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Synthesis, Spectroscopic Characterization and In Vitro Antibacterial Evaluation of Ni(II), Cu(II) and Zn(II) Complexes of 2-Acetylfuran Thiosemicarbazone
ABSTRACT
This study reports the synthesis, physicochemical characterization, and in vitro antibacterial screening of Ni(II), Cu(II), and Zn(II) complexes derived from a 2-acetylfuran thiosemicarbazone ligand. The ligand and its metal complexes were synthesized under reflux conditions and characterized by elemental analysis, molar conductance, magnetic susceptibility, infrared, and UV–visible spectroscopy. The molar conductance values in DMSO (5.59-13.0 Ω⁻¹ cm² mol⁻¹) indicate the non-electrolytic nature of the complexes. The Ni(II) and Cu(II) complexes exhibited effective magnetic moments of 3.22 and 2.11 B.M., respectively, while the Zn(II) complex was diamagnetic. The combined magnetic and spectroscopic data suggest octahedral coordination environments around the metal centers.
In vitro antibacterial activity was evaluated using the agar well diffusion method against Staphylococcus aureus, Escherichia coli, and Salmonella typhi at concentrations of 250-2000 µg/mL. At 2000 µg/mL, the free ligand produced inhibition zones of 10, 12, and 14 mm against S. aureus, E. coli, and S. typhi, respectively. Under the same conditions, the metal complexes exhibited higher inhibition zones than the free ligand, although their activities remained lower than that of the standard drug, ciprofloxacin (26 mm). These findings suggest that metal coordination modifies the antibacterial behavior of the ligand, possibly through chelation-related changes in lipophilicity and metal-mediated biological interactions. Further quantitative and structural investigations are required to better establish the structure-activity relationship.
Keywords: Thiosemicarbazone Schiff base, Transition metal complexes, characterization · Coordination chemistry, Antibacterial screening, Agar well diffusion method. 



INTRODUCTION
Schiff base ligands occupy a central position in coordination chemistry owing to their structural versatility, ease of synthesis, and strong metal-binding capacity (Malav and Ray, 2025). They are typically formed through condensation reactions between primary amines and aldehydes or ketones, generating the azomethine (–C=N–) functional group, which serves as a key coordination site for transition metal ions (47). Upon coordination, the electronic and physicochemical properties of the ligand framework are often modified, giving rise to complexes with distinct magnetic, spectral, and biological characteristics compared to the free ligands (Yadav et al., 2023). 
Among Schiff bases, thiosemicarbazone derivatives are particularly attractive due to the presence of multiple donor atoms, notably nitrogen and sulfur, which allow diverse coordination modes and stabilization of metal ions in various oxidation states (Lobana et al., 2009). The incorporation of heterocyclic moieties such as furan further enhances π-electron delocalization and can influence redox behavior and biological activity (Reis et al., 2019). These structural features make heterocyclic thiosemicarbazones suitable candidates for the development of functional metal complexes with potential pharmacological relevance (Beraldo and Gambino, 2018).
Metal complexation has frequently been associated with improved biological activity relative to free ligands. According to chelation theory, coordination reduces the polarity of the metal ion through partial charge sharing with donor atoms and delocalization of π-electrons across the chelate ring (Kowol et al., 2016). This process can enhance lipophilicity, facilitating membrane permeation and enabling metal-mediated interactions with biomolecular targets. Transition metals such as Ni(II), Cu(II), and Zn(II) readily form stable complexes with nitrogen- and sulfur-containing ligands and have been widely investigated for their antimicrobial potential (Reis et al., 2019).
Despite numerous reports on thiosemicarbazone-based metal complexes, systematic studies examining the influence of 2-acetylfuran-derived thiosemicarbazone ligands on the antibacterial behavior of Ni(II), Cu(II), and Zn(II) complexes remain limited. In this context, the present study focuses on the synthesis and physicochemical characterization of a 2-acetylfuran thiosemicarbazone ligand and its corresponding metal(II) complexes, followed by in vitro antibacterial evaluation against representative Gram-positive and Gram-negative bacterial strains.
Materials and Methods 
All chemicals and solvents used were of analytical grade and were obtained from Sigma-Aldrich and used without further purification. The thiosemicarbazide and 2-acetylfuran were also purchased from Sigma-Aldrich. Glassware was thoroughly cleaned with detergent, rinsed with distilled water, and oven-dried at 110 °C prior to use. Weighing was carried out using a Mettler balance (Model AB54). Melting points and decomposition temperatures were determined using a Gallenkamp SMP10 melting point apparatus. Molar conductivity measurements of the synthesized thiosemicarbazone and its metal (II) complexes were performed in DMSO at room temperature using a Jenway conductivity meter (Model 4010) to assess their electrolytic nature. Magnetic susceptibility measurements were obtained at room temperature using a Sherwood magnetic susceptibility balance to determine the magnetic behavior of the complexes. Infrared spectra were recorded on a Cary 630 FTIR spectrometer (Agilent Technologies) in the range 4000–400 cm⁻¹ to identify functional groups and confirm metal–ligand coordination. Electronic absorption spectra were measured between 200–600 nm using a PerkinElmer Lambda 35 UV–Visible spectrophotometer to investigate ligand-centered, charge-transfer, and d–d transitions. AAS (PinAAcle 900H) was used to determine metal percentage. Elemental analyses (C, H, N, S) were carried out using a PerkinElmer Series II CHNS/O 2400 analyzer. 
Synthesis of Thiosemicarbazone Ligand (L)
The ligand was synthesized by refluxing 20 cm³ ethanolic solutions of thiosemicarbazide (1.05 g, 10 mmol) and 2-acetylfuran (0.95 g, 10 mmol) with a few drops of glacial acetic acid at ~80 °C for 4 h. Upon cooling, a yellow solid precipitate formed, which was filtered, washed with diethyl ether, recrystallized from methanol, and dried over anhydrous CaCl₂ (20) as shown in Scheme 1.

