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Abstract
The emergence of multidrug-resistant bacteria and fungi has become a major challenge in the pharmaceutical industry. Therefore, there is urgent need for new synthetic antimicrobial agents. In this paper, the synthesis, characterization and antimicrobial examination of the homoleptic and heteroleptic Ni²⁺, Cu²⁺, and Zn²⁺ complexes of N-(2-hydroxy-1-naphthaldehyde)-2-amino-6-nitrobenzothiazole and 2,2’-bipyridine chelators is portrayed. The homoleptic complexes were prepared at ligands to metal ratio of 2:1 and the heteroleptic complexes were prepared at 1:1:1 ratio of Schiff base, 2,2’-bipyridine and metal. The metal salts used include nickel(II) acetatetetrahydrate, copper(II) acetatedihydrate and zinc(II) acetatedihydrate while CH3CH2OH served as solvent and triethylamine served as buffer. There were good yields when the compounds were isolated after preparation, various colors, high melting/decomposition temperature (206 ≥ 360 oC) were observed. The compounds were soluble in DMSO and DMF but insoluble in water. The spectroscopic analysis confirmed various coordinations. Imine coordination, was between 1616 – 1642 cm-1 whereas typical M-N coordination was seen between (647 - 513 cm-1) and M-O (580 - 457 cm-1). Antimicrobial screening was carried out against six bacteria (e.g., S. aureus, B. cerus, P. aeruginosa, P. mirabilis, S. typhi and K. pneumoniae) and three fungi (e.g.; The strain of A. niger, A. flaus and R. stalonfer) with inhibition zone of 1.0 - 14.0 mm (bacteria) and 1.0 - 25.0 mm (fungi). Interestingly, the activities recorded for both homoleptic and heteroleptic complexes were impressive which presents them as good antibacterial and antifungi drugs. However, the heteroleptic complexes had most of the highest inhibition zones showing them as better antimicrobial agents.
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Introduction
Antimicrobial resistance (AMR) has become a significant health issue in the world, diminishing the efficacy of available antibiotics and creating an indication of necessary new types of therapeutic approaches (WHO, 2015). Metallic complexes have been seen as the alternative antimicrobial agents because of the structural flexibility and the elevated bioactivity due to the metal ligand interactions (Zhang et al., 2018). The reason why schiff bases are so helpful is its ease of production, high chelating capacity with transition metal ions to form coordination compounds with well-known pharmacological characteristics (Singh et al., 2014). 
An element whose atom has a partially filled d sub-shell, or which can give birth to cations with an incomplete d sub-shell" is defined as transition metal according to the IUPAC, though it is occasionally expanded to include lanthanides and actinides (4f and 5f shells). This transition metal ions are Lewis' acids, or electron acceptors, that can attach to Lewis bases, or ligands (L), using a "lone-pair" of electrons to form a coordination molecule or complex MLn (n = number of ligands). The metal's first coordination sphere is where the ligands bind, while the second coordination sphere may contain substances like uncoordinated solvent molecules that stabilize the complex (Sargeson, 1984). Several ligand types are available for bonding with the transition metals, e.g., amines (NH3), phosphine (PH3), alcohol (ROH), thiol (SH), aldehyde (CHO), ketone RCOR’ etc. Also, special type of ligands known as Schiff base named after the inventor, Hugo Schiff are available. Because of their electron-rich nitrogen and electron-deficient carbon, these Schiff bases also referred to as azomethine chelator or ligand have a remarkable propensity to chelate with transition metals and thereby enhance their biological activities (Wail et al., 2018). This allows for a variety of electrophilic and nucleophilic reactions at the respective centers (Xia et al., 2004; Timofeeva et al., 2019; Wantulok et al., 2020; Tyagi et al., 2023). Additionally, the azomethine moiety aids in the explanation of the biological system's trans-amination and racemization mechanisms (More et al., 2019). Because of their many uses, metal complexes made from different Schiff bases are highly sought-after in the field of coordination chemistry and globally both for their medicinal value, catalytic and dye properties (Tsacheva et al., 2023; Aytac et al., 2023; Hussain et al., 2023; Hasan et al., 2023; Pradeep et al., 2023; Reena et al., 2023), 
Schiff bases and their metal complexes are more relevant in the biological and medical domains. Their activity profile is significantly influenced by the kind of Schiff base and the metal that is included into the complex. Compared to organic compounds, metal complexes of Schiff base origin provide superior pharmacological action mechanisms, because the imine functional group is physiologically active. Schiff bases are more effective metal complex ligands (Bhalla et al., 2024) and those with oxygen and nitrogen donors have extraordinary biological qualities that are boosted (Krikavovh et al., 2016). Additionally, the nitrogen atom in azomethines gives metal ions binding sites and enables attachment to a variety of biomolecule substrates, including proteins and amino acids, in biological systems and pathogens (Habu, 2018). According to reports in the literature, complexes created by this interaction have a variety of biological functions because of the -C=N-imine connection (Wail et al., 2018). Medicinal chemists and biologists have shown a great deal of interest in some metallic complexes of the azomethine type because of their improved antibacterial qualities (Festus, 2017). This paper summarizes and describes homoleptic and heteroleptic complexes of Ni2+, Cu2+, and Zn2+ of N-(2-hydroxy-1-naphthaldehyde)-2-amino-6-nitrobenzothiazole and tests their antimicrobial effects to identify potential new metal-based antibacterial and antifungal agents.
Experimentation 
Materials: Schiff base ligand (N-(2-hydroxy-1-naphthaldehyde)-2-amino-6-nitrobenzothiazole), triethylamine, acetic acid, 2,2'-bipyridine, drying agent, nickel(II)acetatetetrahydrate, copper(II)acetatedihydrate, zinc(II)acetatedihydrate,  DMF, ethanol(CH3CH2OH), distilled water (H2O), hydrochloric acid, chloroform, methanol, dichloromethane, acetone, and DMSO.

