between the pyridine
rings. Furthermore, all density functional theory (DFT) calculations have been performed in the gas phase
using the GGA-BLYP functional and the TZP basis set, and for the Time-Dependent Density Functional
Theory (TD-DFT) calculations, several functionals have been used, namely the GGA BLYP and PBE, the
hybrids B3LYP and PBEO, the SAOP potential model, and finally the range-separated CAMY-B3LYP
functional with the TZP basis set. Good consistency was observed between the calculated and the
experimental results. The bond dissociation energies (BDE) were calculated using the fragment analysis.
The intermolecular interactions were investigated through the Molecular Electrostatic Potential (MEP)
and supported by Hirshfeld charges analysis. To characterize the non-covalent interactions in the
complex, (NCI plot) index has been computed and supported by AIM analysis. Also, the global and local
reactivity descriptors have been calculated to highlight the reactive sites in the molecular structure.
Moreover, the antimicrobial activity was evaluated by agar disk diffusion assay against seven pathogenic
strains, and the antioxidant activity was estimated using four different techniques. In addition, the in

vitro anti-inflammatory activity was assessed by the aloumin denaturation method.

Keywords:Binuclearcomplex; X-ray crystallography; DFT; UV-Vis electronic properties;Biological

activities.
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1. Introduction

Coordination chemistry of transition metals based on Co has gained importance for its capability to
bind dioxygen reversibly [1]. Especially, those possessing an auxiliary ligand have been a subject of
intensive research in recent years [2-4]. On the purpose of their interest structures, some of these hybrid
compounds exhibit interesting applications which have been expanded to pharmacological and biological
activities such as antimicrobial [5], anti-inflammatory [6]anticancer [7], antidiabetic, antimalaria [8], and
antioxidant activities in addition to their catalytic properties in redox reactions [9], benzoate is used as an
antimicrobial agent in edible coatings [10]. Also, sodium benzoate is used in cosmetic and food
industries. The nitrogen atoms of heterocyclic ligands like isoquinoline and pyridine are easily
coordinated to the metal center [11]. The impressive effectiveness of antimicrobial agents has stimulated
their extended and frequent applications in human and animal health. This created selective pressure on
microbial groups, which led to the emergence of resistant microbes. Therefore, it is necessary to find
novel strategies for the improvement of new drugs that target multiple cellular processes to enhance their
efficacy against multiple micro-organisms, including bacteria, viruses, and fungi. Recently, antibiotic
development studies have shown that metal ion complexes caused various types of damage to microbial
cells due to membrane degradation, protein disruption, and oxidative stress. These particular modes of
action, together with the wide range of 3D geometries that metal complexes can adopt, make them

suitable for the development of new antimicrobial drugs [12].

Reactive oxygen species (ROS) are chemical species comprising free radicals such as superoxide
anion (O;"), hydroxyl radical (*OH), peroxyl radical (ROO=) and alkoxyl radical (RO*), as well as non-
radical molecules like hydrogen peroxide (H.O,) and singlet oxygen (*O,). These species are beneficial to
live organisms at low concentrations [13] However, the uncontrolled production of these species
accompanied by a dysfunction of the antioxidant systems causes several metabolic alterations and
damages the biological macromolecules (lipids, DNA, and proteins). Thus, this could lead to many

diseases such as cancer, diabetes, asthma, aging, cardiovascular, neurodegenerative, and inflammatory
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diseases [14]. Therefore, research on metal complexes with antioxidant properties is a promising strategy
for the development of new effective antioxidants useful in medicine, pharmaceutical, and food

industries, as well as other fields [15].

The aim of the present paper is the synthesis, characterization, spectroscopic analysis, DFT
calculations, and biological activities of the new cobalt (11) coordination complex based on pyridine and
benzoate ligands. To the best of our knowledge, there are no previous reports on experimental and
theoretical calculations, as well as biological properties of the studied compound di-p-benzoato-bis
[benzoatodipyridine-cobalt  (I1)], also named by the (u-benzoato)-(u-benzoato)-bis(benzoato)-

[tetrakis(pyridine)]-di-cobalt.

2. Materials and methods
2.1. Materials

In order to obtain crystals of high quality and to achieve good handling conditions, purification of
starting materials was found to be an important step and hence, the recrystallized salts were used for the
growth of crystals of the studied material. All solvents used in the experiments were purchased from
PROLAB, MERK EUROLAB. 2,2-diphenyl-1-picrylhydrazyl (DPPH), trichloroacetic acid (TCA),
potassium ferricyanide (KsFe[CN]s), ferric chloride (FeCls), dimethyl sulfoxide (DMSQO), hydrogen
peroxide (H,O), and ammonium molybdate (NH4),M0QO, were obtained from Sigma-Aldrich Chemie
and FlukaChemie. The reference molecules used in this study as butylate hydroxytoluene (BHT)
(C15H240), butylate hydroxyanisole (BHA) (C11H160) and ascorbic acid (CgHgOg) were purchased from

Sigma-Aldrich Co, ST Lowis, Mo.

2.2. Characterization techniques

The FT-IR spectrum was registered in the 400-4000 cm™region with a Perkin-Elmer spectrometer

using ATR techniques. The electronic spectrum was recorded in DMSO as solvent with a
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spectrophotometer UV-Vis Thermo Scientific Evolution 220 model in the 240-800 nm region. UV-Vis
spectrophotometer SHIMADZU UV-1700 was used for the biological measurements. Thermal analysis
was realized on a Mettler Toledo TGA/DSC lab sys Evo-gas system using a UMX1 balance and platinum
crucible. TG/DTA measurement was taken on a 21.2 mg sample in argon atmosphere, within the 40-350
°C temperature range at Batna-1 University. Crystallographic data of purple crystal were collected at
150K on an APEXII Bruker-AXS diffractometer equipped with graphite monochromated Mo-Ka
radiation. The structure was solved by direct methods with SIR-97 [16], which revealed the non-hydrogen
atoms of the molecules. Refinement was performed by full-matrix least-square techniques based on F?
with SHELXL [17] with the aid of the WINGX [18] program. All non-hydrogen atoms were refined with
anisotropic thermal.

2.3. Micro-organisms

The bacterial strains from the American Type Culture Collection (Escherichia coli ATCC 25922,
Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa ATCC 1117) and the fungi strain
(Candida albicans ATCC 90029), as well as the pathogenic bacteria (Escherichia coli,
Klebsillapneumonae and Staphylococcus aureus), were supplied by the Laboratory of Bacteriology,
University Hospital Center-Batna (CHU).

2.4. Biological activities

2.4.1. Antimicrobial activity

The antibacterial activity of the complex “di-p-benzoato-bis [benzoatodipyridine-cobalt (II)” with
general formula Coy(pa(m1—n1)-Benz),(u,—Benz),(Pyr), was evaluated by the agar disk diffusion assay
[19], against six bacterial strains. One or several colonies from each pure culture were transferred into 5
mL of nutrient broth. The bacterial suspension was homogenized and incubated at 37 °C for 10-24 hours.
After incubation, a reading of the optical density (OD) of 1 mL of inoculum was made by a
spectrophotometer at 625 nm. Opacity must be equivalent to 0.5 McFarland. A sample from each

inoculum was used to inoculate Petri dishes containing Mueller Hinton by swabbing technique. Wathman



Journal Pre-proof

paper discs (6 mm) were impregnated with 10 pL of the tested complex solutions at different
concentrations (62.5, 125, 250, 500, and 1000 pg/mL) and filed carefully on the surface of the inoculated
agar with sterile forceps. The discs of the negative controls were impregnated with dimethyl sulfoxide
(DMSO). The Petri dishes were incubated at 37 °C for 24h. The assays were performed in triplicate (three
boxes for each concentration of the solution and each strain). The results were given by the diameters of
zones of inhibition around the discs produced and the values were expressed as means £ SD of three
measurements (p < 0.05). The same experimental procedure for antibacterial activity was applied to

estimate antifungal activity using Sabouraud agar. The Petri dishes were incubated at 30 °C for 72 hours.