Fig 1: Scheme for the Synthesis of Thiosemicarbazone and its Complexes
Analytical and Spectral Data of Thiosemicarbazone 
Physical yield (73.1%) yield; M.P of 179 °C; FT-IR (KBr, cm⁻¹) showed bands at 1615 cm⁻¹ (C=N), 1253 cm⁻¹ (C=S), and 829 cm⁻¹ (C–S). The UV-Vis spectrum in DMSO exhibited absorption peaks at 242, 250 nm (π→π*) and 329, 349 nm (n→π*). Elemental analysis for C₇H₈N₄OS gave calculated values of C 45.90%, H 4.92%, N 22.95%, S 17.49%, and the observed values were C 45.85%, H 4.89%, N 22.44%, S 16.21%. The ligand was soluble in DMSO and DMF, slightly soluble in methanol and ethanol, and insoluble in water and non-polar solvents.
Synthesis of Metal (II) Complexes
The metal complexes of the ligand were prepared by adding 20 cm³ of hot ethanolic solution of the ligand (0.73 g, 0.004 mol) dropwise to 20 cm³ of hot ethanolic solution of the respective metal chloride salts (0.002 mol) under constant stirring as shown in Scheme 1. The mixtures were refluxed for 5 h at ~80 °C. The resulting complexes were cooled to room temperature, filtered, washed with diethyl ether, recrystallized from methanol, and stored over anhydrous CaCl₂.(20).
Analytical and Spectral Data of [Ni(L)₂Cl₂]·H₂O  
The [Ni(L)₂Cl₂]·H₂O complex was obtained as a light green solid with a decomposition temperature of 217 °C and a yield of 78.8%. Its molar conductance in 10⁻³ M DMSO was 10.3 Ω⁻¹ cm² mol⁻¹, indicating a non-electrolytic nature. Magnetic susceptibility measurements gave an effective magnetic moment of 3.22 B.M., consistent with an octahedral geometry. FT-IR bands were observed at 3332 cm⁻¹ (O-H), 1605 cm⁻¹ (C=N), 1227 cm⁻¹ (C=S), 704 cm⁻¹ (C-S), 566 cm⁻¹ (Ni-S), 418 cm⁻¹ (Ni-N), and 336 cm⁻¹ (Ni-Cl). UV-Vis absorption peaks appeared at 234 nm (π→π*, C=S), 262 nm (π→π*, C=N), 338 nm (n→π*, C=S), and 353 nm (n→π*, C=N). Elemental analysis revealed C 32.71% (31.79%), H 3.92% (2.29%), N 16.35% (17.64%), S 12.46% (11.49%), and Ni 11.42% (9.99%).
Analytical and Spectral Data of [Cu(L)₂Cl₂]·H₂O
The [Cu(L)₂Cl₂]·H₂O complex formed a brown solid with a decomposition temperature of 205 °C and a yield of 71.4%. Its molar conductance was 13.0 Ω⁻¹ cm² mol⁻¹. The magnetic moment was 2.11 B.M. consistent with octahedral geometry. FT-IR peaks were at 3450 cm⁻¹ (O-H), 1603 cm⁻¹ (C=N), 1173 cm⁻¹ (C=S), 700 cm⁻¹ (C-S), 581 cm⁻¹ (Cu-S), 418 cm⁻¹ (Cu-N), and 343 cm⁻¹ (Cu-Cl). UV-Vis bands appeared at 239 nm, 262 nm, 339 nm, and 356 nm. Elemental analysis showed C 32.40% (31.53%), H 3.88% (2.56%), N 16.19% (16.35%), S 12.36% (11.99%), and Cu 12.25% (10.75%).
Analytical and Spectral Data of [Zn(L)₂Cl₂]·2H₂O 
The [Zn(L)₂Cl₂]·2H₂O complex was pale yellow, decomposed at 210 °C with a yield of 66.2%, and exhibited diamagnetic behavior. FT-IR spectra showed bands at 3417 cm⁻¹ (O-H), 1588 cm⁻¹ (C=N), 1274 cm⁻¹ (C=S), 720 cm⁻¹ (C-S), 581 cm⁻¹ (Zn-S), 406 cm⁻¹ (Zn-N), and 351 cm⁻¹ (Zn-Cl). UV-Vis peaks were at 248, 263, 338, and 348 nm. Elemental analysis results were C 31.21% (32.46%), H 4.12% (2.16%), N 15.60% (14.20%), S 12.13% (11.43%), and Zn 12.13% (11.09%).
In vitro Antibacterial Activity Assay
The in vitro antibacterial activity of the synthesized thiosemicarbazone ligand (L) and its metal(II) complexes ([Ni(L)₂Cl₂].H₂O, [Cu(L)₂Cl₂].H₂O, and [Zn(L)₂Cl₂].2H₂O) was evaluated using the agar well diffusion method, a widely used screening technique for assessing antimicrobial potential. This method enables comparative evaluation of antibacterial efficacy based on the diameter of growth inhibition zones (mm) around wells containing the test compounds.
Preparation of Stock and Working Solutions
Stock solutions were prepared by dissolving 2 mg of each compound in 1 mL of sterile dimethyl sulfoxide (DMSO) to obtain a concentration of 2000 µg/mL. Working solutions of 250, 500, 1000, and 2000 µg/mL were obtained via serial dilution of the stock solution. The concentration range was selected based on preliminary tests and relevant literature reports indicating effective inhibitory activity of similar thiosemicarbazone-metal complexes at these levels.
Bacterial Strains and Culture Media
The antibacterial activity was tested against Staphylococcus aureus, Escherichia coli, and Salmonella typhi. Clinical isolates were obtained from Aminu Kano Teaching Hospital and authenticated at the Department of Microbiology, Bayero University, Kano. Mueller–Hinton agar (MHA) was used for susceptibility testing, prepared by dissolving 48 g of MHA in 1000 mL distilled water, followed by autoclaving at 121 °C for 15 min. Molten agar was cooled to ~45 °C before pouring into sterile Petri dishes.
Standardization of Inoculum
Fresh bacterial cultures were adjusted to 0.5 McFarland turbidity standard, corresponding to approximately 1 × 10⁸ CFU/mL, to ensure uniform inoculum density. Sterile cotton swabs were used to inoculate the standardized bacterial suspensions evenly across the agar surface. 
Agar Well Diffusion Procedure
Sterile cork borers (6 mm diameter) were used to punch wells at equidistant positions on the inoculated agar plates. Aliquots of 0.1 mL of each test solution (250, 500, 1000, 2000 µg/mL) were introduced into the wells. Ciprofloxacin served as the positive control, and DMSO as the negative control. Plates were allowed to stand at room temperature for 1 h to permit pre-diffusion of the compounds, then incubated at 37 °C for 24 h. 
Replication and Statistical Treatment
All experiments were performed in triplicate to ensure reproducibility. The mean diameter of inhibition zones was calculated for each concentration, and standard deviations (SD) were determined to assess variability. This approach ensures statistical reliability and allows direct comparison between the ligand, metal complexes, and control antibiotic.

Quality Control
To maintain experimental integrity, sterility of media and solutions was confirmed, and controls  (positive and negative) were included in each assay. Concentrations were chosen based on preliminary screening to capture both sub-inhibitory and effective inhibitory ranges (21).
RESULTS AND DISCUSSION 
The tables below present the results obtained from the physicochemical analysis, spectral characterization, and in-vitro antimicrobial evaluation of the thiosemicarbazones and their complexes. 
Table 1: Percentage yield and some Properties of Thiosemicarbazone and its Metal (II) Complexes 
	Compounds
	Color
	M.P
(⁰C)
	Decomposition Temperature (⁰C)
	Percentage Yield (%)

	Thiosemicarbazone 
	Yellow
	179
	-
	73.1

	[Ni(L)2 Cl2].H2O
	Light green
	-
	217
	78.8

	[Cu(L)2Cl2 ].H2O
	Brown
	-
	205
	71.4

	[Zn(L)2Cl2 ].2H2O
	Pale yellow
	-
	210
	66.2


L= C7H9N3OS  






Table 2: Conductivity measurement of thiosemicarbazone Complexes in 1×10-3 DMSO 
	Complex
	Concentration Moldm-3
	Specific Conductance
Ω-1cm-1
	Molar Conductance
Ω-1cm2mol-1

	[Ni(L)2 Cl2].H2O
	1.0 × 10-3
	10.3 × 10-6
	10.3

	[Cu(L)2Cl2 ].H2O
	1.0 × 10-3
	13.0 × 10-6
	13.0

	[Zn(L)2Cl2 ].2H2O
	1.0 × 10-3
	5.59 × 10-6
	5.59


 L= C7H9N3OS  

Table 3: Magnetic Susceptibility data of thiosemicarbazone Complexes 
	Compound
	Xg(erg.c-2g-1)
	Xm(erg.c-2mol-1)
	µeff(BM)
	n
	Geometry
	Property