Characterization: The structural elucidation of the prepared compounds were carried by test for the melting/decomposition points of the metal(II) complexes with the aid of a transparent cut-glass capillary tube inserted in an electrochemical m.pt. machine. The functional groups present the complexes were identified using infrared spectra techniques (PerkinElmer Infrared Spectrophotometer) recorded in the region 4000 – 400 cm–1. The recording of the complexes’ Electronic reflectance spectra was done at room temperature with aid of Perkin Elmer UV/Vis spectrometer from 900 to 190 nm.

Biological Activity: In-vitro antimicrobial properties of the synthesized homoleptic and heteroleptic metal(II) complexes were conducted by employing the nutrient agar diffusion technique. Six bacterial strains were used: S. aureus, B. cereus, P. aeruginosa, P. mirabilis, S. typhi and K. pneumoniae while three fungi were used: A. niger, A. flaus, and R. stalonfer. The diluent for the various complexes is DMSO which also served as the negative control. Streptomycin served as the positive control for bacterial whereas Miconazole served as positive control for the fungi. Wells were made on the nutrient agar contained in each plate with the aid of 8 mm cork borer. Using a micro syringe, of 80 uL each sample was inoculated into the nutrients in duplicate, followed by 18-24 h incubation at 37 oC for the bacterial and 48 h at 30 oC for the fungi. The resulting inhibition zones were determined in diameter (mm) and the mean value calculated (Olalekan & Didia, 2019; Festus & Didia, 2023). 

Synthesis of the homoleptic M2+ Complexes
Two differently prepared ligands were employed in the synthesis of the metal(II) complexes. To prepare the homoleptic type complex, 0.5 g (7.18 x 10-4 mol) of the ligand was dissolved in 20 mL CH3CH2OH, and stirred to acquire homogenous phase followed by the addition of 0.176 g of Ni(CO2CH3)2.4H2O salt that was initially dissolved in 10 mL of C2H6O. 8 drops of triethylamine buffer solution was also added. The resulting mixture was stirred and allowed to reflux for 6 h. The products were left to cool to room temperature, filtered, and dried which gave the anticipated complex. The same approach was employed to obtain the Cu2+ and Zn2+ homoleptic metal complexes using 0.156 g Cu(CO2CH3)2.2H2O and 0.158 g Zn(CO2CH3).2H2O. The reaction is as summarized in the scheme below.