2.4.2. Antioxidant activities

The antioxidant activity of the Co,(u.(1n;—n1)-Benz),(u,—Benz),(Pyr),complex was evaluated in vitro
via their ability to scavenge free radicals and to reduce transition metals using four different techniques.

2.4.2.1. Ferric reducing antioxidant power (FRAP)

To evaluate the ferric reducing capacity metal complex, 100 pL of sample solutions were added to 500
pL of phosphate buffer (0.2 M; pH 6.6) and 500 pL of ferrocyamide solution (1%). The mixture was
incubated for 20 min at 50 °C and then, 500 pL of TCA (10 %) were added. After incubation, the mixture
was centrifuged for 10 min at 3000 rpm. 500 pL of the supernatant solution were mixed with 500 pL of
distilled water and 100 pL of FeCl; (0.1 %), the values of the absorbance were recorded at 700 nm. The
reducing antioxidant activity was measured using the calibration curve of the ascorbic acid and the results

were expressed as g EAA/mg [20].
2.4.2.2. Total antioxidant capacity (TAC)

The total antioxidant capacity of the tested complex was determined by phosphomolybdenum assay
[20]. 100 pL of the sample were added to 900 uL of reagents mixture (0.6 M sulfuric acid, 28 mM
sodium phosphate, and 4 mM ammonium molybdate). The prepared solutions were incubated at 95 °C for

90 min. After cooling at room temperature, the absorbance was read at 695 nm. The total antioxidant
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capacity was calculated according to the calibration curve prepared from ascorbic acid and the results

were expressed as ug EAA/mg.
2.4.2.3. Hydrogen peroxide scavenging capacity

The hydrogen peroxide scavenging assay was performed according to the method of Ruch et al. [21].
A solution of hydrogen peroxide (H,O,, 43 mM) was prepared in phosphate buffer (0.1 M, pH 7.4). All
the samples (Co (I1)-complex and antioxidant standards) were prepared at the concentration of 100 pug/mL
in phosphate buffer. The prepared samples were added to 0.6 mL of H,0O, solution. The absorbance of the
reaction mixture was read at 230 nm after 10 minutes of incubation. The blank solution containing the
phosphate buffer without hydrogen peroxide was used to calculate the percentages of inhibition as

follows:
ACtIVIty (%) = |:(ABIank- ASampIe)/ABlank:| x 100

Agiank 1S the absorbance of blank and Asampie is the absorbance of the sample. The experiments were

performed in triplicate and the results were transmitted as mean (values + SD).
2.4.2.4. DPPH radical scavenging activity

The scavenging of the free radical DPPH was estimated by the method described by Blois [22]. 25 puL
of sample solutions (complex or standards) at different concentrations were added to 975 pL of DPPH
(0.025 mg/mL), then the mixture was kept in the darkness at room temperature for 30 minutes. The blank
was prepared by adding 25 pL of methanol to 975 pL of DPPH reagent and the absorbance was measured
at 517 nm. The percentage of DPPH radical-scavenging activity of each sample was calculated as

follows:
Activity (%) = |:(ABIank- Asample)/AB'a"kJ x 100

Agiank 1S the absorbance of blank and Asample is the absorbance of the sample. The experiments were

performed in triplicate and the results were transmitted as mean (values + SD).
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2.4.3.Egg albumin denaturation method

The anti-inflammatory activity was tested by egg albumin denaturation method described by
Sunmathiet al. [23]. 2 mL of different concentrations of the sample or diclofenac sodium as a standard
drug were added to a reaction mixture containing 200 puL of egg aloumin (from fresh hen's egg) and 2.8
mL of phosphate-buffered saline (PBS, pH 6.4). The obtained solutions were incubated at 37 °C for 15
min and then heated at 70 °C for 5 min. After cooling at room temperature, the absorbance was measured
at 660 nm. A control solution was prepared by replacing the sample with double-distilled water and the

percentage of inhibition of protein denaturation was calculated as follows:
% inhibition = 100 x [V /V_-1]

Where, Vs: absorbance of the sample, VVc: absorbance of control. Each experiment was done in triplicate

and the results were recorded as a mean (values + SD).
2.4.4. Statistical analysis

The results were given as the means + S.D (p <0.05) for three replicates for each sample and values
were calculated by linear regression analysis and expressed as: g EAA/mg for total antioxidant capacity
and ferric reducing antioxidant power, ICs, for DPPH free radical-scavenging assay and as a percentage
of inhibition (%) for the anti-inflammatory and hydrogen peroxide scavenging assays. Significant
differences between means were determined by one-way ANOVA, followed by the Duncan test and all

the statistics were carried out using Graph Pad prism 5.04

3. Computational details

Full geometry optimization was carried out in the gas phase on the dimeric cobalt complex at their
neutral, 1+, 2+ and 3+ oxidation states, by the density functional theory (DFT) method using the ADF
quantum chemistry package. [24] The starting geometry for the calculation was taken from the
experimentally single-crystal structure. All the calculations were treated at the Generalized Gradient

Approximation (GGA) level, with the BLYP exchange-correlation functional [25] (Becke for exchange



Journal Pre-proof

[25]; Lee, Yang, Parr for correlation [26]), with the TZP basis set. The vibrational frequency
computations were performed to ensure that the achieved optimized geometry represents local minima.
The Time-Dependent DFT (TD-DFT) method [27] has been applied to calculate the excited states of the
dimeric motif in gas phase. Their corresponding electronic transitions at the singlet and triplet spin states
are investigated. An AIM analysis was performed with DGrid/Basin program [28], the critical points were
represented by the Chem craft 1.4 program [29]. The Bond Decomposition Energy (BDE) developed by
Ziegler [30] gives information on the type of links. It can be expressed by three terms; orbital energy,
electrostatic interaction, and Pauli component. The calculation of the “Non-Covalent Interaction” plot
(NCI plot) and the molecular electrostatic potential properties have been investigated. Fukui indices were
calculated using the analytical method considering Hirshfeld atomic charges. The gap energy, ionization
potential (1), electron affinity (A), chemical potential (urx) and hardness () can be calculated by the
Koopmans’ theorem [31], softness (S), electronegativity () and global electrophilicity index (w) were all
examined using the equations (3-8) [32-34].
4. Results and discussion
4.1. Preparation of the complex

The synthesis of the title complex was carried as follows: 15 g, (1 eq) of benzoic acid were dissolved
in hot ethanol (200 mL). The resulting solution was stirred for 2h, filtered into (8.5 g) of basic cobalt Il
carbonate (2Co (COg3). 3Co(OH),) and heated under reflux for 6h. Then, 20 mL, (2 eq) of pyridine was
added to the resulting ethanolic solution and heated for 1 hour again, and immediately filtered to remove
unreacted species. The violet single crystals precipitated on coaling, washed with cold ethanol and dried,

yielded 2.5 g (5.3 %).

4.2. Description of the molecular structure

The centrosymmetric dinuclear Coa(pu(ni1—m1)-Benz).(w—Benz),(Pyr)s compound crystallizes in the

centrosymmetric P2;/c space group (Details are given in Table 1). The distorted octahedral coordination
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sphere of Co" is made up of 4 oxygen atoms from 3 benzoate ions, one acting as p1(n1-n1) thanks to O1
and 02 atoms, two centrosymmetric bridging p(n:-n1) benzoate ions thanks to O3 and O4' (i: -x, 1-y, 1-

z) and two nitrogen atoms (N1 and N2) in trans positions from two pyridine molecules) (see Figure 1).

Table 1. Crystal data and structure refinement for Co,((n1—11)-Benz),(u—Benz),(Pyr)4

Empirical formula C48 H40 Co2 N4 O8

Formula weight 918.70

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P 2i/c

Unit cell dimensions a=12.5200(6)A, b = 8.2570(3)A, ¢ = 20.5277(10)A

B= 100.456(2)°.

Volume 2086.87(16) A3

Z 2

Density (calculated) 1.462 Mg/m3

Absorption coefficient 0.856 mm-1

F(000) 948

Theta range for data collection 2.366 to 27.502°.