	[Ni(L)2 Cl2].H2O
	8.449 × 10-6
	4.352 × 10-3
	3.22
	2
	Octahedral
	Paramagnetic

	[Cu(L)2Cl2 ].H2O
	3.600 × 10-6
	1.868 × 10-3
	2.11
	1
	Octahedral
	Paramagnetic

	[Zn(L)2Cl2 ].2H2O
	-5.000 × 10-7
	-2.700 × 10-4
	-ve
	0
	Octahedral
	Diamagnetic


L= C7H9N3OS  










Table 4: Solubility test of Thiosemicarbazone and its Metal (II) Complexes in various solvents 
	Compound
	Water
	Methanol
	Ethanol
	D.ether
	Acetone
	DMSO
	DMF
	Hexane
	P.ether

	Thiosemicarbazone 
	IS
	SS
	SS
	IS
	S
	S
	S
	IS
	IS

	[Ni(L)2 Cl2].H2O
	IS
	SS
	SS
	IS
	SS
	S
	S
	IS
	IS

	[Cu(L)2Cl2 ].H2O
	IS
	SS
	SS
	IS
	SS
	S
	S
	IS
	IS

	[Zn(L)2Cl2 ].2H2O
	IS
	SS
	SS
	IS
	SS
	S
	S
	IS
	IS


L= C7H9N3OS, S=soluble, SS= slightly soluble, IS= insoluble
	
Table5: Infrared Spectral data of Thiosemicarbazone and its Metal (II) Complexes 
	Compounds
	ν (-OH) cm-1
	ν (C=N) cm-1
	ν (C=S) cm-1
	ν (C-S) cm-1
	ν (M-S) cm-1
	ν (M-N) cm-1
	ν (M-Cl) cm-1

	Thiosemicarbazone 
	-
	1615
	1253
	829
	-
	-
	-

	[Ni(L)2 Cl2].H2O
	3332
	1605
	1227
	704
	566
	418
	336

	[Cu(L)2Cl2 ].H2O
	3450
	1603
	1173
	700
	581
	418
	343

	[Zn(L)2Cl2 ].2H2O
	3417
	1588
	1274
	720
	581
	406
	351


L= C7H9N3OS 




Table 6: UV-Visible Spectral data of Thiosemicarbazone and its Complexes 
	Compounds
	π→π*(nm) C=S
	Absorbance
	π→π* (nm) C=N
	Absorbance
	n→π (nm) C=S
	Absorbance
	n→π (nm) C=N
	Absorbance

	Thiosemicarbazone (LIV)
	242
	3.9
	250
	4.0
	329
	10
	349
	3.4

	[Ni(L)2 Cl2].H2O
	234
	0.4
	262
	3.4
	338
	2.3
	353
	2.4

	[Cu(L)2Cl2 ].H2O
	239
	0.5
	262
	3.5
	339
	2.4
	356
	2.5

	[Zn(L)2Cl2 ].2H2O
	248
	2.7
	263
	3.6
	338
	6.1
	348
	6.7


L= C7H9N3OS 

Table 7: Elemental Analysis data of the thiosemicarbazone (L) and its metal complexes  
	




Compounds
	




%C
	Elemental Analyses
Calculated (observed)



%H
	




%N
	




%S

	Thiosemicarbazone (LIV)
	45.90(45.85)
	4.92(4.89)
	22.95(22.44)
	17.49(16.21)

	[Ni(L)2 Cl2].H2O
	32.71(31.79)
	3.92(2.29)
	16.35(17.64)
	12.46(11.49)

	[Cu(L)2Cl2 ].H2O
	32.40(31.53)
	3.88(3.56)
	16.19(16.35)
	12.36(11.99)

	[Zn(L)2Cl2 ].2H2O
	31.21(32.46)
	4.12(2.16)
	15.60(14.20)
	12.13(11.43)


L= C7H9N3OS 


Table 8: Determination of Metal ions in thiosemicarbazone (L) Complexes using Atomic Absorption Spectrophotometer (AAS)
	Compound
	Concentration (mg/L)
	% of Metal ions
Calculated (Observed)

	[Ni(L)2 Cl2].H2O
	19.98
	11.42(9.99)

	[Cu(L)2Cl2 ].H2O
	21.50
	12.25(10.75).