[bookmark: _Hlk148586847]Scheme 1: Synthesis of Homoleptic M2+ Complexes of Azomethine Based Chelator

Synthesis of the heteroleptic M2+ Complexes
2,2'-bipyridine and N-(2-hydroxy-1-naphthaldehyde)-2-amino-6-nitrobenzothiazole ligands were both used to prepare Ni2+, Cu2+ and Zn2+ heteroleptic complexes. To synthesize the Ni2+ complex, 0.5 g (7.18 x 10-4 mol) of N-(2-hydroxy-1-naphthaldehyde)-2-amino-6-nitrobenzothiazole chelator was reacted with 0.223 g of 2,2’-bipyridine in 20 mL EtOH, followed by the addition of 0.176 g Mn(CH3CO2)2.4H2O already dissolved in 10 mL of EtOH. Triethylamine buffer solution was added in drops. This mixture was then allowed to stir in a heating mantle under refluxing condition at a temperature range of 40 – 60 oC for a time interval of 6 h. This resulted to the nickel heteroleptic complex and the reaction took place in a ratio of 1 : 1: 1. The product was allowed to cool at RT, filtered, dried and the mass and % yield obtained. 0.156 g of Cu(CO2CH3)2.2H2O (0.156 g) and 0.158 g of Zn(CO2CH3).2H2O (0.158 g) were used to obtain the Cu and Zn heteroleptic complexes using the approach as discussed for Ni2+. The scheme summarizing the reaction is given below.



Scheme 2: Synthesis of Ni2+, Cu2+ and Zn2+ Heteroleptic complexes

Results and Discussions 
Table 1 Analytical Data of homoleptic M2+ Complexes
	Compounds
	Colour 
	M W (g/mol)
	Yield(%)
	M.Pt(oC)

	[Ni(C38H25O9N6S2]
	orange 
	831.69
	69.4
	269 – 272 

	[Cu(C36H22O11N6S3Cl2]
	Brick red 
	848.55
	39.5
	347 – 350 

	[Zn(C38H25O9N6S2]
	Dirty green
	838.41
	22.1
	> 360



Table 2 Analytical data of heteroleptic M2+ complexes
	Compounds
	Colour
	M.W (g/mol)
	Yield %
	M.Pt (oC)

	[Ni(C30H21O3N5S)] nH2O
	Wine red
	589.69
	201
	>360

	[Cu(C36H22O11N6S3Cl2] nH2O
	Dark brown
	606.55
	293
	206 – 208

	[Zn(C30H21O3N5S)] nH2O
	Black
	596.41
	320
	346 – 348



Analytical studies. The Ni2+, Cu2+ and Zn2+ homoleptic and heteroleptic complexes had good yields ranging from 39.5 - 137.5 and 201 – 320 % respectively.  The complexes also assumed different shades of colour and from stoichiometric point of view, the homoleptic complexes reacted in 2:1 molar ratio while that involving heteroleptic complexes reacted in a molar ratio of 1 : 1 : 1. The homoleptic complexes had melting point ranging from 269 ≥ 360 oC whereas all the heteroleptic type melted in the range 206 ≥ 360 oC. Interestingly, none of the metal complexes had the same melting point confirming the formation of new different compounds (Yesmin et al., 2020). 

Solubility Data for the Chelator and its M2+ Complexes. The solubility test for the homoleptic and heteroleptic complexes showed that the Ni2+ complexes had good solubility in DMSO and DMF (Yesmin et al., 2020), while Cu and Zn complexes were soluble in DMSO but insoluble in DMF. All the complexes were generally insoluble in H2O as expected. Zn2+ heteroleptic complex was also found to be soluble in chloroform and dichloromethane while the other complexes were slightly soluble. 

Vibrational spectral result of homoleptic and heteroleptic M2+ complexes 
Table 3 Vibrational spectral result for the homoleptic M2+ complexes (cm-1)
	Compound 
	OH
	C-H
	C=N
	C=C
	C-N
	C-C
	NO2
	C-N
	C-O
	M-N
	M-O

	[Ni(C38H25O9N6S2]nH2O
	3450
	2074
	1642
	1591
	1540
	1435
	1332
	1250
	1123
	520
	461

	[Cu(C36H22O11N6S3Cl2]nH2O
	3437
	2164
	1619
	1602
	1584
	1428
	1332
	1253
	1123
	528
	468

	[Zn(C38H25O9N6S2]nH2O
	3438
	2347
	1631
	1587
	1521
	1455
	1334
	1231
	1126
	520
	492



Table 4 Vibrational spectral result of Heteroleptic M2+ complexes (cm-1)
	Compound 
	OH
	C-H
	C=N
	C=C
	C-N
	C-C
	NO2
	C-N
	C-O
	M-N
	M-O

	[Ni(C30H21O3N5S)]nH2O
	3443
	2348
	1642
	1592
	1541
	1426
	1334
	1250
	1147
	520
	457

	[Cu(C36H22O11N6S3Cl2]nH2O
	3429
	2665
	1616
	1603
	1580
	1422
	1324
	1246
	1123
	526
	462

	[Zn(C30H21O3N5S)]nH2O
	3405
	2077
	1622
	1580
	1557
	1420
	1330
	1279
	1116
	560
	 490



Fourier transition infrared (FT-IR) spectroscopy 
Coordination sites involved in metal – ligand chelation are here described by the FTIR results obtained for both homoleptic and heteroleptic metal(II) complexes, the spectra data obtained were further compared similar structures available in literature and used to assign important bands to some key functional groups (Ahmed et al., 2015). The band usually observed at 1633 cm-1 for imine FG shifted to entirely different frequencies within 1616 – 1642 cm-1 in all the M2+complexes, indicating a participation of the imine nitrogen in coordination with the metal ion (Hamil et al., 2020). This shift in imine band for the metal complexes presents new bands in the 457–580 cm−1 and 513–647 cm−1 regions (Festus & Okocha, 2017). These are bands apportioned M–O and M–N vibrations in metal complexes (Borase et al., 2021). Broad bands similitude of the OH group were seen in the spectra of the complexes in the range 3380 – 3450 cm-1, these were identified as the OH group of water molecules (Festus et al., 2023) while the OH present in the organic moity often sighted at 3401 cm-1, deprotonated and served as bonding site to the metal ions as shown by the absence of the OH band in the spectra of the M2+ complexes and observance of a new band at 457 – 580 cm-1 already assigned to M – O coordination (Festus & Wodi, 2021). 

Electronic spectral result of homoleptic and heteroleptic M2+ complexes
[bookmark: _Hlk150196891]Table 5. Electronic spectral result of Homoleptic M2+ complexes
	Compounds
	Wavelength, λmax (nm)
	Absorption band, ῡ (cm-1)
	Transition(s)band assignment
	Geometry 

	[Ni(C38H25O9N6S2]nH2O
	302, 342, 398
460, 634, 686
	33113,29239, 25126
21739, 15773, 14577
	π → π*, ո → π*
d→d, d→d
	
Octahedral

	[Cu(C36H22O11N6S3Cl2]nH2O
	262, 342, 358
648, 682, 762
	38168, 33113, 29239
15432, 14663,13123 
	π → π*, ո → π*
d→d, d→d
	
Octahedral 

	[Zn(C38H25O9N6S2]nH2O
	254, 342, 398
652, 686
	39370, 32679, 25126
15337, 14577
	π → π*, ո → π*
d→d
	
Octahedral 



Table 6. Electronic spectral result of Heteroleptic M2+ complexes
	Compounds
	Wavelength, λmax (nm)
	Absorption band, ῡ (cm-1)
	Transition(s)band assignment
	Geometry 

	[Ni(C30H21O3N5S)]nH2O
	258, 354
642, 774
	38759, 28249
15576,12919
	π → π*, ո → π*
d→d
	