Index ranges -16<h<15, -10<k<10, 0<I<26
Reflections collected 7947

Independent reflections 4761 [R(int) = 0.0269]

Completeness to theta = 25.242° 99.9 %

Refinement method Full-matrix least-squares on F2

11
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Data / restraints / parameters 4761 /0/ 280
Goodness-of-fit on F2 0.925

Final R indices [I1>2sigma(l)] R1 =0.0336, wR2 = 0.0866
R indices (all data) R1 =0.0468, wR2 = 0.0933
Largest diff. peak and hole 0.339 and -0.455 e A-3

Figure 1: Labelling scheme of Coz(u2(n1—m1)-Benz),(w—Benz),(Pyr), with symmetry i : -x, 1-y, 1-z
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Figure 2. Optimized molecular structure of Coz(p2(ni—n1)-Benz),(u;—Benz),(Pyr)s.

The octahedral coordination sphere of cobalt ions is distorted, with bonds lengths ranging from
2.0170(13) to 2.2089(13)° and angles from 86.12(5)° to 106.55(5)°. The geometries of CO, fragments of
w, bridging and of , benzoates are quite similar with O-C-O angles of 125.18(17)° and 120.56(17)°
respectively (see Table 2). The phenyl ring of the u, benzoate form an angle of 5.61(22)° with the CO,
plane, the Co" being in the phenyl plan (0.0044(43) A above) whereas those of the p, benzoate form an
angle of 10.55(7)°, the cobalt ion is 0.416(4) A below the phenyl ring.

The present molecular structure was fully optimized at their neutral and oxidized states 1+, 2+, and 3+
using the DFT-BLYP method at TZP level of theory (see Figure 2). The results were compared to the X-
ray crystallographic parameters (Table 2). All the chelating calculated geometrical parameters, bonds

length, angles, and dihedral angles concern one cobalt (I1) ion and its environment.

13
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Table 2: Selected calculated and experimental geometrical parameters bond lengths [A] and angles [°] for

the complex.

Experimental Calculated values

values
Oxidation state ) 0) (1+) (2+) (3+)
Bond length
Co-0(3) 2.0170(13) 1.964 1.982 1.963 1.965
Co-0(2) 2.1514(13) 1.989 2.046 1.979 2.042
Co-N(2) 2. 1659(15) 1.975 1.992 2.009 2.018
O(1)-C(1) 1.267(2) 1.262 1.290 1.305 1.296
0(3)-C(8) 1.254(2) 1.302 1.289 1.282 1.292
Co-0(4)' 2.0310(12) 2.364 2.081 1.972 1.969
Co-N(1) 2. 1511(15) 1.980 2.003 2.019 2.027
Co-0(2) 2.2089(13) 2.499 2.099 1.971 2.047
0(2)-C(1) 1.268(2) 1.308 1.296 1.303 1.300
O(4)-C(8) 1.257(2) 1.254 1.268 1.278 1.284
Bond angles
0(3)-Co-0(4)' 106.55(5) 108.60 106.80 110.10 102.0
0(3)-Co-N(2) 87.34(5) 90.70 92.40 92.20 92.40
0(3)-Co-0(2) 162.01(5) 165.30 160.60 158.40 158.80
0(2)-Co-N(2) 92.09(5) 89.60 89.30 89.00 88.10
0(4)'-Co-0(2) 91.35(5) 86.20 92.20 91.40 99.10
0(4)'-Co-N(2) 97.76(5) 92.50 94.60 92.70 95.00
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N(1)-Co-O(1) 85.07(5) 88.90 88.40 88.70 87.10
N(1)-Co-N(2) 170.92(6) 177.50 176.50 177.30 175.0
0(3)-Co-N(1) 86.12(5) 89.80 88.30 89.20 89.00
0(3)-Co-0(1) 101.38(5) 106.60 96.60 91.60 94.40
0(2)-Co-N(1) 92.18(5) 89.40 89.00 88.90 89.10
0(2)-Co-0(2) 60.63(5) 58.70 64.20 66.80 64.50
0(4)-Co-N(1) 90.14(5) 89.60 88.50 89.00 89.00
0(4)-Co-0O(1) 151.27(5) 144.80 156.30 158.10 163.10
N(2)-Co-O(1) 90.06(5) 88.70 88.20 88.70 88.50
0(3)-C(8)-0(4) 125.18(17) 126.60 127.40 128.60 123.30
0(1)-C(1)-0(2) 120.56(17) 121.50 116.90 113.10 114.40
Energy (eV) -643.2 -639.2 -631.8 -619.6

Symmetry transformations used to generate equivalent atoms i: -x,-y+1,-z+1

According to the structure represented in (Figure 3-a), all intermolecular contact shorter than the van
der Waals radii are developed in the bc plane: between hydrogen and oxygen atom O2 from p;benzoate
02...H18" =2.477 A, 02...H16" = 2.597 A and between phenyl ring of from pobenzoate C9...H22" =
2.764 A. (ii: x, Yo+y, 3/2-z; iii : X, y+1, Z; iv : X, y-1, z). The intramolecular interactions (Figure 3-b) do
exhibit two forms: the first type is observed between the H-pyridine and O-(w,—Benz) ring H24-----O3
and H19-----O4, the same type of interaction is also observed between H-pyridine rings and oxygen atom
of the (ua(n;—mi1)-Benz); H20---O1 and H15---O1. The second type is the chelation contacts, it is

observed between cis pyridine rings, they are mentioned as H23---C17.

15
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Figure 3: View down crystallographic ‘b’ axis (a): Intermolecular interactions contacts (b):

Intramolecular interactions contacts

In addition to the intermolecular/intramolecular interactions present in the studied structure (Figure 3. a -
3. b), the pair of bridged benzoates controls the stability of the dimeric complex. The Co" ion is found in
a deformed octahedral geometry caused by the variation in the (Co-O) bond lengths. The calculated (Co-
0) bond lengths are in the range of 1.964-2.364 A, not far from the experimental values range
2.0170(13)-2.2089(13) A. The Cobalt (II) ion coordinates two nitrogen atoms in the apical positions.
Experimental and theoretical (Co-N) bond lengths values show a good correlation. A remarkable
difference is observed in the Co-O and Co-N chelating bond lengths values when comparing the neutral
state with the first oxidized state: the bond lengths Co-O(1) and Co-O'(4) decrease from 2.499 to 2.099 A
and 2.364 to 2.081A, respectively (see Table 2). The calculated/experimental (Co...Co) distances are
(4.764 | 4518 A). When increasing the oxidation order from the neutral to 3+ oxidized state, the bond
angle O(4)#1-Co-0O(1) increases from 144.8° to 163.1°, while O(3)-Co-O(1) and (O(1)-Co-O(2) angles
decrease from 106.6° to 94.4° and from 121.5° to 114.4°, respectively, thismay indicate that the oxidation

mechanism concerns the cobalt ions. The cobalt oxidation is confirmed by the decrease of the Co-O(1)



Journal Pre-proof

bond length value (from 2.499 A to 2.047A), and the increases in Co Hirshfeld atomic charge value from
0.169 e to 0.274 e with respect to the same oxidation order, whereas it decreases in the case of oxygen
atom O(1) (from -0.260 e" to -0.161 e, see Table 4). This change in atomic charge and Co-O bond length
could be explained by the donor mesomeric effect of the oxygen atom. The bond angle O(1)-Co-O(2) has
a high angular tension (calc/exp: 58.7/60.63(5)°), which makes the links (Co-O) easy to be destroyed,
while the opposite angle O(3)-Co-O(4)" is more stable (calc/exp: 108.60°/106.55(6)°). From these results,
we notice that the metal ions lie in a deformed square plane. The angles O(2)-Co-N(2) and O(4)'-Co-N(1)
with the values (calc/exp: 89.6/92.09(5)°) and (calc/exp: 89.6/ 90.14(5)°) respectively, confirm that all
pyridine rings are perpendicular on the plane which contains the benzoate ligands. The dihedral angles
(mentioned in SI) C(9)-O(4)-Co-O(5) = 358.9° and C(9)-0O(2)-Co-O(54) = 178.5°, confirm the

planarity of this part of the complex.
Energy and HOMO-LUMO Analysis

In the neutral state, the frontier molecular orbitals (FMOs), HOMO, and LUMO are mainly constituted

by co-d,, and o - p, orbitals, the concerned atoms are O (1), O' (1), O (4), and O' (4). HOMO-1 and
HOMO-2 display a co - d , orbitals while the LUMO+1, LUMO+2 are located on the N - p,, C - p,

and c - p_ orbitals of the pyridine rings and a low localization on the co - d orbitals. The HOMO-3

xX2-y2

is made up by co -d and o - p  orbitals, while the LUMO+3 concerns cCo - d and N - p,

x2-y2 x2-y2

orbitals. All the selected HOMOs and LUMOs in the complex
[Coz (ko (ny=n,)-Benz) (u,-Benz), (Pyr)AJh are centered on the cobalt ions d-orbitals and some of
oxygen p-orbitals, the LUMO+3 excepted, which is centered on the pyridine rings (see-Figure S1). In the
|:C02 (w,(n,—n,)-Benz) (n, - Benz), (Pyr)‘l}h the HOMO-1 and HOMO-3 are centered on the

Co-d, and c - p, orbitals of the (u,(n;—n;)-Benzoates. The HOMO is centered on the ¢ - p  orbitals.

