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ARTICLE INFO ABSTRACT
Keywords: Four new complexes prepared from 5-Methyl-2-carboxaldehyde-thiophene and 2,6-pyridinedi-
Optical amine with cobalt, nickel, copper and cadmium ions have been synthesized because of the sig-

Catalytic reduction
Metal removal
DFT

Docking studies

nificance of these complexes in pharmacological research and catalytic reduction. The prepared
compounds were characterized using elemental analysis, mass, UV-visible, NMR and FTIR
spectroscopy, as well as molar conductance, magnetic susceptibility measurements, fluorescence
properties and TGA analysis. The stoichiometry mode was confirmed as 1:1 (metal: ligand) for Co,
Ni and Cu complexes and 1:2 (metal: ligand) for Cd complex according to the results of the
elemental and spectral studies. Furthermore, the thermal stability and luminescence properties of
complexes have been studied. Thermal studies confirmed the presence of water molecules. The
thermodynamic properties of the complexes were measured via the Coats-Redfern procedure. The
geometric structures of the complexes were found to be octahedral around the metal ions. The
optical energy gaps (Eopt) vary between 2.92 and 3.71 eV indicating that these compounds can be
used as selective absorbing solar energy in photovoltaic applications. In the presence of NaBHy,
the greatest reduction efficiency for the conversion of 2-NP to 2-AP was discovered to be 73-91%
within 15-25 min. In vitro, high antifungal and antibacterial activity was shown by complexes
than the ligand alone. The Cd(II) complex was shown to have greater activity than all of the
examined microorganisms when compared to the reference drug in addition it had 4.94 pg/ml
minimal inhibitory concentration against “S. aureus”, “B. subtilis”, and “E. coli”. The bond angles,
bond lengths, and quantum chemical factors of the ligand and complexes were shown in the
molecular modeling using the DFT approach. The studied compounds’ binding modes were
confirmed using the Gaussian 09 program.

1. Introduction

Schiff bases with donor atoms of nitrogen, sulfur, or oxygen can easily form stable complexes with different coordination sites
[1-5]. Environmental pollution such as nitroaromatic compounds can be controlled to some extent by reducing to amino compounds
with areducing agent. These compounds are extensively applied in many industries and directly released into the environment without
any treatment causing damage to the environment, soil, living organisms and human health [6,7]. As a result, there is growing interest
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Fig. 1. The preparation of the ligand, L and its complexes, as well as the suggested structures.

in developing new Schiff base compounds, which could act as a catalytic reduction for these compounds. The volume of heavy metal
pollution has increased due to an increase in various industries in many countries [8]. Accordingly, adsorption technology is
considered one of the best ways to get rid of heavy metal ions because it is low-cost and simple [9]. These complexes possess various
applications in many fields luminescent materials [10], anti-inflammatory action [11], and antioxidant [12,13], antitumor [14],
microbial properties [15-18]. Heterocyclic compounds were effective ligands such as pyridine and its derivatives, which have a ni-
trogen atom [19,20]. This paper describes the preparation of a new ligand (L) formed by the condensation of 5-methyl-2-carboxalde-
hyde-thiophene and pyridine-2,6-diamine, as well as its Co, Ni, Cu, and Cd complexes. To characterize the synthesized compounds,
numerous spectroscopic methods were used, including C, H, N, S analysis, IR, NMR, molar conductivity, Uv-vis, TG and fluorescence
studies. The thermal behavior, optical properties and catalytic reduction of the obtained complexes were investigated. All compounds
were tested for biological studies. Furthermore, optimization and docking studies for the L and its compounds were performed to
determine the receptor under the study’s active site binding affinity.

2. Experimental
2.1. Materials and physical measurements

The solvents were all extremely pure. From Merck/Sigma-Aldrich, the compounds were purchased. The IR spectra were measured
by a spectrophotometer (model 1430). The NMR was recorded using a Bruker (400 MHz) spectrometer. The elemental analysis of the
ligand and complexes (C, S, H and N) were evaluated through Perkin-Elmer (2400). The molar conductance was determined using
Jenway conductivity meter 4010. A Shimadzu (3101) pc spectrophotometer was used to measure the spectra of solid reflectance.

Thermal analysis was performed on a Shimadzu apparatus (TGA-50H). The spectra of fluorescence were investigated on Perkin Elmer
LS 55 spectrofluorometer.

2.2. Synthesis

2.2.1. Preparation of ligand (L)

Pyridine-2,6-diamine (10 mmol) was added to a stirred mixture of 5-methyl-2-carboxaldehyde-thiophene (10 mmol) in 20 mL

ethanol, and 7 h were spent stirring the reaction mixture. The solvent was evaporated to obtain solid residue product L (Fig. 1). After
being washed with ethanol, the product was vacuum-dried.

2.2.2. Preparation of complexes

Metal complexes were synthesized by adding 20 ml of a hot methanolic solution of metal nitrate or chloride (1 mmol) to 20 mL of
ligand (L) solution in THF (1 mmol). The mixture was then refluxed for 5 h. The product was separated by filtration, then washed
numerous times with diethyl ether (Fig. 1). The precipitate was then dried in a vacuum.
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Table 1
Physical and elemental results of the compounds.
Compound (molecular M.Wt. Color (% M.P. Am (@ 'mol ! Elemental analysis
formula) yield) Q0 cm?) % Found (calc.)
C N H S M
L (C11H;1N3S) 217.28 Brown (88) 250 60.89 19.03 12.37 14.75 -
(60.80) (19.33) (12.10) (14.76)
[Co(Cy1H11N3S)(H20)CLo]- 383.13 Pale brown >300 10 34.84 10.78 3.04 8.18 15.05
H;O (70) (34.48) (10.6) (3.94) (8.37) (15.38)
[Ni(Cq1H11N3S)(H20)Cl:]- 400.90 Brown (78) >300 16 32.54 10.65 4.03 7.65 14.32
2H,0 (32.95) (10.48) (4.27) (7.99) (14.63)
[Cu(C;11H11N3S)(H,0)CL,]- 441.77 Black (60) >300 7 29.45 9.34 2.23 7.12 14.11
4H,0 (29.90) (9.51) (2.50) (7.25) (14.38)
[Cd(C11H11N3S)2(H,0) 725.00 Light >300 80 36.51 17.40 3.12 8.91 15.21
(NO3)]-(NO3)-2H,0 brown (80) (36.44) (17.38) (3.05) (8.83) (15.50)

2.3. Catalytic reduction of the synthesized complexes

Organic compounds such as nitroaromatic compounds cause various pollutants because they are directly released into the envi-
ronment without any treatment [21]. Catalytic hydrogenation using a hydrogen donor e.g. sodium borohydride in the presence of
catalysts is considered to be the most effective and eco-friendly route to reduce the nitro group to amino [22]. The progress of the
reaction is monitored by UV-Vis. spectroscopy. UV-vis spectroscopy was used to calculate the percentage color reduction by observing
changes in the absorbance values using the equation: % reduction = (Ag — Ap)/Ap x 100, where A is the absorbance of 2-nitrophenol
(2-NP) at 0 min and A; is the absorbance at time t. 4 ml of a 2-nitrophenol aqueous solution (1 mmol) was added with stirring to a
beaker containing 30 ml of NaBH, solution (50 mmol). Then, 0.01 g of Co, Ni, or Cu complex as a catalyst was added to the reaction and
the absorbance was measured at 400 nm at different times.

2.4. Metal ion removal

The batch approach was employed for the metal ion uptake investigation. Ion adsorption was performed by adding 6 mg of ligand
(L) to 30 ml aqueous solutions of each of the cobalt, nickel, copper or cadmium salts in a 100 ml flask at room temperature. Three
concentrations of 1 x 10?7, 1 x 10°~ and 1 x 10*" M for the metal ions were done after various times of stirring 1, 2, and 5 h. The
concentration of residual metal in the solution after filtration was estimated complexometrically by EDTA-Na [23]. The subsequent
equation was applied to calculate the percentage of metal removal: % of removal is calculated as C,—C¢/Ce, where C, is the metal ion
concentration at time t (in mg/L) and C, is the starting metal ion concentration (in mg/L).

2.5. Computational studies

The Gaussian09 software [24] was used for the geometry optimization of the ligand and its complexes. DFT method-based func-
tional B3LYP by LANL2DZ basis for metals and 6-311G++(dp) for C. H, N and Cl [25,26]. The various chemical global reactivity
descriptors were computed. Additionally, the potential modes of binding for the produced compounds with the receptors of Bacillus
subtilis bacteria (PDB ID: 1QD9) [27] and COVID-19 (PDB ID: 6lu7) [5] in the situations of (L) ligand and copper and cadmium
compounds were studied using the program MOA2019 [28]. The crystal structures of the receptors were downloaded from the protein
data bank (http://www.rcsb.org./pdb).

2.6. Antimicrobial analysis

The compounds were tested on a nutrient agar medium against four bacterial species. On sabouraud dextrose agar medium,
antifungal activity against two fungal species was also investigated. The standard Gentamycin and Ketoconazole references were
utilized as positive controls. The zone of inhibition against the test organisms was measured in the disc diffusion assay to assess the
activity. Every assay was carried out twice [29].

2.7. MIC determination
NCCLS suggestions achieved the minimum amount of inhibitory effect [30]. The inhibitory zone was screened using the well

diffusion approach [31,32]. Different test chemical concentrations (10, 5 and 2.5 mg/ml) in DMSO solvent were utilized. After 24 h,
the vicinity of each well’s inhibitory zone was identified at 37 °C with DMSO controls.
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Table 2
IR spectra of the compounds.
Assignments v(NH,) or v(H50) v(C=N) Coord. s(py) o(M—N) oM —S) Additional bands
v(H20)
L 3464 m, 3386 m 1613s - 626w - - -
Co-L 3379 1644br 987w 631w 532w 468w -
Ni-L 3376b 1630br 926w 630w 530w 457w -
Cu-L 3439 1631br 979w 631w 532w 450w -
Cd-L, 3442b, 3340b 1642br 951w 630w 535w - 1384, 825 (ionic NO3) 453,1021,798 (Coord. NO3)

s = strong; w = weak; br = broad; m = medium.
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Fig. 2. Mass spectrum of the L ligand.
3. Results and discussion
3.1. Characterization using spectroscopy

There have been many failed attempts to make single crystals from the complexes because they are only weakly soluble in ordinary
organic solvents. The amount of molar conductivity for the Cd complex was discovered to be 80 Q ! mol ! cm? suggesting a 1:1 nature
electrolytic, while the remaining compounds observed non-electrolytic character (Table 1) [33]. Table 1 contains the synthesized
compounds’ analytical and physical data.

The FT-IR spectrum of the ligand displayed two peaks at 3464 and 3386 cm™! which corresponds to asymmetric and symmetric
N-H stretching of the amino group [34]. The complexes’ spectra attributed to v(OH) showed a broad band between 3340 and 3442
cm ! (Table 2) [35]. Additionally, the v(C=N) vibration shifted from 1613 cm ! in the spectrum of the L to 1644-1630 cm ! range in
the spectra of complexes (Fig. S1) [36]. The peak attributed to 5(py) was moved to higher values after complexation, indicating co-
ordination via the N atom of a pyridyl ring [37]. The coordinated v(H20) was seen in all IR spectra of complexes [38]. Also, The IR
spectrum of the cadmium complex showed a band at 1384 cm ™! of ionic NO3 and three bands that were ascribed to the monodentate
NOs [39]. Finally, vgy.s) vibrations were observed in the spectra of complexes except for that of the cadmium complex [40]. The bands
at 530-535 cm ! were assigned to M-N stretching [41].

The ligand’s mass spectrum showed a molecular ion peak (m/z = 217.00 amu), which agrees with its molecular formula
(C11H11N3S) (Fig. 2). Fig. S2 depicts some notable fragmentation ions of the ligand. The molecular ion peaks at m/z = 383, 400, 441
and 752, which corresponds to the molecular weights of the relevant compounds, were seen in the mass spectra of the Co, Ni, Cu and
Cd complexes, respectively.

Three singlet signals at 4.32, 8.12, and 9.53 ppm were identified as CH3, -CH=N- and NH; protons in the NMR spectrum of the
ligand (Fig. S3) [42]. Aromatic protons were seen between 86.23 and 88.72 ppm [43]. The azomethine and aromatic protons in the
NMR spectrum of complex cadmium displayed signals at § 7.87 ppm and § 6.12-7.45 ppm, respectively. This shift in peak values
indicated the emergence of a complex [44].

3.2. Magnetic moments and electronic spectra

The electronic spectrum of L in DMSO revealed two absorbing peaks at 245 and 345 nm which were caused by n-n* and n-n*
transition [45]. The wavelengths of ©- 1% were shifted to 237, 229, 239 and 238 nm for Co, Ni, Cd and Cu complexes, respectively [46].
The bands ascribed to n—n* for the Co, Ni, Cu and Cd complexes were noticed at 328, 330, 383 and 324 nm, respectively. The Co
complex’s two absorption bands, which appeared at 526 and 698 nm in the spectra, were identified as (v3) 4T1g(F) — 4T1 ¢(P) and (v2)
4T1g(F) - 4A2g(F), respectively [47]. The Ni complex diffuse reflectance spectrum observed two bands at 437 and 680 nm attributed to
the d-d transitions (v3) 3A2g(F) — 3T1g(P) and (v9) 3A2g(F) — 3T1g(F) [48]. The octahedral shape of a Cd (II) (dm) compound has been
proposed according to its empirical formula [49]. Co(II) (d”) and Ni(ID) (d®) compounds were found to have magnetic moments of 4.6
and 2.64 BM, respectively [50,51]. This indicated that these compounds have an octahedral structure. The band is seen at 631 nm (2
Eg — 2T,g) in the diffuse reflection spectrum indicating an octahedral geometry and the magnetic moment of the Cu(I1)(d”) complex
was determined to be 1.76 BM [52,53].
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Fig. 3. Fluorescence spectra of the produced compounds.
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3.3. Photoluminescence study

Fluorescence properties were seen in the synthesized compounds (Fig. 3). When excited at 309, 329, 340, 319, and 323 nm, the
excitation spectra of the ligand and its Co, Ni, Cu, and Cd complexes revealed fluorescence emission bands at 365, 371, 455, 372, and
380 nm, respectively. This demonstrated that, due to their distinctive luminescence properties, all compounds have the potential to be
photoactive substances [54].

3.4. Thermogravimetric analyses

The TGA curves of the all-new metal complexes for the thiophene ligand were collected in Fig. 4a—d. The thermal decomposition
steps and assignment of the evolved species were presented in Table S1. TG curves of [Co(C;1H;1N3S)(H20)Cl2]-H20 and [Ni
(C11H11N3S)(H20)Cl,]-2H,0 were thermally decomposed in three stages. The first and second degradation stages in the Co complex
led to weight losses of 5.11% (calc. 4.72%) and 48.72% (calc. 48.55%) due to the release of 2H»0, Cly, and CsHgN, fragments,
respectively. The evolution of the C¢H,NS fragment with the final remnant Co metal at 538-750 °C demonstrated the end process. The
initial breakdown stage in the Ni complex occurred between 47 and 213 °C and involved the loss of 3H20. Between 213 and 429 °C, the
other part of a complex (%4Cl; and CyHz) were decomposed with a mass of 15.37% (calc. 14.63%). At temperatures between 429 and
726 °C, the last breakdown stage took place, leaving Ni metal as the byproduct. The TG and DTG curves of [Cu(C;1H;1N3S)(H20)CL]-
4H50 and [Cd(C;11H11N3S)2 (NO3)(H20)1(NO3)-2H20 were decomposed into three and four main steps, respectively. In Cu(II) com-
plex, the loss of 5H30 was consistent with the first stage between 50 and 149 °C. The complex was completely decomposed in the
temperature range 149-741 °C at the last two steps leaving copper metal with a mass of 14.48% (calc. 14.38%) as residue. In Cd(II)
complex, the loss of 2H,0 hydrated and H,O coordinated occurred at 48-123 °C and 123-170 °C temperature ranges in the first and
second stages, respectively. In the third step, C11H;1N403S species was lost with a mass of 38.61% (calculated as 38.55%). The 4th step
of decomposition entailed losing C;11H11N402S between 513 and 708 °C, leaving CdO as the end product.

3.5. Kinetic studies

The equation below visually determined kinetic parameters, including E* (energy of activation) and A (pre-exponential factor)
[55]:
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A straight line was produced by plotting log(log(Weo/(Woo-W))/T? (log M) against 1/T (Fig. S4), where R, 6, W and Woo represent
the gas constant, the heating rate, the mass loss up to temperature T, and the final mass loss, respectively. Eyring equations can also be
used to compute the additional parameters, including S* (entropy of activation), H* (enthalpy of activation), and G* (free energy
change of activation) (Table S2): H* = E* - RT, G* = H* — Tg*, S* = 2.3.3[log (Ah/kgTs)]R.

The Planck and Boltzmann constants, respectively, are h and kg, and Ts is the lowest temperature measured by the DTG. The
findings revealed that all substances had negative activation of entropy, which suggested that breakdown processes proceed more
slowly than usual.

E
2.303RT

log(Weo/(We — W AR
g[Sl e = W] 10
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3.6. Optical studies

The optical energy gap (Eqp) for the studied complexes is determinable by considering that these complexes have indirect tran-
sitions during the occurrence of optical transition between the valence and conduction bands. According to the Tauc relation, the
optical band energy gap (Eopy) value was evaluated [56]. The results showed that the values of Eqp¢ for Co, Ni, Cu and Cd complexes
were determined to be 3.1, 3.71, 2.92, and 3.02 eV, respectively (Fig. 5a—d). These findings suggested that these compounds may be
employed as semiconductors in solar cell projects [57]. An Urbach energy E,, is a parameter that indicated the effects of any defects or
disorder degree in the structure of the complexes. From the equation: a = ag exp(hv/E,), the value of Urbach energy E, was discovered
tobe 0.22,0.17,0.19 and 0.23 eV for Co, Ni, Cu and Cd compounds, respectively (Fig. S5). These values are in agreement with previous
work in the range E, (0.045-0.66) eV for semiconductors [58].

3.7. Catalytic reduction results

The most effective and eco-friendly application area to remove/degrade organic compounds such as nitroaromatic compounds is
the catalytic reduction process [21]. In this process, the catalytic proficiency of synthesized compounds was examined by reducing
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Table 3
Antimicrobial activity of the compounds.
Gram- + ve bacteria Gram-ve bacteria Fungi
S. aureus B.subtilis P.vulgaris E.coli A. flavus C.albicans
L 11(46) 15 (58) 13(52) NA NA NA
Co-L 17 (71) 18 (69) 16 (64) 20 (67) 8 (50) 12 (60)
Ni-L 11 (46) 15 (58) 14 (56) 16 (53) 13 (81) 13 (65)
Cu-L 22 (92) 19 (73) 14 (56) 12 (40) 15 (94) 14 (70)
Cd-L, 25 (104) 40 (153.8) 20 (80) 34 (113) 21 (131) 20 (100)
Gentamycin 24 26 25 30 - -
Ketoconazole - - - - 16 20

DMF - - - - - -

% Activity index are in parentheses.
NA: No activity.

Fig. 11. The ligand’s vector of the dipole moment and molecule electrostatic potential surface, as well as their optimal structures.

2-nitrophenol (2-NP) using NaBH4 at room temp [22]. The UV-vis absorption spectrum of 2-nitrophenol displayed peaks at 265 and
350 nm and with NaBH4 these peaks were shifted to 400 nm due to the production of 2-nitrophenolate ions via deprotonation [59] and
anew peak due to the generation of 2-AP emerged around 270-280 nm (Fig. 6a). The catalytic reduction 2-NP in the presence of Co, Ni
and Cu complexes as a catalyst can be monitored with time by measuring a decrease in absorbance at 400 nm and an increase at
270-280 nm due to the formation of 2-aminophenol (Fig. 6-d). The degradation of 2-NP occurred at 83.66%, 91.38% and 73.41% in
the presence of Co, Ni and Cu complexes at 20, 20, and 25 min, respectively (Table S3 and Fig. 7). The reduction rate constant (k) was
determined by applying pseudo-first-order kinetics concerning the concentration of 2-NP and the constant concentration of BHy
throughout the reaction [60]. A linear plot of In(A¢/Ag) vs reaction time t of the 2-NP reduction was used to get the K value (Fig. 6e).
Co, Ni, and Cu metal complexes were found to have rate constant values of 12.06 x 1071, 19.7 x 107! and 4.91 x 1072 min~},
respectively. Fig. 8 illustrated the suggested mechanism for the reduction of 2-NP on the catalyst’s surface. The mechanism was based
on electron transfer (ET) from the BH3 donor to the 2-NP acceptor on the catalyst’s surface via n-n interactions. The catalyst receives an
electron from BH; ion which reacts with the proton (H") producing hydrogen molecules (H,). On the catalyst’s surface, the Hy
molecules adsorb and reduce 2-NP to 2-AP.

10
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Fig. 12. Compounds’ vector of the dipole moment and molecular electrostatic potential (MEP) surface, as well as their optimal structure.

Table 4
Significant optimized bond lengths and angles.

Type of bond Bond length(f\) Bond length A Bond length A) Bond length A) Type of Angle Angle (°) Angle (°) Angle (°)

L Co-L Ni-L Cu-L Co-L Ni-L Cu-L
M-N1 - 1.896 1.821 2.110 N1-M-N2 70.79 71.28 66.09
M-N2 - 1.840 1.837 1.969 N1-M-O 100.5 104.3 103.7
M-S - 2.091 2.151 2.394 N2-M-S 87.26 88.96 84.79
M-O - 2.028 1.795 2.114 O-M-S 101.4 95.45 105.3
M-CI1 - 2.335 2.157 2.433 Cl1-M-N1 87.10 91.29 89.61
M-CI2 - 2.312 2172 2.417 Cl1-M-N2 102.2 91.91 101.1
N1-----S 5.151 3.914 3.914 4.359 Cl1-M-O 78.94 88.75 80.72
N2-----S 4.000 2.719 2.804 2.958 Cl1-M-S 96.98 89.40 95.17
NI1----- N2 2.338 2.164 2.132 2.227 Cl2-M-N1 89.22 89.63 91.08
Cl2-M-N2 94.91 88.33 95.01
Cl2-M-O 82.65 91.08 82.29
Cl2-M-S 93.68 89.72 92.65
N1-M-S 158.0 160.2 150.9
N2-M-O 171.1 175.6 169.5
Cl1-M-CI2 160.2 179.1 162.6
N1-N2-S-O —2.060* —0.312* —2.543*

" Dihedral angle.
3.8. Metal removal results
The adsorption of the studied metal ions with varied concentrations utilizing L. was determined at various points in time. The
findings showed that over time, the percentage of metal ion elimination increased (Fig. 9a). The maximum removal percentages of Co,

Ni, Cu, and Cd ions were found to be 45.6, 45.7, 29.7, and 68.9% at 0.01 M, 55.4, 64.8, 53.2, and 70.5% at 0.001 M, and 65.8, 77.2,
68.6 and 87.7% at 0.0001 M, respectively. Furthermore, the percentage of metal ion removal appeared to rise as metal ion
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Fig. 13. The synthesized compounds’ HOMO and LUMO charge density maps.
Table 5
The computed quantum chemical parameters.
Property L Co-L Ni-L Cu-L Cd-Ly
The total energy E (a.u.) —988.40 —2130.19 —2154.325 —2181.29 —2381.05
HOMO (eV) —5.74 —5.02 —4.42 —6.24 —8.16
LUMO (eV) -1.84 -3.11 —2.41 -3.61 —5.47
Eg = ELumo- Enomo (V) 3.90 1.90 2.01 2.62 2.69
Dipole moment (Debye) 4.59 3.47 2.44 3.65 11.29
Ionization potential 5.74 5.02 4.42 6.24 8.16
I = -Enomo
electron affinity 1.84 3.11 2.41 3.61 5.47
A = -Erymo (eV)
Electronegativity 3.79 4.06 3.42 4.92 6.81
2= + A)/2(eV)
chemical hardness 1.95 0.95 1.00 1.31 1.34
n=>1-A)/2(eV)
chemical softness 0.25 0.52 0.49 0.38 0.37
S=1/2n(ev 1)
chemical potential —3.79 —4.06 —3.42 —4.92 —6.81
p=-x
Electrophilicity 3.68 8.68 5.82 9.23 17.26
o = p2/2n

concentration fell (Fig. 9b) [61].

3.9. Antimicrobial activities

Investigations on the biological effects of each compound were conducted on two fungi and four bacteria (Fig. 10). Table 3 provides
a summary of the inhibition zone diameter (mm) and percent activity index data (Fig. S6). The ligand, L, is shown negligible activity
against E. coli, A. flavus, and C. albicans and moderate activity against S. aureus, B. subtilis, and P. vulgaris. The most effective
compound against the reference medication, all tested bacteria, and all tested fungi was Cd(II) complex. The Co, Ni, and Cu complexes

had greater activity than the ligand, L.

3.10. Minimum inhibitory concentration (MIC)

The MIC for the highly active Cd(II) complex against “S. aureus”, “B. subtilis”, and “E. coli” was calculated using the agar dilution

method. A 4.94 pg/ml was found to be the complex’s minimal inhibitory concentration (MIC).

3.11. Computational studies

The optimized structure and surface of molecular electrostatic potential (MEP) of the ligand and the complexes were displayed in
Figs. 11 and 12. The octahedral geometry of the metal atoms had six coordinates. The atoms “N1, N2, S, and O” were discovered in the
same plane but with a —2.060°, —0.312° and —2.543° deviation in Co, Ni, and Cu octahedral complexes field, respectively (Table 4). In
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Table 6
Docking calculations data of interaction L and its complexes with the active sites of the receptor of B. subtilis gene regulation (PDB ID: 1QD9).
Receptor Interaction Distance(A)* E (kcal/mol)

L
023 OD1 ASN 25 (A) H-donor 2.77 (1.81) -1.9
N17 ND2 ASN 24 (C) H-acceptor 3.08 (2.15) -2.1

[CoL(H,0)CL,]
N 15 OD2 ASP 80 (A) H-donor 2.87 (1.75) -3.7
0 30 OD2 ASP 80 (A) H-donor 2.60 (2.11) —15.2
N4 OD2 ASP 80 (A) Ionic 3.02 —4.3
S13 OD1 ASP 80 (A) Ionic 3.11 -3.8
S13 OD2 ASP 80(A) Ionic 3.35 —-2.5
N 15 OD2 ASP 80 (A) Ionic 2.87 —-5.4
030 OD2 ASP 80 (A) Ionic 2.60 -7.8

[NiL(H,0)Cl,]
0 30 OE2 GLU 119 (C) H-donor 2.71 (1.81) —16.6
N4 OE2 GLU 119 (A) Ionic 3.38 —-2.4
S13 OE2 GLU 119 (B) Ionic 2.88 —5.4
N 14 OE2 GLU 119 (B) Ionic 3.73 -1.1
030 OE2 GLU 119 (C) Ionic 2.71 —6.8

[CuL(H,0)CL,]
0 30 OD1 ASP 80 (A) H-donor 2.63 (1.63) —-13.8
030 OE1 GLU 106(A) H-donor 2.71 (1.76) —18.6
N 4 OE2 GLU 106(A) Ionic 3.86 -0.8
S13 OD1 ASP 80 (A) Ionic 3.36 —-2.5
S13 OD2 ASP 80 (A) Ionic 3.44 -2.1
N 15 OE2 LU 106 (A) Ionic 2.82 -5.8
0 30 OD1 ASP 80 (A) Ionic 2.63 -7.5
030 OE1 GLU 106 (A) Ionic 2.71 —6.7
030 OE2 GLU 106 (A) Ionic 3.77 -1.0
6-ring CD ARG 109 (B) pi-H 3.69 -0.7

[CA(L)2(H,0)(NO3)]*
023 O GLU 82 (A) H-donor 2.64 (1.72) —-12.3
023 OE2 GLU 86 (A) H-donor 2.69 (1.69) —-25.0
S 43 OE1 GLU 82 (A) H-donor 2.98 (1.95) —6.6
N4 OE2 GLU 86 (A) Ionic 3.87 -0.8
N 10 OE2 GLU 86 (A) Ionic 2.95 —4.8
023 OE1 GLU 86 (A) Ionic 2.77 —6.2
023 OE2 GLU 86 (A) Ionic 2.69 -7.0
S 43 OE1 GLU 82 (A) Ionic 2.98 —4.6
6-ring CB GLU 82 (A) pi-H 3.69 -0.5

%

The lengths of H-bonds are in brackets.

Cd complex, the atoms N1, O1, N4 and O4 were deviated by +0.442° (Table S4). In complexation, the distances in the ligand between
N2- - - -§, N1- - - -S and N1- - - -N2 were longer than those in the metal complexes Also, the N2-M-S bond angle was in the range
84.79-88.96 lower than 90° indicating a distorted octahedral structure. The bond angles N1-M-S, N2-M-O, Cl1-M-Cl2, N1-Cd-N4,
N3-Cd-N6, 01-Cd-N4 showed a deviation from 180° (Tables 4 and S4). The ligand’s natural bond orbital analysis and those of its
complexes were investigated. The more negatively charged active positions were N1 (—0.552), N2 (—0.426), N3 (—0.786), and S
(0.452), according to the natural charges (NBO). In the instance of the Co-L, NBO data on the atoms revealed Co (+0.114), N1
(—0.695), 0(—0.677), N2(—0.765), Cl1(—0.478), S(0.671), and Cl2(—0.442), while in the case of the Ni-L, NBO data revealed Ni
(+0.037), N1(—0.526), O(—0.763), N2(—0.395), S(0.468), C12(—0.404) and Cl1(—(—0.365). Additionally, the charge on the atoms in
the Cu-L was Cu (+1.354), N1(-0.677), 02(—0.783), N4(—0.617), N2(—0.741) Cl (—0.719) and N6(—0.626. Also, the atoms in Cd-L2
have the following charges: Cd (+1.395), 04(—0.664), 01(—0.905), N3(—0.580), N1(—0.623), N6 (—0.568) and N4(—0.634) (Fig. 12).

The frontier molecular orbital of all coordination compounds and the ligand are shown in Fig. 13. Due to the stability of the
complexes, their overall energy was more negative than that of the free ligand. The energy gap in the L ligand was smaller than in
complexes indicating complex formation (Fig. 13). The different reactivity descriptors (I, A, x, |, 1, S and ®) are displayed in Table 5.
Smaller values of 1) for the compounds represent the ability to transfer charges. As a result, the sequence of increasing its values within
the investigated complexes was: Co complex > Ni complex > Cu complex > Cd complex > L.

3.12. Molecular docking studies

Molecular docking was carried out using the MOA2019 program to ascertain the many ways that the investigated chemicals bind to
the active position of the “Bacillus subtilis” bacterium receptor (PDB ID:1QD9) [27,28]. Using the protein bank data, the bacterial
receptor’s crystal structure was obtained. The L and Co, Ni, Cu, and Cd complexes were found to have binding energies of —4.0, —42.7,
—32.3, —59.5, and —67.8 kcal/mol, respectively (Table 6). The order of the interaction was [CA(L)2(H20)(NO3)] T > [CuL(Hy0)Cly] >
[CoL(H20)Cl5] > [NiL(H20)Cly] > L according to the increase in the -ve binding energy. Fig. 14 depicts 2 and 3-dimensional plots
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Fig. 14. 2- and 3-dimension plots of the interactions between studied compounds with the receptor of B. subtilis.

showing the interaction of ligand and complexes with the Bacillus receptor. Additionally, molecular docking of the interaction between
the ligand, copper, and cadmium complexes and the COVID-19 receptor (PDB ID: 61u7) was examined (Fig. 15). Their structures were
built in PDB format file from Gaussian09 program. From the bank website, the structures of the COVID-19 receptor of the main viral
protease protein (PDB ID: 61u7) were obtained. Table 7 showed the interaction results of the docking and binding free energy data. [Cd
(L)2(H20)(NO3)]" showed stronger interaction than both [CuL(H20)Cl>] and ligand, L, since it has more negative binding energy.

The inhibition constants for interactions were obtained from the equation (K;) = exp(AG x 1000)/(RT), where AG is the docking
binding energy kCal/mol, R gas constant = 1.9872 cal, and T = 298.15 K [3]. The inhibition constants are 2.004E-44, 1.238E-38,
5.017E-26, and 2.107E-18 pM for Cd, Cu, Co, Ni complexes, respectively and 1169.388 for the free ligand. The more negative binding
energy the lower inhibition constant the more stable the interaction between the complex and the protein i.e, the Cd complex has the
largest affinity of interaction.

4. Conclusion

This work involved the synthesis and use of several spectral techniques (‘"H NMR, IR, mass spectra, UV-Visible, and thermogra-
vimetric analysis) to describe the Schiff base ligand produced from 5-Methyl-2-carboxaldehyde-thiophene and 2,6-pyridinediamine
and its four complexes. The low conductance of the cobalt, copper and nickel complexes supports the non-electrolytic nature of the
complexes. The fluorescence spectra of all the synthesized compounds have been recorded. The presence of water in or out of the
coordination sphere was found with the help of thermogravimetric analysis. The kinetic parameters were calculated with the help of
Coats-Redfern equations. Based on elemental and spectral studies, six coordinated geometry has been assigned for all the metal
complexes. The study of the optical properties of complexes showed that these complexes can be employed as semiconductors in solar
cells. The catalytic activity of the synthesized compounds in the reduction of 2-nitrophenol was investigated. It has a variable degree of
catalytic efficiency. The complexes displayed stronger antibacterial activity than the ligand, L. The Cd complex was also discovered to
have the highest measured activity. The geometry of the substances under study was examined using the DFT method. The deter-
mination of the free energy binding of the compounds included a study of their simulated docking. At the active sites, the complexes
demonstrated better binding than the ligand.
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Table 7

Docking calculations data of interaction L and its Cu and Cd complexes with the active sites of the receptor of COVID-19.
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[CuL(H20)Ch]

[CAL)H20)NO3)T*

&

Fig. 15. L, Cu, and Cd complexes engage in a molecular docking interaction with the COVID-19 receptor’s active site.

Receptor Interaction Distance(A)* E (kcal/mol)
L
N13 O PHE 140 H-donor 3.17 (2.15) -1.2
N 12 N GLU 166 H-acceptor 3.32(2.47) -0.5
5-ring NE2 GLN 189 pi-H 4.38 -0.6
[CuL(H20)Cl>]
0 30 OD1 ASP 153 H-donor 2.66 (1.67) —-20.0
030 OD2 ASP 153 H-donor 2.96 (2.18) —-2.6
N 14 OD1 ASP 153 Tonic 3.08 -3.9
030 OD1 ASP 153 Tonic 2.66 -7.2
030 OD2 ASP 153 Ionic 2.96 —4.8
6-ring 6-ring PHE 294 pi-pi 3.64 -0.1
[CA(L)2(H,0)(NO3)]*
023 OD1 ASP 33 H-donor 2.58 (1.64) —24.3
023 OD2 ASP 33 H-donor 2.99 (2.33) —-2.7
C 34 OD1 ASP 33 H-donor 3.39 (2.6) -0.5
N 4 OD1 ASP 33 Ionic 2.95 —4.8
N4 OD2 ASP 33 Ionic 3.85 -0.8
N 10 OD1 ASP 33 Tonic 3.41 -2.3
N 10 OD2 ASP 33 Ionic 2.99 —4.6
023 OD1 ASP 33 Ionic 2.58 -8.0
023 OD2 ASP 33 Tonic 2.99 —4.5
N 33 OD1 ASP 33 Tonic 3.74 -1.1

The lengths of H-bonds are in brackets.
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