	[Zn(L)2Cl2 ].2H2O
	22.18
	12.13(11.09)


L= C7H9N3OS 


















Table 9: Antibacterial Activity (Zone of Inhibition, mm) of the Thiosemicarbazone 
Schiff base Ligand (L) and its Ni(II), Cu(II), and Zn(II) Complexes
	Compound
	Concentration (µg/mL)
	Gram-positive Bacteria (mm)
	Gram-negative Bacteria (mm)

	
	
	Staphylococcus aureus
	Escherichia coli
	Salmonella typhi

	Thiosemicarbazone 
	2000
	10
	12
	14

	
	1000
	09
	10
	12

	
	500
	07
	08
	10

	
	250
	06
	07
	06

	[Ni(L)2 Cl2].H2O
	2000
	19
	18
	17

	
	1000
	15
	16
	14

	
	500
	13
	14
	11

	
	250
	09
	10
	08

	[Cu(L)2Cl2 ].H2O
	2000
	24
	20
	18

	
	1000
	21
	17
	16

	
	500
	17
	15
	14

	
	250
	15
	13
	08

	[Zn(L)2Cl2 ].2H2O
	2000
	21
	18
	15

	
	1000
	19
	14
	13

	
	500
	16
	13
	10

	
	250
	13
	10
	09

	Ciprofloxacin
	
	26
	25
	19


L= C7H9N3OS 
Discussion
Physicochemical Properties (Table 1)
Table 1 summarizes the physicochemical properties of the synthesized thiosemicarbazone ligand (L = C₇H₉N₃OS) and its corresponding Ni(II), Cu(II), and Zn(II) complexes, providing preliminary but essential evidence for successful ligand formation and subsequent metal coordination.
The free thiosemicarbazone ligand was isolated as a yellow solid with a sharp melting point of 179 °C and a percentage yield of 73.1%. The well-defined melting point indicates good purity and structural integrity of the ligand, while the satisfactory yield confirms the efficiency of the condensation reaction between 2-acetylfuran and thiosemicarbazide. These observations demonstrate the reliability and economic viability of the adopted synthetic route.
Complex formation was accompanied by pronounced changes in colour, reflecting significant modifications in the electronic environment of the ligand upon coordination. The Ni(II) complex appeared light green, the Cu(II) complex brown, and the Zn(II) complex pale yellow distinctly different from the free ligand. Such colour variations are characteristic of metal–ligand interactions and are commonly attributed to ligand-to-metal charge transfer transitions, ligand field effects, and, in some cases, the presence of coordinated water molecules. Similar observations have been widely reported for thiosemicarbazone-based metal complexes (9,20)
Unlike the free ligand, which exhibited a clear melting point, all metal complexes decomposed at elevated temperatures, indicating enhanced thermal stability upon chelation. The decomposition temperatures of the Ni(II), Cu(II), and Zn(II) complexes were recorded at 217, 205, and 210 °C, respectively. The comparatively higher decomposition temperature of the Ni(II) complex suggests a more stable coordination environment, likely arising from stronger metal–ligand interactions. This trend is consistent with earlier reports linking increased thermal stability to effective chelation and the formation of rigid, predominantly octahedral coordination geometries in thiosemicarbazone complexes (1)
The metal complexes were obtained in good yields, ranging from 66.2% to 78.8%, which fall within the typical range reported for thiosemicarbazone metal complexes (30). The Ni(II) complex exhibited the highest yield (78.8%), followed by the Cu(II) (71.4%) and Zn(II) (66.2%) complexes. Variations in yield may be attributed to differences in metal ion reactivity, coordination preferences, and hydration behavior during complexation.
Molar Conductance Studies (Table 2)
Table 2 presents the molar conductivity data for the synthesized thiosemicarbazone metal(II) complexes measured in DMSO at a concentration of 1 × 10⁻³ mol dm⁻³. Molar conductance measurements are a valuable diagnostic tool for assessing the electrolytic nature of coordination compounds and for determining whether anions are present as free counterions or are coordinated within the inner coordination sphere.
The observed molar conductance values for the Ni(II), Cu(II), and Zn(II) complexes were 10.3, 13.0, and 5.59 Ω⁻¹ cm² mol⁻¹, respectively. These values are markedly low and fall well within the range expected for non-electrolytic or weakly electrolytic complexes in polar aprotic solvents such as DMSO. In contrast, electrolytic complexes typically exhibit molar conductance values greater than 70 Ω⁻¹ cm² mol⁻¹ under similar conditions (31). The low conductance values obtained in this study therefore indicate that the complexes do not undergo ionic dissociation in solution.
This behavior strongly suggests that the chloride ions are coordinated directly to the metal centers and remain within the inner coordination sphere rather than existing as free ions in solution. Consequently, the complexes are best described as neutral species of the type [M(L)₂Cl₂]·nH₂O. The slightly higher molar conductance observed for the Cu(II) complex compared to the Ni(II) and Zn(II) analogues may be attributed to differences in solvation effects, metal–ligand bond polarity, or partial ion–dipole interactions in solution; however, these variations do not alter the overall non-electrolytic nature of the complexes.
The conductivity behavior observed here is consistent with earlier reports on thiosemicarbazone and Schiff base metal complexes, where low molar conductance values have been correlated with inner-sphere chloride coordination and predominantly octahedral coordination geometries [1, 30] Thus, the molar conductance data provide strong complementary support for the proposed stoichiometry and coordination mode, in agreement with conclusions drawn from elemental analysis and spectroscopic characterization. 
Magnetic Susceptibility Studies (Table 3)
Table 3 presents the magnetic susceptibility parameters of the synthesized thiosemicarbazone metal(II) complexes, including gram magnetic susceptibility (χg), molar magnetic susceptibility (χm), effective magnetic moment (µeff), number of unpaired electrons (n), and magnetic behavior. Magnetic susceptibility measurements are particularly valuable in elucidating the electronic configuration, spin state, and coordination geometry of transition metal complexes, and they serve as a key complement to spectroscopic and analytical data.