However, the HOMO-2 is located on the (ux(n:—m:)—-Benzoates, pu-Benzoates ¢ - p orbitals and the

17



Journal Pre-proof

Co-d, orbitals (see-Figure S3). On the dicationic complex, the HOMO-1 and HOMO-2 are centered
on the bicoordinated benzoates ¢ - p, orbitals. The HOMO-3 is centered also on the ¢ - p orbitals in

addition to the co - d , orbitals. The LUMO and LUMO+1 are localized on o0 - p,, Co-d orbitals,

x2-y2

while the LUMO+2 and LUMO+3 are mainly made by co-d,, orbitals (see-Figure S2). As a

conclusion, in the studied compound, the lower energy gap that separates the occupied orbitals (HOMOs)
from the unoccupied orbitals (LUMOSs) at the neutral, 1+, 2+ and 3+ oxidized states are 0.039 eV, 0.161
eV, 1.533 eV, and 0.013 eV respectively. This suggests a high chemical reactivity and low kinetic
stability. These values can explain the different eventual charge transfer interactions that take place within
the studied complex. The results of the orbital molecular boundaries analysis are shown in Table 3 and

Figure 4.

Table 3. Energy (E) and atomic percentage (%) of some molecular orbital (OMs) of the
Coz(p2(n1—n1)-Benz),(n,—Benz),(Pyr)scalculated by the BLYP / TZP method. (where: H=HOMO and

L=LUMO)

Orhbital L+3 L+2 L+1 L H H-1 H-2 H-3

Energy (eV) -1.748 | -1.845 | -1.884 | -2.876 | -2.915 | -3.498 | -3.590 | -3.894

Co (%) 59.94 1774 | 584 73.38 84.41 | 88.20 | 93.93 | 89.38
O (%) 9.95 3.41 0.00 4.89 9.57 5.11 1.24 3.62
N (%) 14.64 20.42 | 22.09 0.00 0.00 0.00 0.00 0.00

C (%) 2.37 50.51 | 60.87 0.00 0.00 0.00 0.00 0.00
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Figure 4: Schematic presentation of the frontier molecular orbitals of the complex

Coz(p2(n1—n1)—Benz)z(ni—Benz)z(Pyr)a.
4.3. The Hirshfeld atomic charge analysis (HAC)

In a molecular system, the (HAC) [35]analysis enlighten some properties such as the polarizabilities of
the bonds, electronic structures, molecular dipole moments, and the chemical reactivity. The Hirshfeld
atomic charge of the title dimeric complex at different oxidized states are computed from the optimized
structure, the results are summarized in Table 4. The HAC value of the cobalt (II) ions in the uncharged
complex is 0.169 e, it is barely varied when applying the formal charge (1+) and (2+) and it becomes

0.274 ¢ at (3+) oxidized state. The atoms directly attached to the metal ion (Nitrogen and Oxygen) are
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negatively charged, that shows the existence of an electrostatic attraction and donation effect of benzoate
and pyridine ligands. So, the Cobalt-Nitrogen and Cobalt-Oxygen bonds suggest ionic contribution. The
nitrogen HAC is unchanged at all the oxidation states, while those of oxygen atoms decrease as
previously noticed. The results also indicate that the carbon atoms of bridging carboxylate C(8) are the
poorest electron site with an atomic charge of about (0.172 e’). Coming after, the carbon C(1) of the
w—benzoate holds g = 0.166 e". Their atomic charges increase with the oxidation state of the system C(1)
from 0.166 to 0.200 e, and C(8) from 0.172e'to 0.207 e". All other carbon atomic charges C(20), C(19),

C(15), and C(24) remain unchanged during oxidation.

Table 4: Hirshfeld charge analysis of the dimer complex at different oxidation states using BLYP

functional and TZP basis set.

Oxidation state 0) (1+) (2+) (3+)
Atom
Co 0.169 0.253 0.220 0.274
Cc@) 0.166 0.178 0.197 0.200
0(1) -0.260 -0.228 -0.160 -0.161
0(2) -0.205 -0.188 -0.162 -0.166
C(8) 0.172 0.183 0.199 0.207
0'(4) -0.221 -0.216 -0.175 -0.164
0'(3) -0.198 -0.185 -0.172 -0.153
C(24) 0.045 0.050 0.051 0.051
C(20) 0.049 0.052 0.051 0.050
N(2) -0.042 -0.044 -0.043 -0.046
C(15) 0.048 0.051 0.050 0.049
C(19) 0.044 0.049 0.049 0.050
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N(D) -0.042 -0.045 -0.042 -0.045

0o®3) -0.198 -0.185 -0.172 -0.153

4.4. AIM calculation: topological parameters at bond critical points (BCPs)

To understand the various intramolecular/intermolecular interactions in molecular systems which play
an important role in crystal structures, a topological study was performed using Atoms in Molecules
theory developed by Bader [36,37]. It provides a description of molecules and more particularly of their
chemical bonds. This theory is based on the study of the electron density p(r) and their Laplacian Vp(r).
A BCP represents the topological description of the interaction between pair of atoms. Furthermore,
Espinosa et al. divided the atomic interaction into three categories according to the Potential energy V(r),
sign of the Total electron energy density H (r), and the Lagrangian kinetic energy G(r) [38—42]. The first
class represents the pure covalent interaction (p (r) > 0.15, Vzp (r)<0,H(r)<0,|V|/G>2). The second
class is related to a pure closed-layer interaction conditioned by (p (r) < 0.07, Vp () >0, H (r) > 0, | V |/
G < 1) and the third class corresponds to the intermediate interactions with (0.07 <p (r) <0.15, V2p (r) <
0,H()<0,1<|V]|/G<2). Twelve BCP in each coordinate Covalent bond (Co-N and Co-O) and
thirteen others referring to the intramolecular interactions were observed, Table S5 and Figure S4 (a, b).
The p(BCPs) at cobalt bonds lie in the 0.03-0.1 (a.u.) range. The strong local depletion (Laplacian > 0)
confirms an electrostatic interaction between cobalt and oxygen or nitrogen atoms of ligand. The bands
Co-N(2), Co-N(1), Co-O(3), and Co-O(2) are more ionic than Co-O'(4) and Co-O(1). We notice also the
existence of two types of m---1 interactions, the first one was founded between each pair of cis-pyridine
rings, at BCP13 and BCP13* with pyridine---pyridine distances 5.054 A. The second is localized between
O(4) and O'(4) atoms at the BCP14 crossed by the symmetric axis in (0.000, 0.000, 0.000), with O(4)---
Oi(4) distance about 3.197 A. Furthermore, the bond critical points studies along the C-H---O
intermolecular paths show that the electron densities p(BCP) values are in 0.002-0.04 (a.u.) range and the

Laplacian V2p(BCP) values are found in a 0.002-0.04 (a.u.) range. According to Rozas et al., it is a typical
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range for H-bonding interactions [43]. In addition, the positive values of p(BCP) and V?p(BCP) are

characteristics of weak H-Bonding interactions [44].
4.5. Bond Decomposition Energy analysis (BDE)

The Bond Dissociation Energy was evaluated for the present dimeric complexusing Ziegler-Rauk
approach [30]. It allows the calculation of the binding energy of a molecular system and decomposes it
into different interest chemical fragments. The procedure gives an insight into the nature of the bonds. We
have considered three cases of fragments to calculate their binding energy to the central cobalt ions; the

pyridine rings, the (u(n;—ni)-Benz), and the pair of bridged benzoates (u;—Benz). The total binding

energy is divided into three terms, Orbital energy (ae_, ) which explains the interactions between

orb

occupied and vacant orbital, the repulsive Pauli's energy (A€ . .) and Electrostatic energy (ag .. . ). The

pauli elsta

separation between the different contributions (Equation 1) gives an overview of the nature of the link

[45].