O.h

	[Cu(C36H22O11N6S3Cl2]nH2O
	322, 366
652, 686
	31056, 27322
15337, 14577
	π → π*, ո → π*
d→d
	
O.h

	[Zn(C30H21O3N5S)]nH2O
	302, 342
650, 682
	33113, 29239
15385, 14663
	π → π*, ո → π*
d→d
	
O.h



Electronic spectroscopy
[bookmark: _Hlk153992515]The electronic reflectance spectra of the nickel complex [Ni(C38H25O9N6S2] showed three different bands at higher wavelength 460, 634 and 686 nm. These are d-d transitions assignable to 3T1g→3A2g, 3T1g→3T1g and 3T1g→3T2g octahedral transitions (Festus, 2021), along with the bands in the low wavelength region at 302 and 328 nm, attributed to 𝜋→𝜋∗ and 𝑛→𝜋∗ transitions, respectively (Kundu et al., 2016). The electronic absorption spectrum of the copper complex, [Cu(C36H22O11N6S3Cl2] exhibited absorption band in the high wavelength region of 648 and 682 nm ascribed to 2Eg→2T2g transition suggestive of octahedral geometry (Narendra & Parashuram, 2017). Other high energy bands for the Cu2+ complex was observed at 262 and 358 nm being for 𝜋→𝜋∗ and 𝑛→𝜋∗ LMCT transitions. The zinc complex, [Zn(C38H25O9N6S2] in its electronic spectrum displayed high energy absorption band at 254 nm associated with 𝜋→𝜋∗ transition and 306 nm assignable to the LMCT (Festus et al., 2023). The zinc(II) complex did not display d→d transition band as was seen in other complexes in the visible spectrum, this is common with zinc complexes; nonetheless, a M→L transfer charge transition have observed alongside intraligand absorption bands. Notwithstanding, the Zn(II) complex was allotted a geometry of octahedral type (Narendra & Parashuram, 2017).

Antimicrobial data of Homoleptic and Heteroleptic metal(II) complexes 
[bookmark: _Hlk150246913][bookmark: _Hlk148697757][bookmark: _Hlk150159255]Table 7 Antibacterial data of Homoleptic M2+ complexes [Zone of Inhibition (mm)]
	Compounds 
	B. c
	K. p
	P. a
	P. m
	S. a
	S. t

	[Ni(C38H25O9N6S2]nH2O
	5.0 ± 1.0
	1.0 ± 1.0
	0.0 ± 0.0
	5.0 ± 1.0
	9.0 ± 1.0
	4.0 ± 0.0

	[Cu(C36H22O11N6S3Cl2]nH2O
	10.0 ± 0.0
	2.0 ± 0.0
	6.5 ± 0.5
	0.0 ± 0.0
	12.0 ± 0.0
	4.5 ± 0.5

	[Zn(C38H25O9N6S2]nH2O
	6.0 ± 0.0
	4.5 ± 0.5
	2.0 ± 0.0
	0.0 ± 0.0
	13.0 ± 1.0
	6.0 ± 0.0

	Streptomycin 
	18.0 ± 0.0
	11.0 ± 1.0
	9.0 ± 1.0
	10.5 ± 0.5
	19.0 ± 1.0
	10.5 ± 0.5

	DMSO
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0



Table 8 Antibacterial data of Heteroleptic M2+ complexes [Zone of Inhibition (mm)]
	Compounds 
	B. c
	K. p
	P. a
	P. m
	S. a
	S. t

	[Ni(C30H21O3N5S)]nH2O
	6.0 ± 0.0
	0.0 ± 0.0
	4.0 ± 0.0
	0.0 ± 0.0
	11.0 ± 1.0
	5.5 ± 0.5

	[Cu(C36H22O11N6S3Cl2]nH2O
	11.0 ± 1.0
	4.0 ± 0.0
	6.0 ± 0.0
	5.5 ± 0.5
	9.0 ± 1.0
	2.0 ± 0.0

	[Zn(C30H21O3N5S)]nH2O
	11.0 ± 1.0
	4.0 ± 0.0
	6.0 ± 0.0
	5.5 ± 0.5
	9.0 ± 1.0
	2.0 ± 0.0

	Streptomycin 
	18.0 ± 0.0
	11.0 ± 1.0
	9.0 ± 1.0
	10.5 ± 0.5
	19.0 ± 1.0
	10.5 ± 0.5

	DMSO
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0


Where: S.a = Staphylococcus aureus; B.c = Bacillus cerus; Ps.a = Pseudomonas aeruginosa; P. m = Proteus mirabilis, S. t = salmonella typhi; K. p = Klebsiella pneumoniae

Antibacterial assay of the homoleptic and heteroleptic M2+ complexes
[bookmark: _Hlk156928053]Six bacterial strains: Pseudomonas aeruginosa, Proteus mirabilis, Salmonella typhi, Staphylococcus aureus, Bacillus cereus and Klebsiella pneumoniae were used to test the potency of the synthesized homoleptic metal complexes in inhibiting the above mentioned bacterial. The M(II) complexes were dissolved in DMSO (which also served as negative control) while streptomycin standard drug served as positive control. The result is summarized in Table 7. Results as obtained from the antimicrobial screening indicates that the Ni, Cu, and Zn complexes were able to inhibit all the bacterial strains except in one case where Cu and Zn could not inhibit Proteus mirabilis and Ni could not inhibit Pseudomonas aeruginosa. Their inhibition of the bacterial growth was recorded in the range 1.0 – 13.0 mm. The data obtained at the end of the antibacterial screening for the heteroleptic metallic complexes showed them as good inhibitors against the six bacterial strains in the range 2.0 – 11.0 mm. The nickel, copper and zinc heteroleptic complexes particularly had good inhibitory activity against all the bacterial under investigation and so, are seen as promising antibacterial agents. However, it was just in one case where Ni complex had zero activity against Klebsiella pneumoniae and Proteus mirabilis. 
Comparing the biological activities of the homoleptic Cu2+ and Zn2+ complexes, to those of the heteroleptic complexes of the same metal systems, the heteroleptic were observed to be better inhibitors. While the Cu2+ and Zn2+ recorded zero activity against Proteus mirabilis, Cu2+ and Zn2+ heteroleptic typed complexes recorded 5.5 mm inhibitory value against the bacterial. While Ni2+ homoleptic and heteroleptic complexes both had zero activity against Proteus mirabilis. The better activity recorded for the heteroleptic complexes is said to as a result of the presence of two different ligands having additional functional sites that are antibacterial. 
[bookmark: _Hlk150197615]The standard drug, streptomycin had inhibitory from 9.0 – 19.0 mm against all the bacterial strains thereby observed to have the newly prepared homoleptic and heteroleptic metal(II) complexes. The negative control, DMSO on the other hand, recorded zero activity on all the bacterial studied. Interestingly, due to chelate effect, the metal complexes had improved activity than the chelator. When the structure of the metal complexes were considered, they were found to be similar to those of the natural biological compounds hence, the reason to have inhibited the growth of these microorganisms (Festus et al., 2020), also the presence of -N=CH- functional group which is a known active inhibitory site helped in antibacterial property of the complexes (Křikavovȧ et al., 2016; Habu, 2018). The increase in the lipophilic character of the metal complexes in the lipid membrane also helped to cease the growth of microorganisms (Adlym et al., 2020).

Table 9. Antifungi data of Homoleptic M2+ complexes
	Compounds 
	A. n
	A. f
	R. s

	[Ni(C38H25O9N6S2]nH2O
	5.0 ± 1.0
	7.0 ± 1.0
	17.5 ± 0.5

	[Cu(C36H22O11N6S3Cl2]nH2O
	11.0 ± 1.0
	0.0 ± 0.0
	0.0 ± 0.0

	[Zn(C38H25O9N6S2]nH2O
	0.0 ± 0.0
	1.0 ± 1.0
	13.0 ± 1.0

	Miconazole 
	17.0 ± 1.0
	19.5 ± 0.5
	16.0 ± 0.0

	DMSO
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0



Table 10 Antifungi data of Heteroleptic M2+ complexes Zone of Inhibition (mm)
	Compounds 
	A. n
	A. f
	R. s

