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Metal Based Bioactive Nitrogen and Oxygen Donor Mono and Bis Schiff Bases: Design, Synthesis, Spectral Characterization, Computational Analysis and Antibacterial Screening
Abstract
The scientific interest in developing the advanced metal based compounds to inhibit and control bacterial infections is continuously rising. Keeping in view their pharmacological significance, two new bioactive symmetrical phenylenediamine mono- and bis-Schiff bases, 2-{[(4-aminophenyl)imino]methyl}-6-methoxyphenol (L1) and 2,2'-{benzene-1,2-diylbis[nitrilomethylylidene]}bis(6-methoxyphenol) (L2) have been synthesized and characterized by using physical techniques, spectral methods, elemental and DFT based computational analysis with B3LYP/6-311++G(d, p) basis set. Furthermore, the synthesized ligands were complexed with VO, Mn, Co, Ni, Cu and Zn ions in ratio [M:L,1:2 and 1:1], respectively. All the complexes exhibited significant antibacterial action against all tested bacterial strains. But overall, the zinc complexes possessed higher antibacterial activity. These results concluded that metal complexes might be promising induction in the upcoming time for medical purposes.
Keywords: Symmetrical phenylenediamine mono and bis-Schiff bases; computational study; chelation; bidentate and tetradentate; antibacterial activity. 
1.	Introduction
Schiff base ligands occupy significant importance in coordination chemistry as they have potential to form medicinally important metal complexes.1 They have attained greater attention in biological and coordination chemistry because of their facile preparation, structural variability and diversity. They are significantly involved in the development of chelates. Particularly Schiff bases having –OH, –SH and –NH2 nucleophilic substituents at ortho position to the azomethine group have appropriate structures for coordination with metal ions forming more stable metal chelates.2 Schiff base ligands with electron donors such as nitrogen and oxygen atoms have been extensively investigated because of their competent therapeutic potentials.3 They are also significant for their biological action against fungi, bacteria and certain types of tumors.4 
Nowadays, the design and development of new compounds for dealing with resistant microbes have become an important area of antifungal and antibacterial research, as resistance of pathogenic microbes towards already existing antimicrobial drugs is speedily becoming a worldwide problem. And the discovery of novel metal based antimicrobial agents is more challenging demand for pharmacologists and chemists today.5 The work highlights the bioactivity of those compounds of first-row divalent and tetravalent transition metals which are non-toxic, economical as well as readily available for pharmacology. Most of the first-row transition metals are essential for biological processes such as respiration, cell division, photosynthesis and nitrogen fixation.6 Apart from choice of transition metals, it is also important to properly design the ligand framework as it has the ability to modify the systematic/oral bioavailability of metals, secure some selective target enzymes or DNA, protect as well as supply metal ions at targeted sites.7 
Slight modification in the structure of ligand could significantly increase the pharmacological properties of metal complexes through the endorsement of bioactive metal ions.8 The metal complexes of Schiff bases have been known to possess different biological activities like antifungal,9 enzyme inhibition,10 anticancer,11 anticonvulsant,12 antitumor,13 anti-proliferative,14 antibacterial,15 antioxidant,16 anti-inflammatory,17 cytotoxic18 and antiviral.19 Literature reveals that extensive work have been done on the preparation of various symmetrical tetradentate Schiff bases from 1,2-diamines with ortho-hydroxyketones/aldehydes.20  The metal complexes of 1,2-diamine have a vital role in both structural and synthetic research,21 related to analytical, pharmaceutical, biological and clinical fields.22 
With the expansion of our research work describing the synthesis, structure elucidation and pharmacological properties of chemical scaffolds prepared by the condensation of phenylenediamine with aromatic carbonyls,23 here we reported a facile synthesis of two new phenylenediamine derived mono- and bis-Schiff bases, 2-{[(4-aminophenyl)imino]methyl}-6-methoxyphenol (L1) and 2,2'-{benzene-1,2-diylbis[nitrilomethylylidene]}bis(6-methoxyphenol) (L2) and their complexes with VO(IV), Mn(II), Co(II), Ni(II), Cu(II) and Zn(II) metals. All the synthesized compounds have been studied in detail for their structure, physicochemical and in vitro antibacterial properties against one Gram positive bacteria (GPB) and one Gram negative bacteria (GNB). Density functional parameters have been utilized for analysing the molecular designs with the active sites, molecular interactions along with biochemical activity. The experimental findings have been compared to their computed results. 
2.	Experimental
2.1.	Materials
Chemicals of analytical grade were used during the research work. o-Phenylenediamine, p-phenylenediamine and 2-hydroxy-3-methoxybenzaldehyde were purchased from Sigma Aldrich which were extremely pure so they were used without further purification. Ethanol and dioxane were distilled for the additional refinement because they have been used as solvents in the reaction media for the synthetic reactions of ligands and their corresponding metal chelates, respectively. 
2.2.	Instrumentation
The melting temperatures of ligands and decomposition temperatures of metal complexes were determined using Stuart apparatus. FT-IR spectra were documented using Nicolet FT-IR Impact 400D infrared Spectrophotometer in working range (4000-400 cm-1).  Proton NMR spectra of the mono- and bis-Schiff bases were obtained through Bruker Advance 300 MHz using DMSO (dimethyl sulfoxide) solvent. The mass spectra of ligands were taken on JEOL MS Route instrument. UV-Vis spectra were recorded on Hitachi UV-3200 spectrophotometer using DMF (dimethyl formamide) solvent. Magnetic moment values for the metal complexes were recorded with the Magnetic Susceptibility Balance (MSB Mk-1) using MnCl2 as a reference.  Molar conductivity measurements of metal complexes (0.001M solutions in DMF) were carried out Inolab Cond 720 Conductivity Bridge at room temperature. The antibacterial activity was performed using DMSO solvent on ESCO Laminar Flow Cabinet and Memmert incubator at the Department of Biochemistry, University of Gujrat, Gujrat, Pakistan.
2.3.	Synthesis of Ligands
The phenylenediamine based ligands, 2-{[(4-aminophenyl)imino]methyl}-6-methoxyphenol (L1) and 2,2'-{benzene-1,2-diylbis[nitrilomethylylidene]}bis(6-methoxyphenol) (L2) have been synthesized by adopting already published path24 as shown in Scheme 1. The p-phenylenediamine ligand (L1) was synthesized by adding the equimolar amount of ethanolic solution of 2-hydroxy-3-methoxybenzaldehyde (10 mmol, 1.52 g) over a stirred ethanolic solution of p-phenylenediamine (10 mmol, 1.08 g). Change in colour and after that precipitate formation in the reaction mixture was the first indication of the successful reaction. The reaction mixture was continuously stirred and the advancement in the reaction mixture was checked by taking comparative thin layer chromatography (TLC). The finishing point of the reaction was evidenced through a single spot of ligand on the TLC. The precipitates of ligand were then filtered out, rinsed with warm ethanol, dried off and then recrystallized by 1:2 ratio of ethanol and ether to obtain the pure product. The o-phenylenediamine ligand (L2) was also synthesized by the same pathway through refluxing instead of stirring the ethanolic solution of o-phenylenediamine (5 mmol, 0.54 g) with same 2-hydroxy-3-methoxybenzaldehyde (10 mmol, 1.52 g) in 1:2 molar ratio.
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Scheme 1 Synthesis of phenylenediamine Schiff base ligands (L1) & (L2)
2.3.1.	2-{[(4-Aminophenyl)imino]methyl}-6-methoxyphenol (L1)
Yield (%): 82; m.p. (°C): 256; colour: light yellow; IR (KBr, cm-1): 3427 (OH), 3020 (NH2), 2930 (OCH3), 1640 (HC=N), 1389 (C-O); 1HNMR (DMSO-d6, 300 MHz) δ (ppm): 3.82 (s, 3H, OCH3), 6.90-7.26 (m, 7H, Ar-H), 7.53 (s, 2H, NH2), 9.01 (s, 1H, HC=N), 13.17 (s, 1H, OH); MS (ESI) m/z (%): 241.1 ([M]+, 100), 227.1 (24), 209.1 (09), 197.0 (08), 183.0 (05), 154.0 (10), 135.0 (04); Anal. calcd. for C14H14N2O2 (%) C, 69.4; N, 11.56; H, 5.82; found: C, 69.35; N, 11.49; H, 5.78.

2.3.2.	2,2'-{Benzene-1,2-diylbis[nitrilomethylylidene]}bis(6-methoxyphenol) (L2)
Yield (%): 73; m.p. (°C) 173; colour: dark orange; IR (KBr, cm-1): 3431 (OH), 3100 (C-H), 2918 (OCH3), 1638 (HC=N), 1396 (C-O); 1HNMR (DMSO-d6, 300 MHz,) δ (ppm): 3.92 (s, 3H, OCH3), 6.88-6.93 (t, 1H, C34-H, C38-H), 6.95-6.97 (d, 1H, C35-H, C39-H), 7.07-7.13 (dd, 1H, C33-H, C40-H), 7.23-7.28 (d, 1H, C31-H), 7.38-7.46 (m, 1H, C30-H, C29-H), 7.60-7.64 (d, 1H, C32-H), 8.91 (s, 1H, HC=N), 12.97 (s, 1H, OH); MS (ESI) m/z (%): 376.4 ([M]+, 100), 361.2 (36), 253.1 (25), 240.1 (62), 222.1 (28), 211.1 (22), 197 (14). Anal. Calcd. for C22H20N2O4 (%): C, 70.20; N, 7.44; H, 5.36; found: C, 69.96; N, 7.38; H, 5.31.
2.4.	Synthesis of Transition Metal Complexes
[bookmark: _Hlk524284938]All the transition metal complexes of p-phenylenediamine ligand (L1) were synthesized using 1:2 molar ratio of metal to ligand by accomplishing previously reported protocol.24 The ligand (20 mmol) was dissolved in 10 mL dioxane and magnetically refluxed until ligand was completely dissolved. Then, the respective metallic salt (vanadyl sulphate hydrate, manganese(II) chloride, cobalt(II) chloride hexahydrate, nickel(II) chloride hexahydrate, copper(II) chloride dihydrate and anhydrous zinc(II) chloride) solution (10 mmol) was gradually added in the ligand solution with continual stirring. After that, the reaction mixture was further refluxed for 6 hours. The reaction was observed by using TLC at regular intervals. Desired products were obtained in the form of the precipitates, which were filtered, washed with hot dioxane, dried and then recrystallized using dioxane and ether (1:2) to obtain the pure product. For the synthesis of metal complexes of o-phenylenediamine ligand (L2), same procedure was fallowed except that ligand (L1) was replaced with ligand (L2) and equimolar ratio of ligand and metal salts were used. All complexes were synthesized according to above mentioned procedure and their structures are shown in Scheme 2.
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Scheme 2 Synthesis of phenylenediamine metal based compounds (1)-(12)
2.5.	Computational Study
Both the ligands (L1) and (L2) and their selected 3d-metal complexes have been optimized by density functional theory (DFT) to insight their geometries in absence of their well resolved SC-XRD data. For this computational study, the Gaussian 09 program25 was employed to execute all the theoretical simulations for molecular dynamics of both ligands (L1) and (L2) with the help of DFT. Based on the B3LYP method with 6-311++G(d, p) basis sets, the molecular geometries of ligands were thoroughly optimized at their ground state energy levels. The HOMO-LUMO energies together with their energy differences for optimized structures were calculated to analyse their quantum chemical parameters. The structural characteristics, stability and molecular quantities i.e., chemical softness, hardness and electronegativity, electrophilicity were determined satisfactorily.26 The computed FT-IR spectra of the studied molecular systems have also been established from their optimized geometrical structures through B3LYP/6-311++G(d, p) functions. The natural bond orbital (NBO) analysis, Mulliken atomic charges (MAC) and molecular electrostatic potential (MEP) maps of the studied molecules have been assessed at the same functional, whereas UV−Vis spectra have been computed employing the TD-DFT (time-dependent density functional theory) accompanied by the afore-mentioned functional. Furthermore, all the input data files were structured using Gaussview 5.0.27 While GaussSum,28 Avogadro,29 Chemcraft30 and Gaussview 5.0 programs have been utilized to deduce and interpret the outcomes including visualization of the optimized structures, computed spectra along with the summary of their geometrical parameters like bond lengths and bond angles.
2.6.	Antibacterial Study
Anti-bacterial action of the prepared compounds was evaluated against three G- bacteria (GNB) i.e., Salmonella typhi, Klebsiella pneumonia, Escherichia coli and one Gram+ bacteria (GPB) i.e., Staphylococcus aureus through disc diffusion method.31 Standard drugs ampicillin and streptomycin were used to compare the results. Equivalent quantity of both nutrient broth and agar-agar were mixed up in distilled water. The synthesized media, filter paper strips and petri dishes were autoclaved for about 30 minutes at 121°C for sterilization. Then, the semi-liquid media was transferred to petri dishes and allowed to solidify. After that, the bacterial inoculum was spread over the media by means of glass spreader. Later on, the filter paper strips were placed at the regular distance on the solidified media. Then, 10 µL of DMSO, sample solutions and standards having same concentration (2 mM in DMSO) were poured onto the strips via micropipette. In this analysis, DMSO and standards acted as negative and positive controls, correspondingly. The plates were properly labelled for each sample and standard, tightly wrapped and placed in incubator at 37°C temperature for 24 hours. Finally, the inhibition zones of the tested samples and standards were checked and recorded in millimetre (mm) against each bacterial strain.
3.	Results and Discussion
The symmetrical Schiff base ligands (L1) and (L2) were prepared in 1:1 and 1:2 molar ratio by condensation reaction of o-vanillin with p-phenylenediamine and o-phenylenediamine, respectively. The synthesized ligands were moisture and air stable. Both ligands were completely soluble in DMSO, DMF and dioxane at room temperature. Both these ligands were then reacted with metallic salts VOSO4.H2O, MnCl2.2H2O, NiCl2.6H2O, CoCl2.6H2O, CuCl2.2H2O and ZnCl2 to synthesize 3d-metal complexes in metal to ligand molar ratio of 1:2 and 1:1, respectively (Scheme 1). All the as-synthesized metal chelates were microcrystalline solids having intense colours except zinc complexes which were colourless. The metal complexes exhibited greater range of decomposition points with regard to their respective ligands as a result of strong bonding in metal chelates. The structures of synthesized phenylenediamine Schiff bases and their corresponding 3d-metal chelates were explored on the basis of their spectral, physical and micro-analytical results. The non-electrolytic behaviour of the metal chelates was specified by their minor conductance values. The spectral results together with elemental analysis agreed well with the proposed structures of the as-synthesized compounds, verifying their high purity (given in Table 1).
Table 1. Physical, analytical and elemental details of metal complexes (1)-(12)
	No
	Compound
M.P (°C)
	Formula
Colour
	M.W (g/mol)
Yield (%)
	Calculated (%) (Found)

	
	
	
	
	C
	H
	N
	M

	(1)
	VO(L1)2
300+
	C28H26N4O5V
Pine green
	547.47
65
	61.20
(61.08)
	4.77
(4.65)
	10.20
(10.11)
	9.27
(9.14)

	(2)
	Mn(L1)2(H2O)2
283-285
	C28H30N4O6Mn
Dark brown
	573.50
78
	58.64
(58.59)
	5.27
(5.21)
	9.77
(9.68)
	9.58
(9.45)

	(3)
	Co(L1)2(H2O)2
277-279
	C28H30N4O6Co
Russet Brown 
	577.49
70
	58.23
(58.18)
	5.24
(5.19)
	9.70
(9.64)
	10.20
(10.07)

	(4)
	Ni(L1)2(H2O)2
289-291
	C28H30N4O6Ni
Cyan
	577.25
72
	58.26
(58.18)
	5.24
(5.16)
	9.71
(9.63)
	10.17
(10.09)

	(5)
	Cu(L1)2(H2O)2
293-295
	C28H30N4O6Cu
Olive green
	582.11
82
	57.77
(57.65)
	5.19
(5.08)
	9.62
(9.53)
	10.92
(10.88)

	(6)
	Zn(L1)2(H2O)2
264-266
	C28H30N4O6Zn
Off-white
	583.94
72
	57.59
(57.51)
	5.18
(5.07)
	9.59
(9.50)
	11.20
(11.06)

	(7)
	VO(L2)
265-267
	C22H18N2O5V
Greenish black
	441.33
72
	59.87
(59.73)
	4.11
(4.05)
	6.35
(6.31)
	11.54
(11.47)

	(8)
	Mn(L2)(H2O)2
276-278
	C22H22N2O6Mn
Brownish green
	465.37 
68
	56.78
(56.64)
	4.77
(4.72)
	6.02
(5.96)
	11.81
(11.76)

	(9)
	Co(L2)(H2O)2
248-250
	C22H22N2O6Co
Dark violet
	469.35
77
	56.30
(56.17)
	4.72
(4.67)
	5.97
(5.90)
	12.56
(12.50)

	(10)
	Ni(L2)(H2O)2
260-262
	C22H22N2O6Ni
Dark grey
	469.1  
83
	56.33
(56.18)
	4.73
(4.68)
	5.97
(5.93)
	12.51
(12.43)

	(11)
	Cu(L2)(H2O)2
230-232
	C22H22N2O6Cu
Greenish black
	473.97
82
	55.75
(55.65)
	4.68
(4.64)
	5.91
(5.88)
	13.41
(13.47)

	(12)
	Zn(L2)(H2O)2
239-241
	C22H22N2O6Zn
Off-white
	475.83
81
	55.53
(55.41)
	4.66
(4.60)
	5.89
(5.83)
	13.74
(13.66)


3.1.	FT-IR Spectra
The IR spectra of both ligands showed a typical peak of azomethine linkage (HC=N) at 1638-1640 cm-1 that gave a clue about the condensation of amine (-NH2) group of phenylenediamine with carbonyl (C=O) group of 2-hydroxy-3-methoxybenzaldehyde. Moreover, the ligands also exhibited different bands at 3427-3431, 2918-2930 and 1389-1396 cm-1 because of the existence of v(OH), v(OCH3) and v(C-O) groups, respectively.32 The vibrational spectrum of ligand (L1) demonstrated a peak at 3020 cm-1 (Figure S1) signifying the non-participation of one amino (NH2) group of p-phenylenediamine moiety in the condensation process, consequently validating the synthesis of mono-Schiff base (L1). While the characteristic peaks of both amino (NH2) groups of o-phenylenediamine moiety were missing in the spectrum of ligand (L2) confirming the synthesis of bis-Schiff base (Figure S2).
IR spectra of the phenylenediamine Schiff bases (L1) and (L2) have been compared with metal complexes and showed that the Schiff bases were bonded with metal ions in bidentate and tetradentate mode, respectively (Table 2). Coordination of both ligands with 3d-metallic ions occurred via oxygen atom of benzaldehyde by the deprotonation of phenolic group and nitrogen atom of azomethine (Figure S3-S4). The coordinating action of the azomethine-N with the metal atoms was confirmed from the shifting of the IR band of azomethine (CH=N) linkage from 1638-1640 cm-1 to lower frequency at 1620-1630 cm-1.33 The absence of band at 3427-3431 cm-1 because of v(OH) group accompanied by the shifting of v(C–O) band from 1389-1396 cm-1 to 1381-1388 cm-1 indicated the deprotonation of phenolic group of the ligands and its coordination with metal ions.34
Existence of new weak bands at 431-440 and 523-539 cm-1 in the metal complexes, were allocated to v(M–O) and v(M–N) vibrations, correspondingly35 and these vibrational bands were not observed in the spectra of the uncomplexed ligands.  A peak was emerged at 968-972 cm-1 only in the vibrational spectra of VO(IV) complexes (1) and (7) which was owing to the v(V=O). New broad peaks appearing in all the complexes except vanadium complexes at 3423-3479 cm-1 were due to existence of H2O molecules.36 There was no change in IR bands of methoxy (OCH3) group indicating that it was not involved in the complexation.37 All these evidences confirmed that the ligands bonded with the respective metal cations by azomethine-N along with benzaldehydic-O by the deprotonation of phenolic group.
Table 2. Magnetic, conductivity and IR spectral data of metal complexes (1)-(12)
	No.
	µeff (B.M)
	ΩM (Ω-1cm2mol-1)
	v (cm-1)

	(1)
	1.72
	13.5
	3153 (NH2), 1625 (C=N), 972 (V=O), 538 (V-N), 434 (V-O)

	(2)
	5.78
	12.9
	3479 (H2O), 3128 (NH2), 1622 (C=N), 535 (Mn-N), 432 (Mn-O)

	(3)
	4.34
	15.4
	3477 (H2O), 3140 (NH2), 1626 (C=N), 547 (Co-N), 445 (Co-O)

	(4)
	3.07
	17.6
	3467 (H2O), 3152 (NH2), 1620 (C=N), 528 (Ni-N), 440 (Ni-O)

	(5)
	1.81
	19.2
	3423 (H2O), 3167 (NH2), 1621 (C=N), 540 (Cu-N), 439 (Cu-O)

	(6)
	Dia
	15.6
	3470 (H2O), 3145 (NH2), 1627 (C=N), 549 (Zn-N), 435 (Zn-O)

	(7)
	1.76
	12.7
	1622 (C=N), 972 (V=O), 528 (V-N), 439 (M-O)

	(8)
	5.85
	17.2
	3429 (H2O), 1620 (C=N), 535 (Mn-N), 431 (Mn-O)

	(9)
	4.21
	14.8
	3475 (H2O), 1628 (C=N), 537 (Co-N), 437 (Co-O)

	(10)
	3.11
	22.3
	3445 (H2O), 1625 (C=N), 528 (Ni-N), 440 (Ni-O)

	(11)
	1.87
	15.4
	3470 (H2O), 1623 (C=N), 539 (Cu-N), 437 (Cu-O)

	(12)
	Dia
	18.3
	3473 (H2O), 1630 (C=N), 530 (Zn-N), 433 (Zn-O)