BDE = AE_, + AE,, = AE, . +AE,, , +AE (1)

orb elstat Pauli orb

AE,,. + AE,, give the degree of covalence of the bonds. From the results shown in Table 5, the bonds

Pauli

Co-N, and co-o0, have an ionic contribution, which confirms the results obtained from the

yr

Hirshfeld charge. The bond Co-(u.(n;—m1)-Benz) is more ionic than Co-(u;—Benz) bonds.

Table 5: Decomposition Energies (eV) of the bonds Metal-ligands in the studied complex, where: Pyr =

Pyridine, p(n;—n;)—-Benz = bidentate benzoate, and u;—Benz= bridged benzoate.

BDE(eV) lonic(%) Covalent (%)
Co- Pyr +100.000 99 1
Co-p2(m1—mi)-Benz) +100.002 96 4

Co-(n1—Benz) +197.818 92 8
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4.6. Non-Covalent Interaction(NCI Plot)

The (NCI plot) [46-48] has been presented in order to characterize the intramolecular interactions in
the dimeric complex. According to the isosurfaces color code, red and yellow represent the repulsive and
weak repulsive interactions respectively, while blue and green represent the attractive and weak attractive

interactions, respectively. The general observation of the NCI plot index is presented in Figure 5.

Figure 5: NCI surface of the assembly in the synthesized complex. The gradient cut-off is s =0.35 a.u,

and the color scale is 0.143 <p< 0.726 au.

We notice that the weak attractive interactions are located between the -CH groups in the ortho-
position of pyridine rings and benzoate oxygen atoms; (O'(4)---H15-C(15), O(2)---H15-C(15), O(3)---
H19-C(19), O(3)---H24-C(24), O(2)---H20-C(20), O'(4)---H20-C(20), O(4)---H'20-C'20, O'(2) ---H'20-
C'20, O'(3)---H19-C19 and O'(2)---H19-C(19). This type of interaction is also observed in (u;—Benz)
which is represented by: (O'(4)---H(10)-C(10) and O(4)---H(10)-C(10). The same type of interaction is
observed in pu(n—n1)-Benz): (0(2)---H(7)-C(7), O(1)---H(3)-C(3), O'(1)---H'(3)-C'(3) and O'(2)---H'(7)-

C'(3)). Strong attractive m- interactions are observed between cis-pyridine rings. Other interactions are
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shown between the hydrogen atoms of pu,—Benzoate and the oxygen of p,(n;—n:)-Benz): (0'(2)---H(10)-
C(10) and O(2)---H'(10)-C'(10)) contact. The w,—Benzoate itself represents this type of interactions
(O'(3)---H'(14)-C'(14) and O(3)---H(14)-C(14). The low intensity of repulsive interactions is observed
only between O'(4) and O(4) (O'(4)---O(4)). The NCI plot confirms the AIM results and suggests that the

C-H---O interactions control the stabilization of the assembly.

4.7. Molecular electrostatic potential (MEP) analysis

The electrostatic interactions (weak intermolecular and hydrogen bonding) have been evaluated using
the same level of theory as the optimization. The 3D MEP surface provides the necessary information for
the most reactive sites in the molecular system [49-53]. The electrostatic potential values at the surface
are represented by five different colors, the color-coded surface indicates that the potential increase in
order: red < orange < yellow < green < blue. The most negatively charged regions are characterized by
red; it suggests the favored sites for a possible electrophilic attack. While, the most positive value which
appears in dark blue, indicates the favored sites for a nucleophilic attack. The MEP values were

calculated for the complex Co,(u(m1—n1)-Benz),(u—Benz),(Pyr)using the following formula [31].

V(=% 220 g )

~ (R,-71) (r'=r)

where V(r) represents the electrostatic molecular potential, z, is the charge of nucleus allocated at Rr, .

and p(r') is the electron density function of the molecule and r* is the dummy integration variable. Figure
6 shows that the most negative potential is concentrated around the oxygen atoms, especially the O(1),
and O'(1), which suggests the favored sites for a possible electrophilic attack. The green region is
concentrated around the carbon atoms, it represents the neutral potential. The deepest green color is
around the C'(8), C(8), C(1) and, C'(1), whereas the positive potentials are peripheral at the external H
atoms of the ligand units. The MEP results prove the existence of H-bonding in agreement with AIM and

NCI index studies (8 4-4 and § 4-6).
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Figure 6: The 3D MEP surfaces of the complex at the neutral state calculated with DFT-BLYP method at

TZP basis set.

4.8. Global reactivity descriptors

Electron affinity (A), lonization potential (1), Electronegativity (), Chemical potential (i), Chemical
hardness (n), Chemical softness (S), and Electrophilicity index (w) are known as the global reactivity
descriptors. Their values are calculated from the frontier molecular orbitals energies (HOMO and
LUMO). The calculations are investigated on the uncharged molecular structure
Coz(p2(n1—n1)-Benz),(n—Benz),(Pyr)s. According to Koopmans’ theorem [31], the ionization potential

(1) and electron affinity (A) can be donated by the following equations [34]:

| =-E A=-E (3)

HOMO LUMO

The electronegativity () index, the chemical potential (1) and chemical hardness (1) are defined as

[32,33]:
X:_u:_%(ELUMO+EHOMO) (4)
b= Y (B o * Evouo) 5)
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n:(ELUMO_EHOMO) (6)

The chemical softness (S) is defined as the inverse of the global hardness (1):

A (7)

The global electrophilicity index (w) as introduced by Parr et al. [34] are donated as:

o= (8)

From the results shown in Table 6, the high ionization energy (2.915 eV) and the negative value of the
chemical potential (-2.895 eV) suggest the stability of the title compound which means that it will not
decompose easily into its elements. The electrons of the complex present a low resistance to the

deformation during the small perturbations (= 0.039 eV). Low gap energy indicatesa high

chemicalsoftness (S= 25.64 ev ™) of the title compound, this proves its high chemical and
biologicalreactivity. The very high value of the electrophilicity index (107.5 eV), suggests a good

electrophilic character of the complex.

Table 6: Global reactivity descriptors of the Co,(u(11—m1)-Benz), (i —Benz),(Pyr)a.

Parameters Values
lonization potential (1) 2.915
Electron affinity (A) 2.876
Electronegativity (y) 2.895
Chemical potential () -2.895
Global chemical softness (S) 25.64
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Global chemical hardness (1) 0.039

Electrophilicity index () 107.5

*All values are given in (eV) with the exception of the global chemical softness S is given in (e V o ).

4.9. Local reactivity descriptors

The most probable nucleophilic, electrophilic, or radical sites are investigated on the molecular
structure. It leads to some reactivity indexes not accessible with other quantum methods, such as the

Fukui functions which are given by:

(ép(r)\

T 6N
N e

9)

p(r) is defined as the electronic density of the system and N their electrons number at the constant
external potential v(r). These descriptors are often condensed on atomic values calculated using different
approximations such as Hirshfeld [35], Mulliken [54], or natural orbital [55] by exploitation of the
electronic population around an atom (k). Its importance lies in modeling the chemical reactivity and site
selectivity [56,57]. In the aim of our study, they are given in terms of the variation of the Hirshfeld

charges (q,) of the atoms, which is accompanied by a change in the total number of electrons (N)in the

dimeric complex, these can be written respectively as:

For electrophilic attack f =q,(N+1)-q, (N) (10)
For nucleophilic attack fo=a,(N)-q, (N -1) (12)
For radical attack f’=1/2(q, (N +1)-q, (N -1) (12)

Where q, (N), (q, (N +1) and g, (N -1) are the electronic population of k atom in neutral, anionic, and

cationic molecule respectively. Parr and Yang have shown that the atoms with higher values of the Fukui

function ( f, ) are more prone to reactivity under the corresponding types of attack. [58] The results shown
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in Table S6 are carried out using single point calculations. They indicate that the Co" ions (Co and Co')
are the most reactive sites for the attacks of nucleophilic and free radical, followed by the oxygen atoms
O(1) and O'(1). The hydrogen atoms H(6), H(11), H(12), H(13), H'(6), H'(11), H'(12), and H'(13) are very
reactive to the radical attacks because the corresponding C-H bonding is weakened under the effect of the
Hydrogen bonding. The carbon atoms C(2) and C'(2) are the most reactive sites prone to electrophilic

attacks.

4.10. Infra-Red analysis

The experimental and the calculated IR spectra of the complex
Coz(u2(n1—m1)-Benz),(u;—Benz),(Pyr)shave been investigated. The theoretical vibrational frequencies
were obtained by using the BLYP method and the TZP basis set. The corresponding spectra are shown in

Figure 7.

4.10.1. C-O vibrations

The experimental IR spectrum exhibits a strong absorption band at 1215cm ~* which may be assigned

to the stretching vibration mode of C-O bonds. It is found in the theoretical spectrum at wave number

1291cm “em .

4.10.2. C-C, C=C vibrations

The experimental infrared spectrum shows absorption bands at 1444 and 1489 ¢m ™ attributed to the

stretching vibrations mode of the aromatic C=C and C-C, respectively. In the calculated spectrum, they

are observed at 1433 and 1476c¢m . The vibration predicted in the theoretical spectrum at 678cm *is

identified as the aromatic C=C and C-C deformation modes. In the experimental spectrum, it is observed

in 686 cm .

4.10.3. -C=N- vibrations
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The experimental infrared spectrum displays a band at 1570 c¢m ™ corresponding to the stretching

1

vibration mode of the aromatic-C=N- It is absorbed in the calculated spectrum at 1576cm .

4.10.4. =C-N=vibrations

1

The experimental infrared spectrum reveals a band at 1398 ¢m ™ attributed to the stretching vibration

1

mode of the aromatic =C-N=. It is observed in the calculated spectra at 1303cm .

4.10.5. C-H vibrations

The stretching vibration mode of the aromatic C-H bonds appears in the region 3039-3062cm ~* em *,
which is observed in the calculated spectrum at 3076cm *em *. In-plane C-H bending vibrations were
obtained in the range 1011-1050cm ' =m *, While the experimental range values are 1013-1073cm ' om *.

The absorption bands at 668, 680, 699, 702 andasd 746 cm '=m *are due to the out-of-plane bending

modes of C-H bonds in the calculated spectrum. In the experimental spectrum, they are detected at 702,

720, and 767 cm " .em .

4.10.6. Metal - Ligand vibrations

A weak band at 567 cm "em ‘comes from the stretching vibration of the M-O linkage of the Co-O

1

groups, while in our calculation this absorption band is found at 563 c¢m ~*=m *. The bending vibrations of
Co-O are detected at 430 and 433 cm 'em * in the calculated and experimental IR spectra, respectively.
The vibration band of the Co-N is found in the range of 641-643 c¢m ~*=m *, while the corresponding out-

of-plane bending vibration is located at 468 cm "=m *. We have to mention that the band positioned at

3434 cm "em * is assigned to the vibration of OH bonds of water compressed in the KBr pellet.

In conclusion, the experimental and theoretical data are complementary to each other. Indeed, the
theoretical spectrum provides a help in the determination of the nature of the vibrations. The experimental
and calculated values of the vibration frequencies are close in terms of position and intensity, attesting the

well-known reliability of DFT at GGA level for the calculation of the vibrational spectra [59].
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Figure 7: Fourier-transform infrared (FT-IR) spectra of the
Coz(p2(n1—M1)-Benz),(un;—Benz),(Pyr)scomplex. a) Theoretical spectrum, b) Experimental spectrum in

KBr pellet.

4.11. UV-Visible absorption

The optical absorbance spectrum of this crystal was recorded at 298 K in the range of 190-800 nm in
DMSO as solvent (Figure 8). In the UV range [190-400 nm], the wavelengths 259.1 nm, 264.7 nm, 270
nm, and 277 nm may represent the m-n* transitions of the benzoate and pyridine rings while the

absorption bands in the range [330-370nm], may refer the n-z*of the benzoate ligands. However, the
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visible spectrum recorded in the range of 400-800 nm reveals the absorption band at 552.4nm may due be
to the d-d transition of the cobalt (1) ions.

For a deeper understanding of the experimental UV-Visible spectrum of the present complex;
electronic transitions, electronic excitation energies, oscillating strength, major contributions, and their
corresponding character have been investigated. The calculated UV-Visible spectra were performed using
the Time-Dependent Density Functional Theory (TD-DFT) [27,60,61], employing the PBE gradient-
corrected exchange-correlation functional of Perdew-Burke-Ernzerhof [62], the BLYP exchange-
correlation functional by Becke [63], and Lee, Yang, and Parr [64], two well-established hybrid
functionals (B3LYP [65], PBEO [66]), the SAOP potential model [67] andthe range-separatedCAM-
B3LYP [68], with the TZP basis set [24]. The experimental and theoretical electronic spectra in gas phase
are given in Figure 8. The results are summarized in Table 7.
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Figure 8: Experimental (Exp) and simulated (Calc) electronic UV-Vis spectra of

Coz(p2(n1—m1)—Benz)z(u—Benz)z(Pyr)a.

The experimental and calculated wavelength spectra are almost similar in terms of the shape of the
spectra, which, at theoretical level show three bands clearly visible with the hybrid functionals. Their
relative intensity is, however, strongly dependent on the class of the functional (GGA, hybrid, range-
separated). Moreover, the transitions are energetically strongly underestimated at the GGA level, as it is
already pointed out in TD-DFT benchmarks of organic compounds [69-71], and also of a few metal
complexes. [72-75] The theoretical spectrum is significantly improved when using the SOAP model
potential developed by Baerends et al. [67], and even more with hybrid functionals (B3LYP, PBEO). This
agrees with the good agreement found by Liao et al. in their study of iridium (I1l) complexes [76], and
with the conclusions of Latouche et al. [72] who obtained the best agreement with the hybrid functionals,
and even overestimated transitions with the range-separated functional for their Pt(ll) or Ir(llI)
complexes. In our case, the range-separated functional CAM-B3LYP [68], as implemented in ADF with a
Yukawa potential to separate the short/long ranges [77], (CAMY-B3LYP) delivers a spectrum which is
also very close to the experimental one. Indeed, it could also deliver underestimated transition
wavelengths, since the truncation of the experimental spectrum in the UV domain provides only a
superior limit of the peak position.

All theoretical calculations indicate that three bands may be observed: the first one is a ML”’CT Co
— (u;—Benz), the second band is MLCT Co —» Pyr, the third one is L'MCT (p(n;—n:1)-Benz) —Co with
some mixture of Co-d-d transition (see-Table S7). These theoretical bands show a large redshift in GGA
spectra (BLYP and PBE) with respect to the experimental spectrum, their absorption bands at the level of
these two methods are 387 nm, 460 nm, 552 nm for PBE, and 409 nm, 479 nm, 569nm for BLYP. The
same bands are observed at smaller wavelength values: 373 nm, 402 nm, and 451 nm for SAOP model.
The intensities of these absorption bands are ordered from smallest to largest. Further, the red shift with

respect to experiment is reduced with hybrids PBEO and B3LYP (PBEO more reduced than B3LYP), the
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corresponding absorption wavelengths are 258 nm, 315 nm, and 347 nm for PBEQ. 286 nm, 346 nm, and
385nm for B3LYP, their intensities are in reverse order compared to the previous GGA band absorption
values. With the CAM-B3LYP spectrum, the absorption bands are obtained at 226 nm, 281 nm, and 317
nm.

The maximum value of the oscillator strength is reached at the wavelength 226 nm (1.006 a.u.),
representing the H-3— L+6 electronic transition with a Metal-Ligand-Charge-Transfer Co —(u;,—Benz).
All the transitions are in the UV domain, possibly extended to the near purple. The bands from Co-d-d
transitions are assumed to be hardly visible, their oscillator strength values are in the average of 0.0001
a.utf =c.0007¢au) Unfortunately, the limitation of the experimental spectrophotometer does not let access

the bands at wavelengths smaller than 250 nm (vacuum UV).

Table 7: Selected optimized parameters for the complex Coz(u(n1—m1)-Benz) (w—Benz),(Pyr), in gas

‘..., total energy, major contribution, the oscillator strength (f) and the electronic

cale =™

phase. The values

transition character are reported.

Acale Energy | Oscillator Major Character
[nm] (eV) Strength | contributions
(f) (@u.)
B3LYP

286 4.979 0.247 H-4—L+6 (58.3%) Co —(u,-Benz) (ML*’CT)

H-4—L+10 | (14.3%) Co —Pyr (MLCT)
346 | 4.416 0.189 H-3->L+2 | (47.5%) Co —Pyr (MLCT)

H-4—L+1 (37.9%) Co —Pyr (MLCT)

H-6—L+1 (11.0%) Co —Pyr (MLCT)
385 4.077 0.033 H-12—L (25.8%) (12( ni—m;) —Benz)—Co (L’'MCT)

H-18—L (65.9%) (wm,-Benz) »Co
CAMY-B3LYP

226 | 7.455 1.006 H-3->L+6 | (24.0%) Co —(u—-Benz) (MLCT)

33



Journal Pre-proof

281 | 6.839 0.209 H-4—>L+2 | (39.5%) Co —>Pyr (MLCT)
H-3—>L+1 | (35.1%) Co —Pyr (MLCT)
317 | 6.180 0.094 H-18—-L (31.9%) (1( mi—n;) —Benz)—>Co (L’MCT)
PBEO
258 | 5.596 0.325 H-5—>L+5 | (36.5%) Co —(u,—Benz) (ML”CT)
315 | 5.003 0.261 H-35L+2 | (44.7%) Co —Pyr (MLCT)
347 | 4706 0.093 H-20—L (51.4%) (1o n—m1) —Benz)—Co (L’MCT)
H-7—L+5 (34.7%) | (w—-Benz)/(uy( mi—m;) -Benz)—C (L’L°CT)
0
SAOP
373 | 3.304 0.078 H-6—L+9 18.8% Co —(u,—Benz) (ML’CT)
H-6—>L+8 39.7% Co—>( ma( Mi—n1) -Benz) (ML”CT)
H-3->L+12 | 13.8% Co —Pyr (MLCT)
402 | 3.085 0.156 H-1->L+14 | (99.9%) Co —Pyr (MLCT)
451 | 2.364 0.259 H-10—L (66.0%) (1( ni—m1) —Benz)—Co (L'MCT)
H-3—>L+3 | (21.7%) Co —Pyr (MLCT)
PBE
409 [ 3.032 0.072 H-3-5L+16 | (91.8%) Co —(u,—Benz) (ML”CT)
479 | 2.582 0.157 H-3>L+14 | (98.4%) Co —Pyr (MLCT)
569 | 2.170 0.279 H-7—L (49.2%) | (u,-Benz)/(uy( my—n;) —Benz)—>C | (L’MCT) / (L’MCT)
0
H-L+3 (19.7%) Co—Co (MC)
BLYP
387 [ 3.201 0.073 H-4—L+15 | (99.9%) Co —(w,—Benz) (ML”CT)
460 | 2.685 0.165 H-4>L+12 | (95.5%) Co —Pyr (MLCT)
552 | 2.176 0.283 H-7—L (70.2%) | (w-Benz)/(ua( ni—n;) —Benz)—>C | (L’MCT)/ (L’MCT)
[¢]
H-1->L+4 | (17.6%) Co —Pyr (MLCT)
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H-2—L+5 (4.8%) Co—Co (MC)
H-1>L+4 (2.9%) Co—Co (MC)
H-5—>L+6 (2.4%) Co —Pyr (MLCT)

Where H: HOMO, L: LUMO, M: Metal, C: Charge, T: Transfer, L: Pyr (Pyridine), L’: p(n;—n:)-Benz and L’’: (u,—Benz)

4.12. Biological activities
4.12.1. Antimicrobial activity

The Coz(u2(n1—n1)-Benz),(n,—Benz),(Pyr)scomplex was tested for its in vitro antimicrobial activity in
the open conditions under visible/white light by the agar disk diffusion assay against six bacterial strains
and one pathogenic fungi using different concentrations. The results of the antimicrobial activity are

presented in Table 8 and are compared with gentamycin and penicillin as commercially available drugs.

Table 8: Results of the antimicrobial activity of Co,(u.(n;—n1)-Benz),(w—Benz),(Pyr),

Inhibition zone (mm)
Dilution E.coli | E. K. S. S. P. C.
(mg/mL) ATCC | coli | pneumonae | aureus | aureus | aeruginosa | albicans
25922 ATCC ATCC ATCC
25923 1117 90029
1 15+ | 10 12+0.3 10 + 12 + 8+05 26+0.1
0.3 * 0.6 0.1
0.3
0.5 9+02| 8% 8+0.1 8+£03|9x02| 703 20£04
0.1
0.25 7£05| - - 8+0.2|8%0.3 - 15+0.3
0.125 - - 8+£05 - - 11+0.6
0.0625 - - - - - 9+06
MIC(ug/mL) | 125 | 250 250 62.5 125 250 31.25

Values expressed are means + SD of three measurements (p < 0.05). (-) No zones of inhibition around the discs. MIC: the minimum inhibitory concentration

The tested complex was found to be active against all the tested strains. Indeed, the greatest zone of
inhibition was observed against the fungi strain C. Albicans ATCC 90029 with a minimum inhibitory
concentration value at 31.25 pg/mL. Moderate antibacterial activity was detected against all the tested

bacterial strains with values of MIC ranging from 62.5 to 250 pg/mL.
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Metal ion complexes are absorbed into the cell walls of microorganisms, which disrupt the respiratory
processes of cells and thus prevent the synthesis of proteins necessary for the further growth of
microorganisms. Consequently, the use of metal ion complexes as antimicrobial agents is essential for
inhibiting microbial growth [78]. The results of antimicrobial activity could be explained by the good
coordination of the metal ion with the chelating pyridine and benzoate ligands, resulting in the overlap of
the ligand orbital and partial sharing of the positive charge of the ion with the donor groups, inducing a
decrease in the polarity of the metal ion. Thus, itenhances the lipophilic character of the metal ion
complex. This improves evidently the penetration of the complexes through the lipid membranes, leading
to the deactivation of the bonding sites on enzymes of the microorganisms [79,80]. According to Kouris
et al. [81], the presence of N-donor ligands like the pyridine groups and the chelating effects in the Co (1)
complex may contribute to the enhancement of antimicrobial activity. Moreover, the important role of the
benzoate group as a ligand in delivering complexes to bacterial cells may improve the antimicrobial

effects [82].

4.12.2. Antioxidant activities

The antioxidant properties of the synthesized complex were evaluated using four different methods
namely DPPH and H,O; radical scavenging activities, total antioxidant capacity and ferric reducing
antioxidant power. The tested complex and the reference molecules (BHA, BHT and ascorbic acid)

showed antioxidant activity in all the tested systems and the results are illustrated in Table 9.

Table 9: Antioxidant properties of Coz(u(n1—m1)—-Benz)z(w—Benz)a(Pyr),

Extract and DPPH assay® | H,O.assay’% | FRAP assay®ug | TAC assay ®ug
standards % of inhibition of inhibition EAA/mg EAA/mg
Co complex 24.8 £ 0.55 65.78 + 0.67 494 +0.01 29.23 £ 0.008
BHA" 98.08 =+ 0,86 NT NT NT
BHT" 94.05+0.9 NT NT NT
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Ascorbic acid® 96.1+0.18 62.32 +0.26 NT NT

aValues expressed are means + SD of three measurements (p < 0.05); ® Reference compounds; NT: not tested.