The Ni(II) complex exhibits a positive molar magnetic susceptibility (χm = 4.352 × 10⁻³ erg G⁻² mol⁻¹) with an effective magnetic moment (µ_eff) of 3.22 B.M., corresponding to two unpaired electrons (n = 2). This value is characteristic of high-spin octahedral Ni(II) complexes with a d⁸ electronic configuration and lies well within the reported range for similar thiosemicarbazone-Ni(II) systems [30]. The observed paramagnetic behavior therefore strongly supports an octahedral coordination environment around the Ni(II) ion, arising from coordination by two bidentate thiosemicarbazone ligands and two chloride ions.
The Cu(II) complex displays a molar magnetic susceptibility of 1.868 × 10⁻³ erg G⁻² mol⁻¹ and an effective magnetic moment of 2.11 B.M., consistent with the presence of one unpaired electron (n = 1) in a d⁹ electronic configuration. This µ_eff value is typical for Cu(II) complexes and confirms their paramagnetic nature. The slightly elevated magnetic moment relative to the spin-only value reflects spin–orbit coupling and supports a Jahn-Teller distorted octahedral geometry, a structural feature commonly observed in Cu(II) Schiff base and thiosemicarbazone complexes [31]. Such distortion arises from axial elongation, leading to deviation from ideal octahedral symmetry.
In contrast, the Zn(II) complex exhibits negative values of both χg and χm, indicating diamagnetic behavior. The effective magnetic moment is essentially zero, consistent with a d¹⁰ electronic configuration and the complete absence of unpaired electrons (n = 0). This result confirms the +2 oxidation state of zinc and supports the formation of a closed-shell complex. Although Zn(II) does not contribute to magnetic properties, the observed diamagnetism is fully consistent with an octahedral coordination environment involving neutral donor atoms and coordinated chloride ions.
Overall, the magnetic susceptibility data clearly differentiate the paramagnetic Ni(II) and Cu(II) complexes from the diamagnetic Zn(II) analogue. The experimentally determined µ_eff values are in excellent agreement with the expected electronic configurations of the respective metal ions and provide strong evidence in favor of octahedral coordination geometries for all complexes. These findings are fully consistent with the results obtained from molar conductance, infrared, UV–visible spectroscopy, and elemental analysis, thereby reinforcing the proposed structural formulations of the synthesized thiosemicarbazone metal(II) complexes.
Solubility Studies (Table 4)
The thiosemicarbazone ligand derived from 2-acetylfuran is soluble in DMF and DMSO, slightly soluble in methanol and ethanol, and insoluble in water, n-hexane, petroleum ether, and diethyl ether. This behaviour reflects the non-ionic nature of the ligand and its preference for polar aprotic solvents due to strong dipole–dipole interactions [29].
The metal(II) complexes exhibit similar solubility trends, remaining soluble in DMF and DMSO while showing limited solubility in non-polar solvents. These observations are consistent with reported solubility patterns of thiosemicarbazone metal complexes [39].
Infrared Spectral Analysis (Table 5)
The free ligand displays a characteristic ν(C=N) stretching band at 1615 cm⁻¹, confirming the formation of the azomethine linkage via condensation of 2-acetylfuran with thiosemicarbazide. The thione ν(C=S) band appears at 1253 cm⁻¹, while the ν(C-S) vibration is observed at 829 cm⁻¹. No metal–ligand vibrations are present in the ligand spectrum, as expected.
Coordination to the metal centers results in notable shifts of these key bands, indicative of metal–ligand interactions. The ν(C=N) band shifts to 1605 cm⁻¹ (Ni), 1603 cm⁻¹ (Cu), and 1588 cm⁻¹ (Zn), consistent with azomethine nitrogen involvement in metal binding. Similarly, the ν(C=S) band shifts to 1227, 1173, and 1274 cm⁻¹ for Ni(II), Cu(II), and Zn(II), respectively, confirming coordination through the thiocarbonyl sulfur atom. The ν(C–S) vibrations also shift slightly (704–720 cm⁻¹), reflecting delocalization of electron density upon chelation.
The broad ν(O-H) bands observed at 3332-3450 cm⁻¹ in the complexes correspond to coordinated or lattice water molecules, absent in the free ligand, indicating the presence of water molecules within the coordination sphere. Additionally, new absorption bands appear at 566–581 cm⁻¹ (M-S), 406-418 cm⁻¹ (M-N), and 336-351 cm⁻¹ (M-Cl), providing direct evidence of metal-ligand bonding. These bands are characteristic of inner-sphere chloride coordination and octahedral geometry around the metal centers.
Overall, the IR spectral data confirm that the thiosemicarbazone ligand acts as a bidentate ligand, coordinating through the azomethine nitrogen and thione sulfur atoms to form stable octahedral Ni(II), Cu(II), and Zn(II) complexes. The observed band shifts, combined with the appearance of metal-ligand vibrations, corroborate the structural assignments derived from elemental analysis, molar conductance, and magnetic susceptibility studies [30, 31,] 
UV-Visible Spectral Studies (Table 6)
The electronic spectra of the free thiosemicarbazone ligand (L = C₇H₉N₃OS) and its Ni(II), Cu(II), and Zn(II) complexes were recorded to examine the electronic transitions and to provide further evidence of metal–ligand coordination. The ligand exhibits characteristic π→π* transitions at 242 nm (C=S) and 250 nm (C=N) and n→π* transitions at 329 nm (C=S) and 349 nm (C=N), confirming the presence of conjugated azomethine and thione chromophores formed via condensation of 2-acetylfuran with thiosemicarbazide [14].
Upon complexation, all metal complexes displayed significant shifts in both π→π* and n→π* bands. For the Ni(II) complex, π→π* transitions shifted to 234 nm (C=S) and 262 nm (C=N), with n→π* bands appearing at 338 nm (C=S) and 353 nm (C=N). The Cu(II) complex exhibited π→π* bands at 239 and 262 nm and n→π* bands at 339 and 356 nm, whereas the Zn(II) complex showed π→π* absorptions at 248 and 263 nm and n→π* transitions at 338 and 348 nm. These spectral shifts indicate coordination of the azomethine nitrogen and thione sulfur atoms to the respective metal centers, resulting in ligand-to-metal charge transfer (LMCT) and modification of the electronic delocalization within the chelate rings.
A notable decrease in absorbance intensity for the Ni(II) and Cu(II) complexes in the π→π* transitions of C=S suggests significant involvement of the thione sulfur in metal binding. In contrast, the Zn(II) complex retains higher absorbances, consistent with its diamagnetic nature and weaker ligand field effects. The absence of well-resolved d-d transitions in the visible region may be attributed to low intensity and overlap with charge- transfer bands which is common in thiosemicarbazone metal complexes. The observed bathochromic and hypsochromic shifts in n→π* transitions further support the formation of stable octahedral complexes.
Overall, the UV-Vis spectral data, when interpreted alongside IR, magnetic susceptibility, and molar conductance measurements, provide compelling evidence for bidentate coordination of the thiosemicarbazone ligand through azomethine nitrogen and thione sulfur atoms. These electronic transitions not only confirm complex formation but also highlight the influence of the metal ions on the ligand’s electronic environment, which may be linked to the enhanced biological activity of the complexes relative to the free ligand.
Elemental and Metal Content Analysis (Tables 7 and 8)
Elemental analysis confirmed the composition and purity of the thiosemicarbazone ligand (L = C₇H₉N₃SO) and its Ni(II), Cu(II), and Zn(II) complexes. The free ligand showed calculated C, H, N, and S values of 45.90%, 4.92%, 22.95%, and 17.49%, closely matching the observed values of 45.85%, 4.89%, 22.44%, and 16.21%, confirming successful synthesis.
The metal complexes also exhibited good agreement with calculated values, supporting the proposed stoichiometries of [M(L)₂Cl₂]·nH₂O. Minor deviations in C, H, N or S are likely due to partial loss of coordinated water or experimental errors, but they do not compromise the structural assignments. Overall, the elemental analysis corroborates the formation of stable octahedral Ni(II), Cu(II), and Zn(II) complexes and complements the IR, UV-Vis, magnetic, and conductivity data.
The metal content of the synthesized thiosemicarbazone complexes was quantified using atomic absorption spectroscopy (AAS). The experimentally observed percentages of Ni(II), Cu(II), and Zn(II) were 9.99%, 10.75%, and 11.09%, respectively, slightly lower than the calculated values of 11.42%, 12.25%, and 12.13%.
These small deviations are common in AAS measurements and may arise from minor sample handling losses or incomplete digestion. Nevertheless, the results closely match the theoretical values, confirming the presence of the expected metal ions and supporting the proposed stoichiometry of [M(L)₂Cl₂]·nH₂O for all complexes.
Overall, the AAS data validate the successful incorporation of Ni(II), Cu(II), and Zn(II) into the thiosemicarbazone framework, complementing the elemental analysis, IR, UV-Vis, and magnetic studies.
Antibacterial Activity of thiosemicarbazone and its Metal(II) Complexes (Table 9).
The antibacterial activity of the thiosemicarbazone Schiff base ligand (L = C₇H₉N₃OS) and its Ni(II), Cu(II), and Zn(II) complexes was assessed against Staphylococcus aureus (Gram-positive) and Escherichia coli and Salmonella typhi (Gram-negative), using ciprofloxacin as a reference drug. The results reveal a clear concentration-dependent inhibition for all tested compounds.
The free ligand exhibits modest antibacterial activity (6-14 mm), which can be attributed to the presence of biologically active azomethine (–C=N–) and thione (C=S) functionalities capable of interacting weakly with microbial enzymes and cellular proteins. However, its limited lipophilicity restricts efficient penetration through bacterial cell membranes, particularly in Gram-negative strains with an outer lipopolysaccharide barrier.
Complexation with metal ions results in a marked enhancement of antibacterial activity across all concentrations and bacterial species. This improvement follows the order:
Cu(II) complex > Zn(II) complex > Ni(II) complex > free ligand
Such enhancement is well explained by Tweedy’s chelation theory, which states that chelation reduces the polarity of the metal ion through partial charge sharing with donor atoms and increases the delocalization of π-electrons over the chelate ring. This process significantly enhances the lipophilicity of the complex, facilitating diffusion through the lipid layers of bacterial cell membranes (10, 27).
The Cu(II) complex demonstrates the highest antibacterial activity, approaching that of ciprofloxacin, particularly against Staphylococcus aureus. This superior performance is commonly reported for Cu(II) complexes and is attributed to the redox-active nature of copper, which can participate in Fenton-type reactions, generating reactive oxygen species (ROS). These ROS induce oxidative stress, leading to damage of bacterial membranes, proteins, and nucleic acids (24, 18). Additionally, Cu(II) ions are known to bind strongly to thiol-containing enzymes, disrupting essential metabolic pathways. 
The Zn(II) complex also exhibits notable antibacterial activity despite being diamagnetic. This effect is associated with the strong Lewis acidic character of Zn(II), which promotes binding to biological donor sites such as nitrogen and sulfur atoms in proteins and enzymes, thereby inhibiting microbial growth (17). Zn(II) complexes are also reported to interfere with DNA replication and transcription by stabilizing metal–DNA interactions.
The Ni(II) complex shows comparatively lower, yet significant, antibacterial activity. This behavior is consistent with literature reports indicating that Ni(II) complexes generally exhibit weaker redox activity than Cu(II) complexes but still benefit from enhanced membrane permeability due to chelation (19,38)
The reduced susceptibility of Gram-negative bacteria compared to Gram-positive S. aureus is attributed to structural differences in their cell walls. The outer membrane of Gram-negative bacteria acts as an additional permeability barrier, limiting the uptake of antimicrobial agents, a phenomenon widely reported in coordination compound studies (6).
Overall, the antibacterial data strongly support that coordination of the thiosemicarbazone ligand to transition metal ions enhances biological activity through increased lipophilicity, improved membrane penetration, enzyme inhibition, metal-induced oxidative stress, and possible DNA interactions. These findings align well with previous reports on thiosemicarbazone metal complexes and highlight the Cu(II) and Zn(II) complexes as promising candidates for further antimicrobial investigation.

