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ABSTRACT 

 Two Schiff base ligands (HL1 and HL2) were synthesized through the 

condensation of ampicillin with 2-nitrobenzaldehyde and 2-hydroxy-1-

naphthaldehyde, respectively, and subsequently complexed with Nickel(II) and 

Copper(II) ions to afford four new metal complexes (NiL1, CuL1, NiL2, and 

CuL2). The ligands and complexes were characterized using melting point 

determination, solubility tests, FTIR, UV–Visible spectroscopy, mass 

spectrometry, elemental analysis, and conductivity measurements. 

Spectroscopic data confirmed coordination through the azomethine nitrogen 

and the carbonyl oxygen of the amide group, with characteristic shifts in 

ν(C=N), ν(C=O), and ν(C–O) bands supporting tridentate chelation. Electronic 

spectra revealed ligand-cantered transitions for the free ligands and the 

appearance of d–d/LMCT bands in the metal complexes, suggesting octahedral 

coordination environments. The antimicrobial activities of the compounds 

were assessed against selected Gram-positive and Gram-negative bacteria (S. 

aureus, S. pyogenes, E. coli, S. typhi) and the fungal strain C. albicans. The 

complexes exhibited markedly higher activity than the free ligands, with CuL2 

and NiL1 showing the broadest and most potent inhibition profiles. Structure–

activity analysis indicates that increased π-conjugation (HL2-series) and the 

borderline Lewis acidity of Cu enhance biological potency. