

  molecules-26-03062




molecules-26-03062







Molecules 2021, 26(10), 3062; doi:10.3390/molecules26103062




Article



Bioactive Co(II), Ni(II), and Cu(II) Complexes Containing a Tridentate Sulfathiazole-Based (ONN) Schiff Base



Aurora Reiss 1, Nicoleta Cioateră 1, Aurelian Dobrițescu 1, Mihaela Rotaru 2, Alice Carla Carabet 3, Filippo Parisi 4,5,*[image: Orcid], Anca Gănescu 1, Irina Dăbuleanu 1, Cezar Ionuț Spînu 1 and Petre Rotaru 3





1



Department of Chemistry, Faculty of Sciences, University of Craiova, 13 AI Cuza Street, 200585 Craiova, Romania






2



Institute of Chemistry of the Academy of Sciences of Moldova, 3 Academiei Street, MD2028 Chișinău, Moldova






3



Department of Physics, Faculty of Sciences, University of Craiova, 13 AI Cuza Street, 200585 Craiova, Romania






4



Department of Physics and Chemistry Emilio Segrè, University of Palermo, Viale delle Scienze, Ed. 17, I-90128 Palermo, Italy






5



Department of Mathematics and Geosciences, University of Trieste, Via Weiss 2, I-34128 Trieste, Italy









*



Correspondence: filippo.parisi@unipa.it or filippoparisi@googlemail.com







Academic Editors: Rodica Olar, Carlo Santini and Maura Pellei



Received: 12 April 2021 / Accepted: 13 May 2021 / Published: 20 May 2021



Abstract

:

New Co(II), Ni(II), and Cu(II) complexes were synthesized with the Schiff base ligand obtained by the condensation of sulfathiazole with salicylaldehyde. Their characterization was performed by elemental analysis, molar conductance, spectroscopic techniques (IR, diffuse reflectance and UV–Vis–NIR), magnetic moments, thermal analysis, and calorimetry (thermogravimetry/derivative thermogravimetry/differential scanning calorimetry), while their morphological and crystal systems were explained on the basis of powder X-ray diffraction results. The IR data indicated that the Schiff base ligand is tridentate coordinated to the metallic ion with two N atoms from azomethine group and thiazole ring and one O atom from phenolic group. The composition of the complexes was found to be of the [ML2]∙nH2O (M = Co, n = 1.5 (1); M = Ni, n = 1 (2); M = Cu, n = 4.5 (3)) type, having an octahedral geometry for the Co(II) and Ni(II) complexes and a tetragonally distorted octahedral geometry for the Cu(II) complex. The presence of lattice water molecules was confirmed by thermal analysis. XRD analysis evidenced the polycrystalline nature of the powders, with a monoclinic structure. The unit cell volume of the complexes was found to increase in the order of (2) < (1) < (3). SEM evidenced hard agglomerates with micrometric-range sizes for all the investigated samples (ligand and complexes). EDS analysis showed that the N:S and N:M atomic ratios were close to the theoretical ones (1.5 and 6.0, respectively). The geometric and electronic structures of the Schiff base ligand 4-((2-hydroxybenzylidene) amino)-N-(thiazol-2-yl) benzenesulfonamide (HL) was computationally investigated by the density functional theory (DFT) method. The predictive molecular properties of the chemical reactivity of the HL and Cu(II) complex were determined by a DFT calculation. The Schiff base and its metal complexes were tested against some bacterial strains (Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Bacillus subtilis). The results indicated that the antibacterial activity of all metal complexes is better than that of the Schiff base.
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1. Introduction


Sulfathiazole, 4-amino-N-(1,3-thiazol-2-yl) benzenesulfonamide, is a short-acting sulfa drug that, in the past, was used as an oral antimicrobial until other less toxic sulfonamides antibiotics were discovered [1]. In the last few years, interest in transition metal complexes with Schiff bases derived from sulfonamide antibiotics, also called sulfa drugs, has increased due to their potential applications in medicine, chemistry, and biology [2,3,4,5,6,7,8,9,10,11,12]. The coordination of Schiff bases derived from sulfonamides with transition metal ions improves the bases’ biological activity. In order to explain this behavior, it is necessary to understand the relationship between metals and ligands in biological systems, as well as the ease of cleaving the bond between the metal ion and the ligand in these systems. In this context, seven binuclear Cr(III), Fe(III), Cu(II), ZrO(II), Sn(II), Pb(II), and Ce(III) complexes with the Schiff base obtained via condensation between 2-(4-aminobenzenesulfonamido)thiazole and 2-hydroxybenzaldehyde were prepared, characterized, and tested for antitumor and antimicrobial efficiencies [13]. Cephalexin, a first generation cephalosporin, was used to obtain a Schiff base ligand following the reaction with sulfathiazole. Mn(II), Co(II), Ni(II), Cu(II), and Zn(II) complexes with this Schiff base were synthesized, characterized by various techniques, and tested for antibacterial activity. The results of the biological tests showed that the Cu(II) and Zn(II) complexes presented higher activity than the Mn(II), Co(II), and Ni(II) complexes [14].



Following our earlier work in searching for new bioactive metal complexes with Schiff bases derived from drugs [15,16,17,18], the present paper deals with the synthesis, physico-chemical characterization, and investigation of the thermal behavior of new Co(II), Ni(II), and Cu(II) complexes with the Schiff base 4-((2-hydroxybenzylidene)amino)-N-(thiazol-2-yl)benzenesulfonamide (HL) derived from the condensation of a sulpha drug, sulfathiazole (Stz), and salicylaldehyde [19]. We selected the three metal ions to obtain complexes based on this Schiff base because (i) they had not been used for this purpose so far and (ii) they have often been studied when it comes to synthesizing complexes with drugs/Schiff base with drugs to be tested for biological activity. Two Gram-negative (Escherichia coli and Pseudomonas aeruginosa) and two Gram-positive (Staphylococcus aureus and Bacillus subtilis) bacterial strains were used for testing the Schiff base and its metal complexes regarding their in vitro antibacterial activity [15,16,20,21].




2. Experimental and Theoretical Premises


2.1. Materials


All used chemicals and solvents were of analytical grade. Sulfathiazole, CoCl2·6H2O, NiCl2·6H2O, CuCl2·2H2O, and salicylaldehyde were from Sigma-Aldrich.




2.2. Equipments and Characterization Techniques


An M.L.W. CHN analyzer was used for the chemical analyses of carbon, hydrogen, and nitrogen. A Varian-AA775 spectrophotometer was used to determine the metal contents of the complexes using the atomic absorption technique. A Perkin Elmer 157 instrument in anhydrous KBr pellets recorded IR spectra in the range of 4000–400 cm−1, and a Jasco V670 spectrophotometer with MgO as the standard recorded electronic spectra by the diffuse reflectance technique (DRUV) in the range of 5000–50,000 cm−1. A Sanyo Gallen Kamp apparatus was used for the melting points, and an OK-102 conductivity meter was used for determining the molar conductivities. NMR spectra were recorded on a Bruker Ultra shield 400 Plus. A Faraday balance that works at room temperature was used for magnetic susceptibility measurements.



A horizontal DIAMOND TG/DTA analyzer from PerkinElmer Instruments was used for thermal analysis measurements (TG/DTG/DTA/DSC) in a dynamic air atmosphere (150 cm3 min−1) under non-isothermal linear regimes [21,22,23,24,25,26,27,28]. Samples from 1.35 to 3.69 mg in alumina crucibles were heated in air in the range from RT to 1000 °C at a heating rate of 10 °C min−1.



A Hitachi SU8010 scanning electron microscope was used to perform the morphological examinations of the polycrystalline powders. An Oxford EDXS unit that was built into the microscope and capable of determining elements down to Be was used for the point elemental analysis of the samples. A SmartLab diffractometer from Rigaku in the range of 2θ = 10–80° with a 0.02° step using CuKα radiation was used to record the X-ray diffraction patterns of the polycrystalline powders. The ICDD database was used to perform phase identification. The FullProf software was used to refine the unit cell parameters by pattern matching [29].




2.3. Antibacterial Activity Study


The in vitro biological screening effects of the compounds were tested against two Gram-negative (Escherichia coli and Pseudomonas aeruginosa) and two Gram-positive (Staphylococcus aureus and Bacillus subtilis) clinical isolate bacterial strains via the well diffusion method using agar nutrient as the medium and amoxicillin as the control. According to the common procedure used in hospitals, the diffusion method was done as follows: on an agar plate inoculated with bacterial strains, a well was made and filled with the test solution with a micropipette. The prepared plate was incubated at 30 °C for 72 h, during which the test solution diffused and the growth of the inoculated bacterial strains was influenced. Then, the developed inhibition zone was measured. The activities of the Schiff base ligand and its metal complexes were confirmed by calculating the activity index (AI) [30].




2.4. Computational Details


A 3D molecular model of the copper complex in the fundamental state of the doublet was obtained from a previous geometric optimization calculation through a method of molecular mechanics based on force fields. The geometric preoptimization calculation was followed by a density functional theory (DFT)-type calculation of the molecular structure.



DFT calculations of the geometry of the ligand molecule in the singlet ground state and of the geometry of the transition metal complex in the doublet ground state were performed on the basis of the hybrid model of the B3LYP (Becke 3 Lee Yang Parr) exchange-correlation function [31] using the basic set of Pople-type 6-31G (d, p) for all atoms (C, H, O, N, and S) except for the transition metal. In this case, the effective core potential double-ζ basis set, LANL2DZ, was used [32]. Calculations of the geometry of the molecule in the ground state of singlet, the electronic structure, and the total energy of the molecule were performed based on the hybrid model of the B3LYP exchange-correlation function using the basic set 6-31G (d, p). Geometric optimization without symmetry restriction was performed in Cartesian coordinates at the Restricted Hartree–Fock (RHF) level. The optimization calculation was done using Pulay DIIS (direct inversion in the iterative subspace) procedure, the optimization algorithm used being GDM (geometric direct minimization). Convergence acceleration was achieved by approaching the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm in the iterative subspace. The stationary point located on the potential energy surface was validated as a local minimum by calculating the frequencies corresponding to the vibration modes without obtaining any values belonging to the set of complex numbers: the calculated value of the Hessian index was zero.




2.5. Synthesis of the Schiff Base (HL)


The ligand was synthesized according to a method reported in literature but with some changes [19]. First, 1 mmol sulfathiazole in 30 mL of ethanol was added dropwise under continuous stirring to 1 mmol salicylaldehyde in 15 mL of ethanol, and the mixture was refluxed for 3 h. The obtained precipitate was filtered off, washed with ethanol, and dried under vacuum. The purified Schiff base was obtained by recrystallization in hot ethanol.



Schiff base (HL): C16H13S2O3N3, yield, %: 85, color: orange, m.p. 232–234 °C. Found (calcd.) %: C, 53.44 (53.48); H, 3.51 (3.62); N, 11.80 (11.70); 1H NMR (DMSO-d6, δ, ppm): 1H NMR (DMSO-d6, 400 MHz, δ, ppm): 7.28 (d, 1H, thiazole), 6.86 (d, 1H, thiazole), 7.52–7.88 (m, 4H, N-Ph), 12.8 (s, 1H, SO2NH-), 8.9 (s, 1H, azomethine), 12.6 (s, 1H, OH), 7.46 (s, 1H, -phenyl), 7.0 (s, 1H, -phenyl), 7.69 (s, 1H, -phenyl). 13C NMR (100 MHz, δ, ppm): 122.2 (C2, C6 N-Ph), 127.7 (C3, C5 N-Ph), 169.0 (C7 thiazole), 125.1 (C8 thiazole), 108.8 (C9 thiazole), 165.5 (C=N azomethine), 152.0 (C1 N-Ph), 140.7 (C4 N-Ph), 119.8 (C11, C15 OH-Ph), 160.7 (C12 OH-Ph), 117.2 (C13 OH-Ph), 134.3 (C14 OH-Ph), 133.0 (C16 OH-Ph). Figure 1 shows the structural formula of the Schiff base (HL) ligand with atom numbering.




2.6. Synthesis of the Metal Complexes


The three metal complexes (1)–(3) were prepared in the same way. A solution obtained by dissolving 1 mmol metal salt in 15 mL of ethanol was added under stirring to a hot solution of 2 mmol Schiff base in 40 mL of ethanol. The mixture was refluxed for 4 h. The volume of the mixture was reduced to half using a rotavapor when a colored product was obtained. The precipitate was separated by filtration, washed with ethanol and diethyl ether, and dried under vacuum over anhydrous CaCl2.




	(1)

	
CoC32H27S4O7.5N6, yield, %: 80, color: dark green. Found (calcd.) %: C, 47.28 (47.35); H, 3.37 (3.45); N, 10.06 (10.35); Co, 7.19 (7.26). λM = 18 Ω−1 cm−2 mol−1;




	(2)

	
NiC32H26S4O7N6, yield, %: 85, color: brown. Found (calcd.) %: C, 47.29 (47.36); H, 3.33 (3.45); N, 10.21 (10.36); Ni, 7.08 (7.25). λM = 15 Ω−1 cm−2 mol−1;




	(3)

	
CuC32H33S4O10.5N6, yield, %: 75, color: dark brown. Found (calcd.) %: C, 47.10 (47.08); H, 3.26 (3.43); N, 10.01 (10.29); Cu, 7.59 (7.79). λM = 21 Ω−1 cm−2 mol−1.











3. Results and Discussion


The Schiff base ligand (HL) was prepared by the reaction of salicylaldehyde with the sulfa drug, sulfathiazole. The composition of the Schiff base ligand (Figure 1) was determined by elemental and IR spectrum analyses (Table 1). The 1H and 13C NMR spectra of the Schiff base were recorded in DMSO-d6. The experimental section presents 1H and 13C NMR spectral data and their assignments. The protons attached to heteroaromatic and aromatic rings, as well as the assignments of the carbon atoms in sulfathiazole, were identified in their expected region [33]. The azomethine proton and carbon signals appeared at 8.9 and 165.5 ppm, respectively; the hydroxyl proton was present in the spectrum of the Schiff base at 12.6 ppm. The presence of a number of protons and carbons in the NMR spectra of the Schiff base was in agreement with the expected CHN analyses.



The metal(II) complexes of the Schiff base were prepared in a 1:2 stoichiometric metal:ligand molar ratio using metal chlorides. The obtained complexes were air-stable and colored microcrystalline solids. They were only soluble in DMF and DMSO.



The metal complexes were non-electrolytes because their molar conductivities measured in 10−3 mol L−1 DMF at room temperature had lower values (15–21 Ω−1 cm2 mol−1) [34]. On the basis of the elemental analysis and physical measurements, the following molecular formulae are proposed: [ML2]∙nH2O, where L is the deprotonated Schiff base, and M(II)=Cu(II), Co(II), and Ni(II)—n = 1 for the Ni(II) complex; n = 1.5 for the Co(II) complex; and n = 4.5 for the Cu(II) complex.



3.1. Spectral Investigations of Metal Complexes


3.1.1. Infrared Spectra


In order to study the formation of the Schiff base (HL) and the binding mode to the metal ions in the complexes, the IR spectra of sulfathiazole (Stz), the Schiff base, and metal complexes were comparatively studied to make the appropriate assignments. Some of the characteristic IR spectral bands of sulfathiazole, the Schiff base, and metal complexes are given in Table 1.



In the sulfathiazole spectrum, the bands of 3354 and 3321 cm−1 assigned to the ν(NH2) asymmetric and symmetric stretching vibrations disappeared from the Schiff base spectrum. The forming of the expected Schiff base ligand was supported by the new band at 1617 cm−1 that was attributed to the ν(C=N) azomethine group [35,36]. In the metal complex spectra, this band was shifted in the range of 1569–1577 cm−1, indicating the coordination of the Schiff base through the N atom of azomethine group to the central metallic ion. The deprotonation of the phenolic group was highlighted by the disappearance of the 3375 cm−1 band from the complex spectra, which appeared in the spectrum of the Schiff base. The band at 1274 cm−1 assigned to a ν(C-O) vibration was shifted by 21–36 cm−1 compared to the Schiff base as a consequence of the deprotonation and coordination of the phenolic oxygen [35].



Sulfonamides exhibit ν(N-H) stretching vibrations of the -SO2-N-H group in the range of 3320–3250 cm−1 [37,38], and for sulfathiazole and the spectrum of the Schiff base, it appeared at 3282 cm−1. The presence of this band at the same value in the spectra of the metal complexes indicated that the N atom of this group did not participate in the coordination to the central metallic ion. The ν(C=N) thiazole ring stretching vibration that appeared at 1540 cm−1 in the sulfathiazole and Schiff base spectra was shifted to lower frequencies at 1480–1485 cm−1 in the IR of the complexes, which means that the Schiff base was coordinated through the N thiazole atom with the central metallic ion. The bands observed at 3445 cm−1 in the spectra of metal complexes were assigned to some water molecules whose nature was determined by thermal studies. Some new bands in the 560–570 cm−1 and 450–455 cm−1 ranges, which were attributed to ν(M-N) and ν(M-O) stretching vibrations, were identified in the spectra of the metal complexes, considering the decrease in stretching frequency as an M–X bond becomes more ionic [39,40]. These data were in agreement with the results of molecular modelling.



Based on the IR data, the coordination of the Schiff base to metal(II) ions occurred in a tridentate mode by the nitrogen atoms of the azomethine group and of the thiazole ring and oxygen atom of the phenolic.




3.1.2. Electronic Spectra and Magnetic Moments


The electronic spectra of the Schiff base ligand and the three metal complexes were recorded in the 5000–50,000 cm−1 range in the solid state, and the obtained data were correlated with the magnetic moments in order to obtain information regarding the geometry of the metal complexes.



The Schiff base electronic spectrum was found to contain two absorption bands at 38,460 (260 nm) and 29,850 (335 nm) cm−1, which were assigned to the intra-ligand π → π * and n → π * transitions of the –C=C– (aromatic ring) and –C=N– (azomethine) groups, respectively. These bands appeared to be shifted to lower values in the complex spectra, which proved the coordination of the ligand to the metallic ions. The electronic spectrum of [CoL2]·1.5H2O contained two bands at 21,491 (465) cm−1 (nm) and 18,543 (539) cm−1 (nm), which were assigned to 4T1g(F) → 4A2g(F) and 4T1g(F) → 4T1g(P), respectively, in an octahedral geometry [41]. The value of the magnetic moment for Co(II) complex was 4.75 BM, which corresponded to an octahedral environment [42]. The spectrum of [NiL2]·H2O complex presented two bands at 23340(428) and 17625(567) cm−1(nm) that were assignable to the 3A2g(F) → 3T1g(P) and 3A2g(F) → 3T1g(F) transitions, respectively, which are characteristic of Ni(II) complexes with octahedral geometry [30,31,32,33,34,35,36,37,38,39,40,41,42,43]. This geometry around the Ni(II) ion was also supported by the magnetic moment value of 2.97 BM. The Cu(II) complex showed bands at 19,180 (521) and 14,985 (667) cm−1(nm) that could be attributed to the 2B1g → 2Eg (dxz, yz → dx2-y2) and 2B1g → 2A1g (dxy → dx2-y2) transitions, respectively. The broad band from 14,985 cm−1 indicated that copper (II) ion has a tetragonally distorted octahedral geometry [38,41]. This is due to the Jahn Teller effect that appears on the d9 electronic ground state of hexacoordinated system, along with the three different donor atoms: N-azomethine, N-thiazole, and O-phenolic. Thus, the elongating of one trans pair of coordinate bonds and the shortening of the remaining four occur [43]. The magnetic moment for Cu(II) complex was 1.76 BM, which indicated the spin coupling absence [44].





3.2. Thermal Behaviour of the Complexes


Thermal analysis studies of metal–organic complexes are generally required before further physical–chemical investigations and prior to their employment as useful materials [21,22,23,24,25,26,27,28]. Thermogravimetric analysis was performed to confirm the composition of the complexes and to give information for their thermal stability. The thermal analysis curves (TG, DTG, and DSC) of the metal complexes are shown in Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6. During heating from room temperature up to 1000 °C in air, the three investigated complexes underwent a complete decomposition with a remaining black residue. A final residue that corresponded to the metal oxide or a mixture of metal oxide and carbonaceous matter was also proved by chemical analysis.



3.2.1. Thermal Analysis of (1)


A sample of 1.448 mg of [CoL2]·1.5H2O underwent thermal decomposition in the range from RT to 1000 °C at 10 K min−1 in a dynamic air atmosphere. Figure 2 presents the decomposition process. In the first stage, between 23 and 205 °C with a weakly endothermic effect, the mass variation (Δmexp = 3.49%) corresponded to a loss of 1.5 lattice water moles (Δmcalc = 3.36%). The second stage of decomposition occurring in the temperature range of 205–242 °C with a Δmexp = 9.89% might be interpreted as the loss of one ammonia molecule (Δmcalc = 2.14%), with an endothermic peak on the DSC curve at 226.4 °C and an absorption of heat ∆H = 57.79 J g−1 (Figure 3). The third stage between 242 and 1000 °C with a mass loss of Δmexp = 92.56% and an exothermic effect with a peak on the DSC curve at 522.31 °C corresponded to the loss of organic moieties (Δmcalc = 92.65%). The strong heat release ∆H = 10,094.2 J g−1 (Figure 4), which characterized the transformation, indicated that the combustion of the organic fragments also carried along parts of the central metallic ion as products that resulted from the breaking of all metal–ligand bonds [45]. The obtained residue mass was 1/4CoO (∆mexp = 1.14% and ∆mcalc = 1.75%).




3.2.2. Thermal Analysis of (2)


The curves that describe the thermal behavior of the [NiL2]·H2O complex are presented in Figure 5. The analysis was carried out using a 1.252 mg metal complex. The mass variation Δmexp = 5.36% in the range of 22–62 °C was attributed to the release of humidity water. The process is characterized by an endothermic peak (∆H = 75.93 Jg−1) on the DSC curve. One molecule of lattice water was lost in the range from 62 to 102 °C (∆mexp = 2.52%; ∆mcalc = 2.12%), with a weakly endothermic peak (∆H = 40.92 Jg−1) on the DSC curve at 90.2 °C [46]. Then, the complex compound gradually decomposed to the corresponding metallic oxide residue at a higher temperature. Therefore, in the next stage (106–560 °C), the lost mass (∆mexp = 75.22%; ∆mcalc = 75.81%) corresponded to the loss of the organic moieties when the thermal decomposition had a strong exothermic effect on the DSC curve with a peak at 514.4 °C and an enthalpy decrease (∆H = −6420.7 Jg−1). The final black residue was a mixture of NiO and 4C (∆mexp = 16.89%; ∆mcalc = 16.64%).




3.2.3. Thermal Analysis of (3)


In the case of [CuL2]·4.5H2O, 1.512 mg were used for thermal analysis (Figure 6). The observed mass variation Δmexp = 1.09% in the range of 20–60 °C with a weakly endothermic effect corresponded to the release of humidity water. From 60 to 110 °C, 4.5 molecules of lattice water were lost, with an endothermic peak (∆H = 176.37 J g−1) on the DSC curve at 84.4 °C (Δmexp = 9.89%; ∆mcalc = 9.41%). In the next stage (110–700 °C), the lost mass (∆mexp = 74.40%; ∆mcalc = 74.78%) corresponded the loss of the organic moieties and was characterized by an exothermic effect with two peaks on the DSC curve at 371.2 °C (∆H = −428.25 Jg−1) and 403.1 °C (∆H = −7.11 J g−1), which proved the complexity of the thermal decomposition, leaving CuO and 4C as a residue (∆mexp = 14.12%; ∆mcalc = 14.86%).



The results obtained from thermogravimetric analysis, which are presented in Table 2, validated the formulas resulting from the analytical data. Different numbers of decomposition steps were evidenced depending on the metal type. Moreover, the Co(II) complex proved to be the most stable against decomposition under air. The sublimation of cobalt compounds both in inert and oxidative atmospheres was also evidenced in an early study [45].





3.3. XRD/EDS/SEM Analyses


XRD patterns of synthesized ligand and complexes are shown in Figure 7. The reflections were indexed to a monoclinic crystalline structure (space group P21/c) for all investigated samples [47]. The FullProf software was used to evaluate the structural parameters of the polycrystalline powders by pattern matching. The refinement results are summarized in Table 3. The unit cell volume of the complexes increased in the order of (2) < (1) < (3). This variation in unit cell parameters was in agreement with molecular modelling results and was determined by structural changes induced by the Jahn Teller effect. This effect increased in the same order, being the strongest for the copper complex.



EDS analysis allowed for the identification and quantification of nitrogen, sulphur, and metals from the ligand (Supplementary Materials Figure S1) and complexes. The contributions of nitrogen, sulphur, and metals in at. % in the polycrystalline powders are presented in Table 4. It can be noticed that the N:S and N:M(II) atomic ratios were close to the theoretical ones (1.5 and 6.0, respectively), with the largest deviation from the estimated values being obtained for the nickel complex (Table 4).



SEM images revealed the morphology of the polycrystalline powders. Hard agglomerates with micrometer-range sizes were observed for the Schiff base and complexes (Supplementary Materials Figure S2).




3.4. Molecular Modelling of the Schiff Base Ligand


The chelating behavior and biological activity of the Schiff base derived from sulfathiazole and salicylaldehyde are strongly correlated with its structural, electronic, and energetic properties. Therefore, the prediction of these properties would provide the elements needed to elucidate the covalent and non-covalent interactions in which this ligand participates. The estimation of the quantitative properties was performed by ab initio quantum-mechanical calculations at the level of approximation of DFT carried out in a Spartan molecular modelling environment, with the input being the Schiff base molecule geometry that corresponded to the local minimum on a multidimensional surface (hypersurface) of potential energy. In Figure 8, the optimized geometry of the Schiff base molecule in the singlet ground state is presented.



The property of the Schiff base to form stable complexes with different transition metals derives from the existence of atoms in the vicinity of which the electron density is high, as they can coordinate the transition metal; covalent interactions between the ligand and the metallic ion are established through these atoms while simultaneously partially sharing the positive charge of the metallic ion. The mechanism of chelation was also analyzed from the perspective of the frontier molecular orbital theory HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital), as donor–acceptor interactions between the ligand and the metallic ion are mediated by peripheral molecular orbitals—the HOMO belonging to the ligand donates energized electrons to the LUMO of the metallic ion. From the analysis of the isosurface of the highest occupied molecular orbital and its mapping on the surface of the total charge density (Figure 9), it turned out that there are three metallic ion binding centers: the oxygen atom of the phenolic group and the two nitrogen atoms of the azomethine group and thiazolic ring.



The atoms of the Schiff base involved in the coordination of the transition metal were also identified from the 3D graphical model of the effective distribution of the electrons in the ligand molecule. This was obtained by mapping the molecular electrostatic potential on an isodensity surface of 0.002 electrons/a.u.3, which approximated the van der Waals radius of the ligand molecule (Figure 10). The 3D map of the spatial distribution of the electrons in the ligand molecule highlighted the following: (a) the size of the ligand molecule and its shape that excludes steric hindrances determine the coordination of the transition metal with the formation of an octahedral geometry, and (b) the reactive centers on the molecular surface correspond to the more negative values of the molecular electrostatic potential and are adjacent to the oxygen atom of the phenolic group and to the nitrogen atoms of the azomethine group and the thiazole ring. The atoms in the ligand molecule participating in the covalent interactions with the metal ion were also confirmed by the 3D graphical model obtained by mapping the ionization potential on the surface of the total electric charge density (Figure 11).



The results of the quantum calculation of the electronic structure of the ligand corroborated with the experimental data led to the hypothesis of an octahedral geometry of the ML2 complex. The result of the geometric optimization calculation of the CuL2 complex is shown in Figure 12.



The calculations of quantum descriptors of the Schiff base (HL) and copper (II) complex reactivity are given in Table 5. The parameters of energy gap, ΔE = ELUMO − EHOMO, absolute electronegativity (χ), absolute hardness (η), global softness (S), chemical potential (μ), and electrophilicity index (ω) were calculated according to the literature data [48,49,50,51,52] and with the following formulas:


  χ = −    E  LUMO   +  E  HOMO    2  χ = −    E  LUMO   +  E  HOMO    2   










   μ = − χ   S =  1  2 η     ω =    μ 2    2 η   =    χ 2    2 η     











Quantum-mechanical calculations have another molecular parameter: the electric dipole moment, which indicates the partial separation of the electric charges in a molecule and it is also a predictor of the chemical reactivity of a molecule. The magnitude of the dipole moment vector of 4.99 D confirmed the good docking capacity of the Schiff base to the surface of its biological receptor.




3.5. Antibacterial Activity


A major problem in public health is the resistance of new bacterial strains to current antibiotics. Thus, it is necessary to find alternative compounds that behave as drugs. Over the past few years, researchers have studied the synthesis of new metal complexes with new organic ligands and tested them for antimicrobial activity.



In this work, we tested the synthesized compounds for in vitro antibacterial activity against two Gram-negative (E. coli and P. aeruginosa) and two Gram-positive (S. aureus and B. subtilis) clinical isolate bacterial strains by measuring the size of the bacteriostatic diameter (Table 6). The obtained results were compared with those of the commercial drug amoxicillin, which was used as standard. The solvent DMSO alone does not show any antibacterial effects. At this time, we have no data on antibacterial activity using metal chlorides as substrates on the bacteria studied in this paper.



The results indicated that complexes (1), (2), and (3) were all better than HL in antibacterial action, and their activity was in the order of (3) > (1) > (2). There are two theories that can explain this increased activity of complexes: (1) the overtone concept [53], which considers that the compound solubility in the cell membrane has an important role in antibacterial activity because it allows for the passage of only soluble materials in lipids, and (2) Tweedy’s chelation theory [54], which explains that the polarity of a metal ion is highly reduced because of the ligand orbital overlap and the positive charge division of the central metallic ion with the donor atoms of the ligand.



Activity index values of complex compounds were calculated according to the following relation: AI = ((Inhibition zone of compound/Inhibition zone of standard)) × 100. The results presented in Figure 13 indicate that the Cu complex showed the highest activity index.





4. Conclusions


Three new metal(II) complexes with the Schiff base derived from sulfathiazole and salicylaldehyde were obtained in a molar ratio M(II):L of 1:2. IR data showed that the Schiff base behaved as a tridentate, monoanionic NNO-chelating agent with azomethine-N, thiazole-N, and phenolic-O atoms. The metal complexes were found to be non-electrolytes with a molar conductivity in the range of 15–21 Ω−1 cm2 mol−1. Electronic spectra indicated octahedral geometry for the Co(II) and Ni(II) complexes and a tetragonally distorted octahedral geometry for the Cu(II) complex. The values of magnetic moments were determined.



The results from the thermal analysis confirmed their composition and thermal stability. XRD analysis evidenced the monoclinic structure for all the investigated powders. Moreover, the unit cell volume of the complexes was found to increase in the order of (2) < (1) < (3). Hard agglomerates with micrometer-range sizes were evidenced by SEM/EDS analysis, with the N:S and N:M(II) atomic ratios close to the theoretical values (1.5 and 6.0, respectively). The DFT calculation of the electronic structure of the Schiff base indicated the existence of three metal ion coordination sites that are energetically and sterically favorable for the formation of two chelating rings with 6 and 10 atoms, respectively. The values of the chemical reactivity descriptors derived from the DFT formalism showed a higher reactivity of the metal complex with respect to the ligand; this is a consequence of a fine adjustment of the electronic and steric properties induced by the covalent interactions between the Schiff base donor atoms and the metallic ion.



The Schiff base and its metal complexes were tested against the E. coli, P. aeruginosa, S. aureus, and B. subtilis strains, and their inhibitory effects on the growth of bacterial strains varied in the following order of (3) > (1) > (2).








Supplementary Materials


The following are available online. Figure S1: EDS spectrum of Schiff base ligand; Figure S2: SEM images of (a) Schiff base; (b) [CoL2]∙1.5H2O; (c) [CuL2]∙4.5H2O; (d) [NiL2]∙H2O.





Author Contributions


Conceptualization, A.R. and P.R.; methodology, A.R. and P.R.; software, A.D., M.R. and C.I.S.; validation, A.R., F.P. and P.R.; formal analysis, A.R., F.P. and P.R.; investigation, A.R., N.C., M.R., F.P., A.C.C., A.G., I.D. and P.R.; resources, A.D., A.C.C., A.G., I.D. and C.I.S.; writing—original draft preparation, A.R., A.C.C. and P.R.; writing—review and editing, A.R., N.C., F.P. and P.R.; visualization, N.C., A.D. and F.P.; project administration, A.R., F.P. and P.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding. The APC was founded by the authors.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the Supplementary Material.




Acknowledgments


This work was supported by the grant POCU380/6/13/123990, co-financed by the European Social Fund within the Sectorial Operational Program Human Capital 2014–2020.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are not available from the authors.




References


	



Finch, R.G.; Greenwood, D.; Whitley, R.J.; Norrby, R.S. Antibiotic and Chemotherapy, 9th ed.; Elsevier Ltd.: Amsterdam, The Netherlands, 2011. [Google Scholar]

	



Varshney, A.; Tandon, J.P. Synthesis and spectral studies of tin(IV) complexes with Schiff bases derived from sulpha drugs. J. Chem. Sci. 1986, 97, 141–145. [Google Scholar]

	



Maurya, R.C.; Patel, P. Synthesis, magnetic and special studies of some novel metal complexes of Cu(II), Ni(II), Co(II), Zn[II), Nd(III), Th(IV), and UO2(VI) with schiff bases derived from sulfa drugs, viz., sulfanilamide/sulfamerazine and o-vanillin. Spectrosc. Lett. 1999, 32, 213–236. [Google Scholar] [CrossRef]

	



Chohan, Z.H.; Shad, H.A.; Nasim, F.H. Synthesis, characterization and biological properties of sulfonamide-derived compounds and their transition metal complexes. Appl. Organometal. Chem. 2009, 23, 319–328. [Google Scholar] [CrossRef]

	



Maurya, R.C.; Chourasia, J.; Rajak, D.; Malik, B.A.; Mir, J.M.; Jain, N.; Batalia, S. Oxovanadium(IV) complexes of bioinorganic and medicinal relevance: Synthesis, characterization and 3D molecular modeling of some oxovanadium(IV) complexes involving O, N-donor environment of salicylaldehyde-based sulfa drug Schiff bases. Arab. J. Chem. 2016, 19, 1084–1100. [Google Scholar] [CrossRef]

	



Öztürk, Ö.F. Synthesis, spectral, SEM, antibacterial and antifungal activity studies on some Co(II), Ni(II) and Cu(II) complexes of new Schiff base, 4-{(E)-[(2-hydroxynaphthalen-1-yl)methylidene]amino}N-(5-methyl-1,3,4-thiadiazol-2yl)benzenesulfonamide. J. Chem. Soc. Pak. 2018, 40, 191–200. [Google Scholar]

	



Gomathi, V.; Selvameena, R. Synthesis, characterization and biological activity of Schiff base complexes of sulfa drug with transition metal. Asian J. Chem. 2013, 25, 2083–2086. [Google Scholar] [CrossRef]

	



Chohan, Z.H.; Shad, H.A.; Supuran, C.T. Synthesis, characterization and biological studies of sulfonamide Schiff’s bases and some of their metal derivatives. J. Enzym. Inhib. Med. Chem. 2012, 27, 58–68. [Google Scholar] [CrossRef]

	



Pervaiz, M.; Riaz, A.; Munir, A.; Saeed, Z.; Hussain, S.; Rashid, A.; Younas, U.; Adnan, A. Synthesis and characterization of sulfonamide metal complexes as antimicrobial agents. J. Mol. Struct. 2020, 1202, 127284. [Google Scholar] [CrossRef]

	



Barnabas, M.J.; Parambadath, S.; Nagappan, S.; Ha, C.S. Sulfamerazine Schiff-base complex intercalated layered double hydroxide: Synthesis, characterization, and antimicrobial activity. Heliyon 2019, 5, e01521. [Google Scholar] [CrossRef]

	



Mumtaz, A.; Mahmud, T.; Elsegood, M.R.J.; Weaver, G.W.; Qazi, J.I.; Deeba, F. Synthesis, characterization and in vitro biological studies of novel Schiff base and its transition metal complexes derived from sulphadoxine. Farmacia 2019, 67, 107–110. [Google Scholar] [CrossRef]

	



Alyar, S.; Șen, C.; Alyar, H.; Adem, Ș.; Kalkanci, A.; Ozdemir, U.O. Synthesis, characterization, antimicrobial activity, carbonic anhydrase enzyme inhibitor effects, and computational studies on new Schiff bases of Sulfa drugs and their Pd(II), Cu(II) complexes. J. Mol. Struct. 2018, 1171, 214–222. [Google Scholar] [CrossRef]

	



Saad, F.A. Nano-synthesis and spectral, thermal, modeling, quantitative structure–activity relationship and docking studies of novel bioactive homo-binuclear metal complexes derived from thiazole drug for therapeutic applications. Appl. Organometal. Chem. 2018, 32, e4352. [Google Scholar] [CrossRef]

	



Anacona, J.R.; Rodriguez, J.L.; Camus, J. Synthesis, characterization and antibacterial activity of a Schiff base derived from cephalexin and sulphathiazole and its transition metal complexes. Spectrochim. Acta Part A 2014, 129, 96–102. [Google Scholar] [CrossRef]

	



Reiss, A.; Chifiriuc, M.C.; Amzoiu, E.; Cioateră, N.; Dăbuleanu, I.; Rotaru, P. New metal(II) complexes with ceftazidime Schiff base. J. Therm. Anal. Calorim. 2018, 131, 2073–2085. [Google Scholar] [CrossRef]

	



Reiss, A.; Cioateră, N.; Chifiriuc, M.C.; Munteanu, G.; Gănescu, A.; Dăbuleanu, I.; Avram, G.; Spînu, C.I.; Rotaru, P. New biologically active mixed-ligand Co(II) and Ni(II) complexes of enrofloxacin. Synthesis, spectral and thermal behavior. J. Therm. Anal. Calorim. 2018, 134, 527–541. [Google Scholar] [CrossRef]

	



Reiss, A.; Samide, A.; Ciobanu, G.; Dăbuleanu, I. Synthesis, spectral characterization and thermal behaviour of new metal (II) complexes with Schiff base derived from amoxicillin. J. Chil. Chem. Soc. 2015, 60, 3074–3079. [Google Scholar] [CrossRef]

	



Reiss, A.; Chifiriuc, M.C.; Amzoiu, E.; Spînu, C.I. Transition metal(II) complexes with cefotaxime-derived Schiff base: Synthesis, characterization and antimicrobial studies. Bioinorg. Chem. Appl. 2014, 926287. [Google Scholar] [CrossRef]

	



Salehi, M.; Kubicki, M.; Galini, M.; Jafari, M.; Malekshah, R.E. Synthesis, characterization and crystal structures of two novel sulfa drug Schiff base ligands derived sulphonamide and molecular docking study. J. Mol. Struct. 2019, 1180, 595–602. [Google Scholar] [CrossRef]

	



Rostas, A.M.; Badea, M.; Ruta, L.L.; Farcasanu, I.C.; Maxim, C.; Chifiriuc, M.C.; Popa, M.; Luca, M.; Celan Korosin, N.; Cerc Korosec, R.; et al. Copper(II) Complexes with Mixed Heterocycle Ligands as Promising Antibacterial and Antitumor Species. Molecules 2020, 25, 3777. [Google Scholar] [CrossRef]

	



Krajnikova, A.; Rotaru, A.; Gyoryova, K.; Homzova, K.; Manolea, H.O.; Kovarova, J.; Hudecova, D. Thermal behaviour and antimicrobial assay of some new zinc(II) 2-aminobenzoate complex compounds with bioactive ligands. J. Therm. Anal. Calorim. 2015, 120, 73–83. [Google Scholar] [CrossRef]

	



Olar, R.; Vasile Scaeteanu, G.; Danila, G.M.; Daniliuc, C.G.; Cerc Korosec, R.; Celan Korosin, N.; Badea, M. Synthesis and characterization of cobalt acrylate–melamine co-crystals. J. Therm. Anal. Calorim. 2019, 135, 2257–2264. [Google Scholar] [CrossRef]

	



Lozovan, V.; Kravtsov, V.C.; Gorincioi, E.; Rotaru, A.; Coropceanu, E.B.; Siminel, N.; Fonari, M. Chromism, positional, conformational and structural isomerism in a series of Zn (II) and Cd (II) coordination polymers based on methylated azine N, N’-donor linkers. Polyhedron 2020, 180, 114411. [Google Scholar] [CrossRef]

	



Rotaru, A. Thermal and kinetic study of hexagonal boric acid versus triclinic boric acid in air flow. J. Therm. Anal. Calorim. 2017, 127, 755–763. [Google Scholar] [CrossRef]

	



Rotaru, A.; Constantinescu, C.; Rotaru, P.; Moanta, A.; Dumitru, M.; Socaciu, M.; Dinescu, M.; Segal, E. Thermal analysis and thin films deposition by matrix assisted pulsed laser evaporation of a 4CN type azomonoether. J. Therm. Anal. Calorim. 2008, 92, 279–284. [Google Scholar] [CrossRef]

	



Rotaru, A.; Brătulescu, G.; Rotaru, P. Thermal analysis of azoic dyes: Part I. Non-isothermal decomposition kinetics of [4-(4-chlorobenzyloxy)-3-methylphenyl](p-tolyl)diazene in dynamic air atmosphere. Thermochim. Acta 2009, 489, 63–69. [Google Scholar] [CrossRef]

	



Rotaru, A. Thermal analysis and kinetic study of Petrosani bituminous coal from Romania in comparison with a sample of Ural bituminous coal. J. Therm. Anal. Calorim. 2012, 110, 1283–1291. [Google Scholar] [CrossRef]

	



Baldan Junior, H.; Silva, E.; Saltarelli, M.; Crispim, D.; Nassar, E.J.; Trujillano, R.; Rives, V.; Vicente, M.A.; Gil, A.; Korili, S.A.; et al. Inorganic–organic hybrids based on sepiolite as efficient adsorbents of caffeine and glyphosate pollutants. Appl. Surf. Sci. Adv. 2020, 1, 100025. [Google Scholar] [CrossRef]

	



Roisinel, T.; Rodriguez-Carvajal, J. A windows tool for powder diffraction patterns analysis. In Proceedings of the Seventh European Powder Diffraction Conference (EPDIC 7), Barcelona, Spain, 20–23 May 2000; p. 118. [Google Scholar]

	



Abdel-Rahman, L.H.; El-Khatib, R.M.; Nassr, L.A.E.; Abu-Dief, A.M.; Ismael, M.; Seleem, A.A. Metal based pharmacologically active agents: Synthesis, structural characterization, molecular modeling, CT-DNA binding studies and in vitro antimicrobial screening of iron(II) bromosalicylidene amino acid chelates. Spectrochim. Acta A 2014, 117, 366–378. [Google Scholar] [CrossRef]

	



Kohn, W.; Becke, A.D.; Parr, R.G. Density Functional Theory of Electronic Structure. J. Phys. Chem. 1996, 100, 12974–12980. [Google Scholar] [CrossRef]

	



Tsipis, A.C. DFT flavor of coordination chemistry. Coord. Chem. Rev. 2014, 272, 1–29. [Google Scholar] [CrossRef]

	



Simmons, W.W. The Sadtler Handbook of Proton NMR Spectra; Sadtler Research Laboratories, Inc: Philadelphia, PA, USA, 1978. [Google Scholar]

	



Geary, W.J. The use of conductivity measurements in organicsolvents for the characterisation of coordination compounds. Coord. Chem. Rev. 1971, 7, 81–122. [Google Scholar] [CrossRef]

	



Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination Compounds, 4th ed.; Wiley: New York, NY, USA, 1986. [Google Scholar]

	



Socrates, G. Infrared Characteristic Group Frequencies; Wiley: London, UK, 1980. [Google Scholar]

	



Baxter, J.N.; Cymerman-Craig, J.; Willis, J.B. The infrared spectra of some sulphonamides. J. Chem. Soc. 1955, 669–679. [Google Scholar] [CrossRef]

	



Goldstein, M.; Russell, M.A.; Willis, H.A. The infrared spectra of N-substituted sulphonamides. Spectrochim. Acta A 1969, 25, 1275–1285. [Google Scholar] [CrossRef]

	



El-Tabl, S.A.; Shakdofa, M.E.M.; Shakdofa, M.E.A. Metal complexes of N’-[2-hydroxy-5-(phenyldiazenyl)-benzylidene]isonicotinohydrazide. Synthesis, spectroscopic characterization and antimicrobial activity. J. Serb. Chem. Soc. 2013, 78, 39–55. [Google Scholar] [CrossRef]

	



Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination Compounds Part B, 6th ed.; Wiley: Hoboken, NJ, USA, 2009. [Google Scholar]

	



Lever, A.B.P. Inorganic Spectroscopy, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 1984. [Google Scholar]

	



Figgis, B.N. Introduction to Ligand Fields; Wiley: New York, NY, USA, 1976. [Google Scholar]

	



Cotton, F.A.; Williknson, G.; Murillo, C.A.; Bochman, M. Advanced Inorganic Chemistry, 6th ed.; Wiley: New York, NY, USA, 2003. [Google Scholar]

	



Estes, W.E.; Gavel, D.P.; Hatfield, W.E.; Hodgson, D.J. Magnetic and structural characterization of dibromo- and dichlorobis(thiazole)copper(II). Inorg. Chem. 1978, 17, 1415–1421. [Google Scholar] [CrossRef]

	



Biader Ceipidor, U.; Tomassetti, M.; Bonati, F.; Curini, R.; D’Ascenzo, G. Thermal analysis of Cobalt(II), Nickel(II), Copper(II) and Zinc(II) bis(3,5-dimethyl-1-pyrazolyl)dihydroborates. Thermochim. Acta 1983, 63, 59–66. [Google Scholar] [CrossRef]

	



Garcia, J.; Molla, M.C.; Borras, J.; Escriva, E. Thermal study of mepirizol complexes with Co(II), Ni(II), Cu(II) and Zn(II). Thermochim. Acta 1986, 166, 155–162. [Google Scholar] [CrossRef]

	



Yu, Y.Y.; Xian, H.D.; Liu, J.F.; Zhao, G.L. Synthesis, characterization, crystal structure and antibacterial activities of transition metal (II) complexes of the Schiff base 2-[(4-methylphenylimino)methyl]-6-methoxyphenol. Molecules 2009, 14, 1747–1754. [Google Scholar] [CrossRef] [PubMed]

	



Parr, R.G.; Donnelly, R.A.; Levy, M.; Palke, W.E. Electronegativity: The density functional viewpoint. J. Chem. Phys. 1978, 68, 3801–3807. [Google Scholar] [CrossRef]

	



Iczkowski, R.P.; Margrave, J.L. Electronegativity. J. Am. Chem. Soc. 1961, 83, 3547–3551. [Google Scholar] [CrossRef]

	



Parr, R.G.; Pearson, R.G. Absolute hardness: Companion parameter to absolute electronegativity. J. Am. Chem. Soc. 1983, 105, 7512–7516. [Google Scholar] [CrossRef]

	



Janak, J. Proof that ∂E/∂ni=ε in Density Functional Theory. Phys. Rev. 1978, B18, 7165–7168. [Google Scholar] [CrossRef]

	



Parr, R.G.; Szentpaly, L.V.; Liu, S. Electrophilicity index. J. Am. Chem. Soc. 1999, 121, 1922–1924. [Google Scholar] [CrossRef]

	



Kleinzeller, A. Ernest Overton’ contribution to the cell membrane concept: A centennial appreciation. Physiology 1997, 12, 49–53. [Google Scholar] [CrossRef]

	



Tweedy, B.G. Plant extracts with metal ions as potential antimicrobial agent. Phytopathology 1964, 55, 910–914. [Google Scholar]








[image: Molecules 26 03062 g001 550] 





Figure 1. Structural formula with the atom numbering of the Schiff base (HL) ligand. 
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Figure 2. Thermoanalytical curves of [CoL2]·1.5H2O. 
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Figure 3. Endothermic peak (∆H = 57.79 J g−1) on the DSC curve at 226.4 °C for [CoL2]·1.5H2O. 
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Figure 4. Exothermic peak (∆H = −10,094.2 J g−1) on the DSC curve at 522.31 °C for [CoL2]·1.5H2O. 
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Figure 5. Thermoanalytical curves of [NiL2]·H2O. 
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Figure 6. Thermoanalytical curves of [CuL2]·4.5H2O. 
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Figure 7. XRD patterns of polycrystalline powders corresponding to ligand and complexes. 
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Figure 8. Schiff base optimized geometry in the singlet ground state (color codes are white: H; red: O; blue: N; black: C; and yellow: S). 
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Figure 9. Frontier molecular orbitals (FMOs) of the Schiff base ligand. 
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Figure 10. Isosurface of the molecular electrostatic potential of the Schiff base ligand (a); molecular electrostatic potential mapped on the surface of the total charge density (b). 






Figure 10. Isosurface of the molecular electrostatic potential of the Schiff base ligand (a); molecular electrostatic potential mapped on the surface of the total charge density (b).



[image: Molecules 26 03062 g010]







[image: Molecules 26 03062 g011 550] 





Figure 11. Isosurface of the ionization potential of the Schiff base ligand (a); ionization potential mapped on the surface of the total charge density (b). 
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Figure 12. Optimized geometry of copper(II) complex (color codes are white: H; red: O; blue: N; black: C; yellow: S; and green: Cu). 
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Figure 13. Activity index values of compounds. 
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Table 1. Assignments of the vibrational spectra (frequency: ν, cm−1) of sulfathiazole, the Schiff base, and metal complexes.
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	Stz
	HL
	(1)
	(2)
	(3)
	Assignments





	-
	-
	3445
	3445
	3445
	νH2O



	-
	3375
	-
	-
	-
	ν(OH) phenolic



	3354
	-
	-
	-
	-
	ν(NH2) asym



	3321
	-
	-
	-
	-
	ν(NH2) sym



	3282
	3282
	3282
	3282
	3282
	ν(SO2 –NH)



	-
	1617
	1577
	1569
	1569
	ν(C=N) azm



	1540
	1540
	1485
	1480
	1485
	ν(C=N) thiazole ring



	1345
	1345
	1345
	1345
	1345
	ν(SO2) asym



	-
	1274
	1295
	1305
	1310
	ν(C-O) phenolic



	1110
	1110
	1110
	1110
	1110
	ν(SO2) sym



	635
	635
	635
	635
	635
	ν(C-S) thiazole ring



	-
	-
	560
	570
	565
	ν(M-N)



	-
	-
	450
	450
	455
	ν(M-O)
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Table 2. Thermal behavior of metal complexes.
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Stage

	
Metal Complex

	
Temp. Range/°C

	
DSC Parameters

	
∆mexp/%

	
∆mcalc/%

	
Assignment




	
∆H/Jg−1; Tmax/°C






	
[CoL2]·1.5H2O

	




	
1

	
CoC32 H27S4O7.5N6

	
23–205

	
Weakly endothermic

	
3.49

	
3.36

	
Loss of lattice water molecule




	
↓-1.5H2O




	
2

	
CoC32 H24S4O6N6

	
205–242

	
57.79; 226.4

	
2.68

	
2.14

	
Loss of ammonia molecule




	
↓-NH3




	
3

	
CoC32 H21S4O6N5

	
242–1000

	
−10094.2; 522.31

	
92.56

	
92.65

	
Loss of organic moieties and a part of Co(II)




	
↓-organic moieties1/4Co

	
1.14

	
1.75

	
residue (1/4CoO)




	
[NiL2 ]·H2O

	




	
1

	
NiC32 H26 S4O7N6

	
22–62

	
75.93; 47.9

	
5.36

	
-

	
Water humidity




	

	
↓-humidity

	

	

	

	

	




	
2

	
NiC32 H26S4O7N6

	
62–102

	
40.92; 90.2

	
2.52

	
2.12

	
Loss of lattice water molecule




	
↓-H2O




	
3

	
NiC32H24 S4O6N6

	
106–560

	
−6420.7; 514.4

	
75.22

	
75.81

	
Loss of organic moieties




	
↓-organic moieties NiO and 4C

	
16.89

	
16.64

	
Residue (NiO and 4C)




	
[CuL2 ]·4.5H2O

	




	
1

	
CuC32 H33 S4O10.5N6

	
20–60

	
Weakly endothermic

	
1.09

	
-

	
Water humidity




	
↓-humidity




	
2

	
CuC32 H33S4O10.5N6

	
60–110

	
176.37; 84.4

	
9.89

	
9.41

	
Loss of lattice water molecules




	
↓-4.5H2O




	
3

	
CuC32 H24 S4O6N6

	
110–700

	
−428.25; 371.2

	
74.40

	
74.78

	
Loss of organic moieties




	
↓-organic moietiesCuO and 4C

	
−7.11; 403.1

	
14.12

	
14.86

	
Residue (CuO and 4C)
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Table 3. Structural parameters of the Schiff base (HL) and metal complexes (1–3).
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	Parameter
	(HL)
	(1)
	(2)
	(3)





	a/Å
	9.22 (1)
	9.29 (1)
	9.29 (9)
	9.34 (9)



	b/Å
	11.34 (1)
	11.39 (6)
	11.44 (1)
	11.45 (3)



	c/Å
	28.41 (7)
	28.64 (5)
	28.46 (2)
	28.56 (3)



	α/°
	90.00
	90.00
	90.00
	90.00



	β/°
	91.8 (3)
	92.1 (4)
	92.4 (1)
	92.0 (3)



	γ/°
	90.00
	90.00
	90.00
	90.00



	V/Å3
	2970.0 (8)
	3030.8 (4)
	3025.5 (9)
	3056.6 (7)
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Table 4. Elemental composition of the investigated Schiff base (HL) and metal complexes (from EDS analysis).
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	Compound
	N, % at
	S, % at
	Co, % at
	Cu, % at
	Ni, % at
	N:S
	N:M(II)





	HL
	11.0
	7.2
	-
	-
	-
	1.52
	-



	(1)
	9.2
	6.0
	1.5
	-
	-
	1.53
	6.1



	(2)
	3.5
	2.4
	-
	-
	0.7
	1.45
	5.0



	(3)
	6.1
	4.0
	-
	1.1
	-
	1.52
	5.5
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Table 5. The calculated quantum chemical parameters of the Schiff base (HL) and Cu(II) complex.






Table 5. The calculated quantum chemical parameters of the Schiff base (HL) and Cu(II) complex.





	Compound
	EHOMO

/eV
	ELUMO

/eV
	ΔE

/eV
	χ

/eV
	μ

/eV
	η

/eV
	S

/eV−1
	ω

/eV





	HL
	−5.98
	−1.69
	4.29
	3.84
	−3.84
	2.14
	0.23
	3.43



	Cu(II) complex
	−5.90
	−2.65
	3.25
	4.28
	−4.28
	1.62
	0.31
	5.62
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Table 6. The inhibition diameter zone (mm) of the Schiff base and metal complexes against bacterial strains.






Table 6. The inhibition diameter zone (mm) of the Schiff base and metal complexes against bacterial strains.





	Compound
	E. coli
	S. aureus
	P. aeruginosa
	B. subtilis





	HL
	32
	35
	30
	35



	(1)
	35
	40
	37
	38



	(2)
	33
	37
	36
	37



	(3)
	40
	45
	42
	43



	Amoxicillin
	30
	35
	32
	30



	DMSO
	-
	-
	-
	-
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