Fig 1: Bar chart showing the antibacterial activity of the Thiosemicarbazone and its complexes against Staphylococcus aureus

Fig 2: Bar chart showing the antibacterial activity of the Thiosemicarbazone and its complexes against Escherichia coli
 

Fig 3: Bar chart showing the antibacterial activity of the Thiosemicarbazone and its complexes against Salmonella typhi 






[image: ]Fig. 4: FTIR spectrum of Thiosemicarbazone Schiff base
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Fig 5: FTIR Spectrum of Thiosemicarbazone Ni(II) complex 
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Fig 6: FTIR Spectrum of Thiosemicarbazone Cu(II) complex 
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Fig 7: FTIR Spectrum of Thiosemicarbazone Zn(II) complex 
CONCLUSION 
A Schiff base ligand and its metal (II) complexes were successfully synthesized and characterized using various physicochemical techniques and spectral analysis. Both the Schiff base and the resulting compounds were produced in considerable yields and displayed notable thermal stability. The low conductivity observed in the complexes suggests their non-electrolytic nature, confirming chloride coordination within the inner coordination sphere. Measurements of effective magnetic moments indicate that the complexes are paramagnetic. Infrared spectra exhibited all absorption bands at the anticipated wavenumbers, while electronic spectra revealed n→π* transitions at expected wavelengths. Furthermore, results from elemental and gravimetric analysis indicate a metal-ligand ratio of 1:2, supporting the proposed structural model. The in vitro antibacterial activity showed significant enhancement upon complexation, underscoring their potential leads for further study.
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