3.2.	UV-Vis Spectra
The experimental UV-Vis spectra of all the as-synthesized complexes were recorded in dimethylformamide using 10-1 M concentration. The UV–Vis spectra of ligands have shown a band at 282–297 nm attributed by the π–π* electronic structure of aromatic ring system. However, the other absorption bands were documented as λmax at the 339–364 and 395–407 nm owing to n–π* electronic transitions by the azomethine linkage together with charge transfer, correspondingly. The vanadium(IV) complexes, (1) and (7) exhibited their characteristic bands in the range of 374-387, 529-536 and 733-747 nm as a result of the electronic transitions that were referred to B2→Eπ, B2→B1 and B2→A1 thus validating their predicted square pyramidal geometry.38 The three bands in the UV-Vis spectra of manganese(II) complexes  (2) and (8) were observed at 221-233 nm 251-267 nm and 342-356 nm due to intra-ligand electronic transitions and 6A1g⟶4Eg therefore verifying their proposed octahedral geometry. 
The cobalt(II) complexes (3) and (9) had shown a high energy band of 327-348 nm along with the low energy absorption bands ranging from 506-586 and 1135-1157  nm because of 4T1g(F)→4T1g(P)  and 4T1g(F)→4T2g(F) electronic transitions evidencing their anticipated octahedral geometrical structure.39 The three electronic bands of nickel(II) complexes (4) and (10) were observed in the range of 389-425, 617-645 and 1024-994 nm owing to 3T2g(F)→3T1g(P), 3A2g(F)→3T1g(F)  and 3A2g(F)→3T2g(F) electronic transitions proving their estimated octahedral geometry. The copper(II) complexes, (5) and (11) demonstrated two absorption bands at 518-524 and 631-674 nm due to 2B1g→2Eg  and 2B1g→2A1g excitations as well  a highly intense band as a result of metal→ligand charge transfer (MLCT) at 338-345 nm suggesting  their octahedral geometry.40 Only a strong band owed to MLCT at 322-336 nm was recorded for zinc(II) complexes (6) and (12) signifying the absence of d–d transitions and confirming their anticipated octahedral geometry.41 
3.3.	1H-NMR Spectra
1HNMR spectra of the phenylenediamine Schiff bases (L1) and (L2) were determined in DMSO-d6. All the aromatic as well as heteroaromatic protons were observed in their estimated ranges. In the spectra of both ligands, the distinctive singlet peak of imine (HC=N) proton was spotted at 8.91-9.01 ppm. While in the spectrum of ligand (L1), the singlet peak of two amino (NH2) protons were observed at 7.53 ppm, signifying that only one amino group of p-phenylenediamine was condensed with o-vanillin, indicating the synthesis of mono-Schiff base ligand (Figure S5). While the absence of both amino (NH2) group of o-phenylenediamine (Figure S6) specified the synthesis of bis-Schiff base ligand (L2). The peaks of methoxy (OCH3) group protons of both Schiff bases were observed as singlet at 3.82-3.92 ppm. The aromatic protons were appeared in the range 6.88-7.64 ppm. Further, the phenolic (OH) group protons were found at 12.97-13.17 ppm as singlet. Absence of aldehydic (CH=O) group protons in the spectra of both ligands, confirmed that the condensation phenomenon was occurred between phenylenediamine and o-vanillin.
3.4.	Mass Spectra
The mass spectra of the both phenylenediamine Schiff bases showed the molecular weights (m/z) and base peaks (%). The base peak as well as molecular ion peak of the ligand (L1) was found at m/z 241.1 due to [C14H13N2O2]+ fragment (Figure S7). While the ligand (L2) displayed molecular ion peak of C22H20N2O4 fragment at m/z 376.4 that was equivalent to its molecular weight (Figure S8). This was also the most stable fragment. Similarly all the daughter fragments were obtained by the cleaving action of exocyclic as well as endocyclic (C=N) and (C=C) groups. The results of mass spectra evidently confirmed the synthesis of both phenylenediamine Schiff bases with their proposed structures.
3.5.	Molar Conductivity and Magnetic Moment Measurements 
The molar conductivity measurements of the synthesized metal complexes have been carried out at room temperature using dimethylformamide solvent and the conductivity readings are depicted in Table 2. The complexes were found to be non-electrolytes in nature as their molar conductance values were observed in the range 12.7-22.3 Ώ-1cm2mol-1.42 The findings of molar conductivity analysis declared all the metal complexes as neutral having no free anions outside the coordination sphere. 
Magnetic moments have contributed valuable details regarding the number of unpaired electrons together with stereochemistry of metal cations, leading towards the determination of the appropriate geometries of the complexes. Depending on the magnetic influence of the unpaired electrons, some metal complexes have shown greater values of magnetic moments while others presented lesser magnetic moments (as given in Table 2). The vanadyl complexes (1) and (7) had the magnetic moment values of 1.72-1.76 B.M which showed one unpaired electron and thus confirmed a square pyramidal configuration for both VO(IV) complexes.43 The Mn(II) complexes (2) and (8) have exhibited 5.78-5.85 B.M that pointed towards the presence of five unpaired electrons suggesting octahedral arrangement.44 The Co(II) complexes (3) and (9) displayed the magnetic moments at 4.21-4.34 B.M, signifying complexes have high spins with three unpaired electrons present in an octahedral geometry.45 The measured magnetic moments of nickel complexes (4) and (10) were found at 3.07-3.11 B.M representing the existence of two unpaired electrons thus signifying an octahedral configuration for Ni(II) complexes.46 The magnetic moments for Cu(II) complexes (5) and (11) have been observed as 1.81-1.87 B.M representing only one unpaired electron for each copper metal ion with d9-system indicating octahedral geometry for copper complexes.47 The Zn(II) complexes (6) and (12) had zero magnetic moment showing no unpaired electron thus both the complexes were found to be diamagnetic in nature as expected.48
3.6.	Molecular Geometric Parameters
Complete process of geometry optimization has been accomplished without any symmetry restriction by employing B3LYP level of DFT in combination with basis set 6-311++G(d, p). The vibrational analysis employing DFT/B3LYP/6-311++G(d, p) level of theory has also been carried out to further validate the stability related with optimized geometrical structures. No hypothetical frequency was detected from the vibrational scrutiny of investigated compounds, which signified the completion of their geometry optimization. Figure 1 & 2 illustrates the molecular structure of all the studied compounds with atom numbering. The optimized geometrical elements including bond angles together with bond lengths were estimated with DFT study by the B3LYP level, and the representative outcomes are given in Table S1 (Supplementary Information).
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Figure 1. View of optimized geometrical structures of p-phenylenediamine ligand (L1) and its derived metal complexes (2), (3) and (4)
For complexes (2), (3) and (4), the bond lengths of C4-N7, N7-C14 and C11-O15 were increased, because of the reason that the chelation occurred via N7, O15 with metallic centres (Mn, Co and Ni). Similarly for complexes (7), (11) and (12), increasing of C5-N13, N13-C15, C4-N14, N14-O24, O16-C11 and O25-C21 bond lengths was observed as a result of the complexation via N13, N14, O16, O25 with metallic centres (V, Cu and Zn). This increase in bond lengths signified that the ligands (L1) and (L2) coordinated via N7, O15 and N13, N14, O16, O25 with divalent and tetravalent metallic centres, respectively. The formations of the M–N and M–O bonds resulted in the weakness of C–N and C–O bonds, correspondingly. 
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Figure 2. View of optimized geometrical structures of o-phenylenediamine ligand (L2) and its derived metal complexes (7), (11) and (12)
All the bond lengths of ligands (L1) and (L2) which were involved in coordination have shown an increase in the lengths signifying the establishment of M–N and M–O bonds in all the studied metal complexes. Moreover, the other bond lengths of the ligands were also significantly influenced by the coordination. Bond lengths of M–N bonds are greater than that of M–O bonds that gave the indication for stronger coordination of metal centers with oxygen atom of benzaldehyde by the deprotonation of phenolic group rather than nitrogen atom of azomethine linkage.
3.7.	Frontier Molecular Orbitals (FMOs) Analysis
The highest occupied molecular orbital (HOMO) designates the electron donation while the lowest unoccupied molecular orbital (LUMO) designates electron acceptance aptitude. The electronic transitions produced in consequence of the dipole moments arising amongst the ground and excited states of studied chemical entities are responsible for the optical features, electrical attributes and molecular chemical stability together with reactivity. In most of the cases, a transition occurs from HOMO to LUMO. Furthermore, the energy gap (ΔE) between these molecular orbitals is the main parameter to assign and explain reactivity and stability of the studied compounds.49 
For newly synthesized phenylenediamine ligands (L1)-(L2) and their selective metal complexes, the energies of molecular orbitals including LUMO and HOMO, along with their energy differences have been computed by employing B3LYP/6-311++G(d, p) basis sets (as shown in Table 3). While the FMO’s interpreting the distribution of electron charge density are illustrated in Figure 3. The DFT obtained results have shown that ligands (L1) and (L2) exhibited 491 and 749 molecular orbitals, respectively.  From these orbitals, 64-65 and 99-100 were established as HOMO-LUMO for both ligands, correspondingly. It is evaluated that the FMO energy gap calculated for HOMO→LUMO in ligand (L1) was more than that in ligand (L2). The FMO energy gap HOMO→LUMO was 3.693 eV for (L1), which decreased to 3.653 eV in (L2).  This reduction in the band difference for (L2) may be because of the presence of noncovalent attraction as well as extended conjugation in contrast to (L1). 
In both studied structures of the ligands, an evident intramolecular transfer of charge occur from the middle part (HOMO) to the ultimate part (LUMO), therefore giving appropriate explanations to use these studied ligands in phenomenon of charge transfer. Overall, the acquired details signified that the ligand (L2) has shown small energy difference contrary to other ligand (L1), which describes greater intra-molecular charge transfer (ICT) communication within the ligand (L2). The trend for ∆EHOMO→LUMO was obtained as; (L1) 3.693 > (L2) 3.654 > (3) 3.085 > (12) 2.967 > (11) 2.926 > (4) 2.912 > (7) 2.847 > (2) 1.728. The molecules having minor frontier orbital band difference are highly chemical reactive as well as more polarizable. The calculated values of ∆EHOMO→LUMO suggested that the studied complexes have small band gap. Therefore, the complexes were found to be more reactive than the ligands. 
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Figure 3. Frontier molecular orbitals (FMOs’) illustrating distribution of electronic charge density in ligands and their selected metal complexes
It could be observed from figure that for both ligands (L1) and (L2), the electron density of HOMO and LUMO is concentrated on the entire structures with the exception of methoxy groups. Likewise, in LUMO of complex (2), the charge density is only accomulated at half part of the complex. Whie in the LUMO of all the other stidied complexes, the charge density is distributed over the entire complex structure. But in the HOMO of complex (2) and (7), the charge density is only focused at central part, mainly at the central metal ions and phenylenediamine-azomethine fragments. Whereas in the HOMO of all the other studied complexes, the charge density is dispersed over the complete complex structure. 
Table 3. FMO energies and their energy gaps (∆E) for phenylenediamine based ligands and their selected metal complexes
	Descriptor (eV)
	Compounds

	
	(L1)
	(L2)
	(2)
	(3)
	(4)
	(7)
	(11)
	(12)

	ELUMO
	-1.796
	-2.232
	-1.483
	-1.039
	-1.484
	-2.235
	-1.891
	-1.860

	EHOMO
	-5.489
	-5.886
	-3.211
	-4.124
	-4.396
	-5.082
	-4.817
	-4.827

	∆EHOMO→LUMO
	3.693
	3.654
	1.728
	3.085
	2.912
	2.847
	2.926
	2.967

	Ionization Potential (IP)
	5.489
	5.886
	3.211
	4.124
	4.396
	5.082
	4.817
	4.827

	Electron Affinity (EA)
	1.796
	2.232
	1.483
	1.039
	1.484
	2.235
	1.891
	1.860

	Global Hardness (η)
	1.847
	1.827
	0.864
	1.543
	1.456
	1.424
	1.463
	1.484

	Chemical Potential (µ)
	-3.643
	-4.059
	-2.347
	-2.582
	-2.940
	-3.659
	-3.354
	-3.344

	Global Softness (S)
	0.271
	0.274
	0.579
	0.324
	0.343
	0.351
	0.342
	0.337

	Electronegativity (χ)
	3.643
	4.059
	2.347
	2.582
	2.940
	3.659
	3.354
	3.344

	Electrophilicity (ω)
	3.593
	4.509
	3.188
	2.160
	2.968
	4.701
	3.845
	3.768


3.8.	Chemical Reactivity Parameters 
The FMO band gap (ΔE) is a remarkable factor to investigate and describe the chemical reactivity parameters such as the accepting and donating ability of the studied molecules along with their hardness and softness.50 Molecules with a high FMO energy difference are kinetically least reactive and more stable, which makes them chemically hard in nature. While the molecules with small FMO band gaps are kinetically more reactive in nature which makes them chemically soft and less stable with more polarizability. Global reactivity parameters51 like electron affinity (EA), ionization potential (IP), global softness (σ), chemical potential (μ), global hardness (η), global electrophilicity (ω) in addition to electronegativity (χ) can be determined using FMO energy gap employing equations S1−S6 and the values are shown in Table 3. Electronegativity is considered as the most important chemical parameter that describes the competency of any chemical system for attracting the electrons. The stability of any molecule is specified by the negative readings of the chemical potential (μ). This remarkable study could play an imperative impact in the domain of experimental investigation and particularly in the biological assay of chemical systems.52 It can be witnessed from the table that the ionization potential (5.886 eV) in ligand (L2) is more, having most negative chemical potential (-4.059 eV), greater values of electron affinity (2.232 eV) and electronegativity (4.059 eV) than (L1). In addition, there exist a straight link between the FMO energy gap and the hardness, consequently the compound with a more FMO energy difference is the chemically less reactive. As a result, the calculated FMO energy differences and hardness are greater, while softness readings are smaller for (L1) in comparison to (L2), signifying that (L2) is more reactive and less stable. The detailed comparison of global reactivity parameters for all the studied compounds is illustrated by Figure 4.
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Figure 4. Comparison of global reactivity parameters for ligands vs metal complexes
3.9.	Molecular Electrostatic Potential (MEP) Analysis
Molecular electrostatic potential (MEP) map is linked to electronic charge density and with the help of it, the chemical reactivity and noncovalent interactions such as nucleophilic and electrophilic attack sites can be comprehend. MEP map is the graphical interpretation of the three dimensional electronic charge. With the help of this 3D map, the physical as well as chemical characteristic features of any chemical structure can also be elucidated.53 In the MEP map, the charge is distributed around the molecule in space which helps to understand the hydrogen bonding, reactive positions for the attack by electrophiles and nucleophiles as well and biological recognition procedures. It is known as supportive parameter that provides assistance to characterize the zone, size, positive, negative and shape of an investigated chemical structure. The electrostatic potential values are assessed with different shades. The negative region of electrostatic potential is denoted by red colour, while the blue and green colours represent the positive and less positive region of MEP respectively. Different code colours in the terms of potential fallows following order; blue > green > yellow > orange > red.  
By using density functional B3LYP/6-311++G(d, p) basis set, MEP is designed over optimized geometrical structures of the studied compounds and the MEP plots are displayed in Figure 5. An analysis of the MEP plots suggested that in the investigated compounds, the red colour (negative region) was localized around Ohydroxyl and Omethoxy atoms. Hence, it is an electron rich part and could be potential place for the attack by electrophile. In contrast, the blue colour (positive region) defining the electron deficient area was localized around Namino and Nazomethine atoms together with some of the hydrogen alongside carbon atoms could be a favourable site for the attack by nucleophiles. Whereas, the green zone indicated the average potential, i.e., the part in the middle of two margins. From blue, green and red colours, it was obvious that all these different reaction positions were present in all studied compounds. The studied metal complexes possess electron deficient sites with smaller electronegativity which are the preferred positions for an attack by nucleophilic species. The computed MEP plots were found to be in agreement with the computed atomic charges contained by studied chemical molecules. Thus, signifying that on complexation, the intra-molecular charge dispersal produced an electropositive zone at the central metal atoms that might influence their various physicochemical properties.
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Figure 5. MEPs and colour pattern for the investigated ligands and their selected metal complexes
3.10.	Natural Bond Orbital (NBO) Analysis	
NBO analysis is an effective practice that proficiently interprets the intramolecular interactions and delocalization of electronic charge density. It provides proper details to analyse and explain the intra-molecular hydrogen bonding as well as transfer of electronic charge from the filled orbitals to free orbitals by employing the second-order Fock matrix. By means of equation 1, the stabilization energies of the investigated molecules have been calculated, and some significant NBO interactions are depicted in Table S2. NBO analysis indicated the existence of resonance/π-conjugation attributable to delocalization of π-electrons in addition to strong intra-molecular primary or secondary hyper-conjugative interactions in the investigated compounds. From the findings attained in valence hybrids of NBO′s, the NBO analysis also provides significant perceptions about the polarity of different bonds within the studied molecular systems. The NBO results also signify the involvement of extra valence orbitals in the composition of natural bond orbitals that has notable contribution regarding the stabilization energy within the examined molecules.54 The NBO analysis is also important as it explains the nature of any definite bond through evaluating the interactions between donating and accepting orbitals.
								Equation 1
In this equation, E(2) defines the stabilization energy, qi symbolizes the vacancy of the contributor orbital, F(i,j) denotes the diagonal while εi and εj indicate the off diagonal NBO Fock matrix features. In this NBO study, interactions between electron donating and accepting orbitals are exposed by the stabilization energy E(2) value. The larger value of stabilization energy E(2) indicates that greater interaction is found between electron acceptors and donors. The overlapping of σ(C-C) with σ*(C-C) bonding orbitals causes molecular interaction, that is producing the intramolecular charge to stabilize the system. When there is higher electronic charge density in C-C antibonding orbital, these interactions are observed which weakens corresponding bonds.55 The electron density due to single and double bond of the conjugated ring exhibits strong delocalization within the chemical systems.  The interaction energy inferred from second order perturbation theory analysis of Fock Matrix. The analysis was performed for studied compounds by investigating all the promising interactions regarding occupied Lewis style donors and vacant non Lewis type acceptor, while their status of energies is estimated by second order perturbation theory. 
Usually, four major types of electronic transitions including σ→σ*, LP→σ*, π→π*, along with LP→π* are seen for any studied molecule. The observed π→π* type of transitions have an additional estimation, while transitions such as LP→σ* as well as LP→π* demonstrated quite appropriate values for stabilization energy E(2). Moreover, the least E(2) values were shown by σ→σ* electronic transitions. The highest readings for π→π* transitions were π(C2−C3)→π*(C1−C6), π(C21−C22)→π*(N14−C24) with stabilization energies of 21.46 and 21.54 kcal/mol in ligands (L1) and (L2), correspondingly. Although, some other π→π* electronic transitions having significant values of stabilization energy were also observed like π(C8−C13)→π*(C9−C10), π(C4−C5)→π*(C1−C6), π(C11−C12)→π*(N7−C14), π(C9−C10)→π*(C8−C13) and π(C1−C6)→π*(C2−C3) in (L1) with 18.68, 18.67, 18.38, 17.77 and 16.25 kcal/mol, whereas π(C3−C4)→π*(C1−C2), π(C5−C6)→π*(C1−C2), π(C7−C8)→π*(C9−C10), π(C1−C2)→π*(C3−C4), π(C18−C23)→π*(C19−C20), π(C19−C20)→π*(C18−C23) and π(C9−C10)→π*(C7−C8) in (L2) with stabilization energy of 20.54, 20.54, 20.54, 20.09, 18.30, 17.61 and 17.34 kcal/mol, respectively. These electronic transitions strongly stabilize both the ligands (L1) and (L2). 
Similar type of interaction linked to resonance in the structure was observed between the oxygen lone pair O15, O12 and the anti-periplanar C11−C12, C7-C8 antibond which gave 27.24 and 65.17 kcal/mol energy of stabilization in (L1) and (L1), respectively. It is evident from the NBO analysis that strong interactions, charge transfer properties, stabilization energies, coordination tendency and stability exist in the studied ligands (L1) and (L2). Likewise, the foremost π→π* interactions including; π(C29‒C30)→π*(N24‒C31), π(C29‒C30)→π*(N24‒C31), π(C2‒C3)→π*(C4‒C5), π(C24‒C25)→π*(N16‒C26) and π(C20‒C21)→π*(C24‒C25) produced 18.39, 38.68, 10.64, 17.72 and 23.42 kcal/mol stabilization energies for complexes (2), (4), (7), (11) and (12) correspondingly. In addition, the LP→π* transitions were observed as; C10→π*(C8-C9), C12→π*(N7-C14), C23→π*(N15-C25), C22→π*(C20-C21) and O14→π*(C9-C10) with higher stabilization energies of 39.85, 125.84, 69.47, 41.41 and 64.55 kcal/mol for complexes (2), (4), (7), (11) and (12) respectively. This NBO analysis showed extended hyperconjugation and notable intramolecular interactions of studied compounds.
3.11.	Mulliken Atomic Charge (MAC) Analysis
In chemistry, chemical reactivities, electromagnetic spectra accompanied by NMR chemical shifts, electric potentials and dipole moments are considered as recognizable parameters of molecules which could have direct association with atomic charges in the chemical systems. Various theories regarding the structural features of chemical systems entirely depend on the concept of Mulliken atomic charges. The calculation of atomic charges for the preferred chemical systems by computational chemistry play supportive role to evaluate and explain the experimental data. It is particularly important to deeply comprehend the characterization of atomic charges to understand and describe the applications of any chemical system.56 The Mulliken atomic charges of investigated compounds were determined by employing B3LYP level and 6–311++G(d, p) basis set. The Mulliken charges are listed in Tables S3 & S4, while their histograms are presented in Figure 6 & 7. The charge dispersion of the studied compounds displayed that the all oxygen and nitrogen atoms in addition to the carbon atoms linked with oxygen and nitrogen atoms were negatively charged. Whereas, greater positive values were found for the other carbon and hydrogen atoms together with metals (Mn, Co, Ni, V, Cu and Zn) in the studied metal complex (2), (3), (4), (7), (11) and (12).
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Figure 6. Histogram for Mulliken atomic charges of ligands (L1) & (L2)
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Figure 7. Histogram for Mulliken atomic charges of studied metal complexes
3.12.	Computed UV−Vis Analysis
UV−Visible spectroscopy gave valuable explanation on the charge transfer potentials of the investigated compounds. To get the insights concerning the theoretical UV-Vis spectra of the ligands together with their selected metal complexes, TD-DFT calculation were executed at B3LYP/6-311++G(d, p) level. The transition energy values, maximum absorption wavelength (λmax), oscillator strength (fos) together with minor and major molecular orbital transitions of the studied compounds are tabulated in Table S5. Whereas, the theoretical UV-Vis spectra are shown in Figure S9.
3.13.	Computed IR Analysis
The synthesized ligands (L1) and (L2) having 32 and 48 atoms correspondingly comprising carbon, oxygen, hydrogen and nitrogen atoms. The harmonic vibrational frequencies of both ligands were computed using B3LYP/6-311++G(d, p). Both the ligands contain 90 and 138 vibrational modes correspondingly with singlet spin and point group symmetry C1. The calculated vibrational modes of atoms were assigned using the animation option of Gauss View software. All the vibrational assignments associated with theoretical infrared spectral values were taken into consideration while only the most prominent vibrational frequencies with high accuracy are listed in Tables S6 & S7. Figure 8 illustrates the theoretically simulated scaled infrared spectra of all studied compounds. The theoretical frequencies were found to be greater than the experimentally observed values and the obvious reason would be the overestimation of the computed vibrational modes because of the negligence of anharmonicity in the actual chemical system. 
With the aim to reduce the frequency values analogous to that of experimental values, electron correlation would be included in density functional theory. The overall practice is to scale down the computed vibrational frequencies to compare the frequency values obtained after the experiment. The scaling factor approach is very valuable for correlating the theoretical vibrational frequencies to the practically investigated frequencies. Thus, the scaling factor (0.9742) of B3LYP/6-311++G(d, p) was utilized to precise the systematic defects i.e., to neglect of basis set defects along with some enharmonic effects.57 Experimental infrared spectra of ligands were compared with the theoretically simulated scaled infrared spectra, followed by comprehensive frequency assignments. The important functional groups are described here in detail:
O-H vibrations: The O–H stretching vibration was found at 3744, 3123 cm−1 (theoretical) and 3427, 3230 cm−1 (experimental) for ligand (L1) and (L2), respectively.
NH2 vibrations: The vibrational modes for NH2 were observed at 3478 and 3574 cm−1 (theoretical) and 3020 cm−1 (experimental). 
HC=N vibration: The HC=N vibrations were detected at 1617, 1619 cm−1 (theoretical) and 1640, 1638 cm−1 (experimental) for ligand (L1) and (L2), correspondingly. 
The DFT-based theoretical vibrational modes have obtained to be consistent with the practically determined findings.
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Figure 8. Computed IR spectra for phenylenediamine Schiff base ligands and their selected metal complexes
3.14.	Antibacterial Activity 
The as-synthesized compounds were investigated for in vitro antibacterial activity against three G- bacteria (GNB) i.e., Salmonella typhi, Klebsiella pneumonia, Escherichia coli along with one G+ bacteria (GPB) i.e., Staphylococcus aureus. Two reference drugs i.e., ampicillin (SD1) and streptomycin (SD2) were used to compare the results of antibacterial activity of investigated compounds (Table 4, Figure 9). The results showed that DMSO had no interference on antibacterial activity of the compounds. Both the uncomplexed ligands exhibited antibacterial activity against all bacteria except (L2) that showed no activity against Klebsiella pneumonia. Overall, ligand (L1) exhibited more activity. It showed maximum and minimum activity against Staphylococcus aureus and Klebsiella pneumonia with 17 and 05 mm zones of inhibition, respectively. While (L2) exhibited highest activity against Escherichia coli with 18 mm zone of inhibition.
Table 4. Antibacterial activity (inhibition zone/mm) of ligands and their metal complexes
	Compounds
	Salmonella typhi (G-)
	Klebsiella pneumonia (G-) 
	Escherichia coli (G-)
	Staphylococcus aureus (G+)

	(L1)
	15
	05
	15
	17

	(L2)
	17
	0
	18
	16

	(1)
	14
	22
	06
	19

	(2)
	21
	23
	11
	0

	(3)
	22
	23
	16
	21

	(4)
	21
	0
	21
	0

	(5)
	19
	15
	17
	20

	(6)
	20
	23
	19
	28

	(7)
	14
	20
	05
	06

	(8)
	07
	16
	23
	23

	(9)
	21
	09
	07
	09

	(10)
	18
	21
	22
	19

	(11)
	22
	18
	15
	20

	(12)
	19
	22
	23
	29

	(SD1)
	29
	38
	35
	30

	(SD2)
	35
	39
	37
	40


SD1 = Ampicillin, SD2 = Streptomycin
All the complexes exhibited significant antibacterial activity against all bacteria except complexes (2) and (4) that were inactive against Klebsiella pneumonia and Staphylococcus aureus, correspondingly. Among all the complexes, the zinc complexes were found to be the most active. The complexes (12) and (6) displayed the maximum activity of 29 and 28 mm against Staphylococcus aureus. While both complexes (12) and (6) exhibited moderate inhibitory activity of 23 mm against Escherichia coli, correspondingly. The complex (3) inhibited 23, 22, 21 and 16 mm zones of Klebsiella pneumonia, Salmonella typhi, Escherichia coli and Staphylococcus aureus, respectively. The complexes (7) and (8) demonstrated least antibacterial profile with 6 and 7 mm inhibition zones against Staphylococcus aureus and Salmonella typhi, correspondingly. 
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4.	Conclusion
In the current situation of increasing global drug resistance coupled with the scarcity of efficient antibacterial drugs, two new symmetrical ligands (L1)-(L2) and their derived metal chelates were synthesized and experimentally characterized through physical, elemental, spectral data along with computational study by DFT/B3LYP/6-311++G(d,p) approach. The spectral assignments of all the metal based phenylenediamine compounds confirmed that the deprotonated bidentate and tetradentate Schiff base ligands bonded with 3d-metal cations through phenolic oxygen and azomethine nitrogen along with two water molecules resulting in the formation of a stable six-membered chelate ring. Based on the magnetic moments and electronic spectra, an octahedral geometry was recommended for all the divalent metal complexes except for tetravalent vanadyl complexes that exhibited square pyramidal geometry, thus correlating accurately with the assessed molecular formula. On the basis of molar conductivity, all the metal complexes formed were declared as neutral having no free anions outside the coordination sphere. The theoretically obtained structural features accorded effectively with experimentally determined structural findings. This reasonable constancy validated that the chosen DFT method might be a realistic approach to comprehend some other characteristic features of the studied compounds. The charge transfer properties, kinetic stability and chemical reactivity of the studied compounds were evaluated by FMO analysis. Antibacterial activity of all the phenylenediamine derived compounds was evaluated. The results of bioactivity concluded that both the phenylenediamine ligands have shown significant antibacterial potential which was further intensified upon chelation owing to the transference of charge from metal to ligand. Overall, the Zn(II) complex possessed higher antibacterial activity. The results conclude that these metal based compounds have the aptitude to be converted into drug candidates and this study will be valuable to design and develop promising metal-based drugs to treat microbial infections.
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