The results of the antioxidant activity indicated the potent capacity of the tested complex to scavenge
free radicals H,O, with a percentage of inhibition at 65.78 + 0.67% compared to ascorbic acid as
reference. Moreover, a good antioxidant ability to reduce iron and molybdenum transition metals was
observed in TAC and FRAP assays, with values of 29.23 + 0.008 and 4.94 = 0.01 pg EAA/mg,
respectively. But, in the DPPH test, the Co (lI)-complex exhibited a moderate antioxidant activity with a
value of 24.8 = 0.55 % at the concentration of 100 pg/mL, compared to BHA, BHT, and ascorbic acid as
references.

The result of the FRAP test is in agreement with data from Jafari et al. [83], which indicated the high
activity of the cobalt (11) complex to reduce iron IlI into iron Il. In addition, Benhassine et al. [84]
reported the moderate antioxidant activity of Co(ll)-complex in DPPH assay which is consistent with the
results of the present study.

Hydrogen peroxide is a molecular species, which is very important because of its capacity to penetrate
biological membranes. This species reacts with metal ions like iron and copper via Fenton or Haber—
Weiss reactions in the presence of Oz*— to generate hydroxyl radicals in cells and can cause many toxic
effects [85]. The powerful antioxidant activity of the tested complex in all most assays could be assigned
to the presence of an open-shell electronic configuration in cobalt (I1)-complex which exhibits a better
antioxidant activity [86]. In fact, previous research reported that the complexation of 3d-transition metal
with ligands facilitates electron transfer increasing the antioxidant activity of complexes [87]. In contrast,
other researchers attributed the strong antioxidant activity of the Co (I1)-complex to the nature of attached
ligands [88-90]. It is very important to mention that the experimental results are in good agreement with
the local reactivity parameters obtained by the DFT method, which indicate that the hydrogen atoms:
H(6), H(11), H(12), H(13), H'(6), H'(11), H'(12), and H'(13) of the benzoate and pyridine rings, are very

reactive sites for the attacks of free radicals.

37



Journal Pre-proof

4.12.3. Anti-inflammatory activity

The in vitro anti-inflammatory activity of di-p-benzoato-bis [benzoatodipyridine-cobalt (11)] complex
and diclofenac sodium as standard drug was evaluated by egg albumin denaturation test and the results
were expressed as percentage of inhibition. The data revealed that the tested complex and standard drug
prevent the denaturation of albumin in concentration dependent manner (Figure 9). Diclofenac showed
the maximum percentage of inhibition (99.23%) at the concentration of 4 mg/mL. Moreover, at the same
concentration the tested complex exhibited a moderate anti-inflammatory effect with a percentage of
inhibition at 11.48 %. The moderate anti-inflammatory activity of cobalt (I1)-complex could be attributed
to the interactions between the active centers in the tested complex with the aliphatic region around the
lysine residue on the albumin protein [91].

BDiclofenac @ Cobalt(ll}-complex

100
80

60

40

% of inhibition

20

Concentration (mg/ml)

Figure 9: In vitro anti-inflammatory effect of Co (I11) complex.
4.13. Thermogravimetric analysis (TG-DTA)

The thermal decomposition characteristics of the present complex have been investigated in the range
of temperature [35-350°C], using thermal analytical techniques (TGA and DTA) under argon.The results
are collected in Table 10. The TG-thermogram (Figure 10) shows three steps of decomposition.
Generally, the decomposition in TGA analysis comes via partial loss of the organic moiety. The Co-N

bonds are less stable than the Co-O bonds. It is explained by the mesomeric effect of oxygen atoms.
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The title complex is thermally stable up to 107.7 °C. Above this temperature, comes the first step of the
decomposition with weight loss of 22.87 % (4.848 mg), accompanied by an endothermic peak at 163.9
°C. Itis stable up to 140.8 °C on the DTA thermogram, which reasonably accounted for the loss of four
pyridine ligands (CsHsN), according to BDE analysis which shows that the Co-N connection is more
ionic than Co-O. The second stage was detected at 177.8-248.3°C intervals, displaying a weight loss of
10.89% (2.309 mg). Two successively endothermic peaks are shown on the DTA thermogram at 232.5
and 243.5 °C may due to the removal of two bidentate benzoate ((u(m1—m1)-Benz)) and two bridged
benzoates (u;—Benz) respectively; this is explained by the angular force of the (u.(n;—n:)—Benzoate)
which presents less stability than the bridged once. The DTA thermogram exhibits a final endothermic

peak at 269.3 °C corresponding to the melting point
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Figure 10: TG-DTA curves of the dimeric cobalt complex, sample mass 21.2 mg, heating rate 10°C min”

! atmosphere: argon.

Table 10: Thermal results TG-DTA of Coz(r(ni—ni1)-Benz) (1 —Benz),(Pyr)4

TG T°range/°C DTA Peak nature Mass loss Decomposition Residual

Tmax-peaks/OC %(mg) assignment %(mg)
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Stage (1) 107-170 163.9 Endo 22.87 (4.848) 4(Pyr) 66.24
Stage (1) 178-248 Endo 10.89 2(uo( my—m,) —Benz) | (14.043)
(2.309) 2(u,—-Benz)
Stage (111) 269.3 Endo 0.00

Process under argon atmosphere, the residual mass was measured at 300 °C
5. Conclusion

In this paper, the complex Coy(ua(m1—11)-Benz),(u—Benz),(Pyr)slce.ip—Eenz),.(genz) (pyr),Jhas been
synthesized and characterized. X-ray crystallographic analysis revealed that pair of cobalt (II) ions are
coordinated by two bridged benzoate ligands, each cobalt has two pyridine rings and
(w2(n1—m1)-Benzoate with (O-Co-O) band angle of about 60°. The synthesized compound has been
characterized by different spectroscopic and analytical techniques such as UV-Visible analysis, FT-IR
and Thermal analysis (TG and DTA). Density Functional Theory (DFT) calculations were used to achieve
more details and accuracy in the assignment of the experimental data, also to explain some physical and
chemical properties such as the band gaps of materials, the energies of dissociating molecular, the origin
of the electronic transitions in UV-Vis absorption spectrum, the intermolecular/ intramolecular
interactions and the chemical reactivity. The optimized molecular geometry shows that the Co (Il) ions
coordinated in a slightly distorted octahedral environment, where the (Co-O) bond length variations are in
2.031-2.209 A range. All the donating sites are almost in the same plane, the pyridine rings are in apical
octahedral positions. The Hirshfeld atomic charges analysis suggests that the highest concentration of the
negative charge is located around the oxygen atoms especially O(1), while the Co atom, C(8), and C(1)
have the highest electronic deficit; they are the most prone to a nucleophilic attack. This is in good
agreement with the features of a MEP plot. The calculated band gaps suggest a high chemical reactivity
and low kinetic stability of the complex at different oxidation states; the dicationic state is founded
slightly more stable than the other oxidation states. The studied molecular structure shows many types of

intramolecular / intermolecular, attractive and repulsive interactions. They were investigated using the
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NCI plot and AIM analysis; n-7 interactions located between cis-pyridine rings are founded. All of these
interactions control the stability of the complex. The bond dissociation energies results mention that all
cobalt ion-ligand bands have ionic contributions. Moreover, the electronic spectrum provided assignments
for characteristic absorption bands. Good agreement between the experimental and the calculated
frequencies has been observed. The thermal analysis revealed that the complex is thermally stable up to
107.7 °C. However, the melting point is at 269.3 °C. Furthermore, the present investigation indicates
interesting in vitro biological activities. Indeed, it can be concluded that the tested complex could be used
as a good agent with antioxidant properties against pathological damage due to free radicals inducing
inflammations and infectious diseases. Moreover, the results of the antimicrobial activity encourage in
silico/docking study of this metal complex with microbial genomes. This could give better insight into

metal-genome interactions at the molecular level.
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