	[Ni(C30H21O3N5S)]nH2O
	1.0 ± 1.0
	3.0 ± 1.0
	16.0 ± 0.0

	[Cu(C36H22O11N6S3Cl2]nH2O
	14.0 ± 0.0
	5.0 ± 1.0
	1.0 ± 1.0

	[Zn(C30H21O3N5S)]nH2O
	0.0 ± 0.0
	0.0 ± 0.0
	12.0 ± 0.0

	Miconazole 
	17.0 ± 1.0
	19.5 ± 0.5
	16.0 ± 0.0

	DMSO
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0


Where; A. n = Aspergillus niger, A. f = Aspergillus flavus, R. s = Rhizopus stolonifera.

Antifungal Data of Homoleptic and Heteroleptic M2+ complexes 
The data obtained from this assay are summarized in Table 9 and 10 below. Considering the record, the least activity had an inhibitory value of 1.0 mm while the highest activity was recorded at mean 17.5 mm. Amongst the homoleptic metal(II) complexes, Ni2+ inhibited all the fungi studied, whereas Cu2+ only inhibited Aspergillus niger at 11.0 mm and Zn2+ inhibited Aspergillus fungus at 1.0 mm and   Rhizopus stalonfer at 13.0 mm. Comparing this result to the heteroleptic counterpart, the Ni2+ complexes inhibited all the fungi, just as the Ni2+ homoleptic complexes did, unlike the Cu2+ homoleptic complexes, the Cu2+ heteroleptic complexes was able to inhibit all the fungi. On the other hand, both the homoleptic and heteroleptic complexes of Zn metal(II) ion had zero inhibitory activity against Aspergillus niger, in the case where the Zn homoleptic complex recorded 1.0 mm activity against Aspergillus fungus, its heteroleptic counterpart hrecorded zero activity. Therefore, at an average consideration, the homoleptic metal(II) complexes are said to have performed lesser than the heteroleptic complexes. This observation must have been so made as a result of the presence of two different ligand type in the heteroleptic complexes having more active pharmacophore. Generally, these complexes are thereby presenting as a promising antifungal pro-drug agent. Tweedy’s chelation theory is used to explain these antifungi properties of the above complexes (Yesmin et al., 2020). Also, overtones concept further supports the antifungi property of the studied complexes. Several reports on the antifungi activity of similar systems have presented them as more promising inhibitors with improved bio-functions (Habu, 2018).
Figure 1. Plates of antimicrobial assay of homoleptic and heteroleptic M2+ complexes
    [image: ]          [image: ]

Conclusion
In this present study, new homoleptic and heteroleptic Ni2+, Cu2+, and Zn2+ complexes of a Schiff base N-(2-hydroxy-1-naphthaldehyde)-2-amino-6-nitrobenzothiazole have been synthesized and described in this work. Coordination was proved by structural analyses using imine nitrogen and phenolic oxygen, and the complexes were all in octahedral formations. The complexes were thermally stable and had specific colors and were soluble in both DMSO and DMF. The antimicrobial activity was tested against a series of bacterial and fungal isolates and was found to have strong inhibitory power with heteroleptic complexes showing superior results to their homoleptic counterparts. The presented results indicate that mixed-ligand coordination increases the biological activity and therefore heteroleptic metal(II) complexes are promising compounds to be used to develop new antibacterial and antifungal drugs. Altogether, this paper highlights the perspective of Schiff base metal complexes in solving the global problem of multidrug resistant pathogens and forms a basis of further optimization of metal-based antimicrobial therapeutic solutions.
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Appendix 1. IR Spectra
IR Spectra of homoleptic M2+ complexes  
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IR Spectra of heteroleptic M2+ complexes
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Appendix 2. UV-VIS Spectra 
UV-VIS Spectra of homoleptic M2+ complexes
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UV-VIS Spectra of homoleptic M2+ complexes
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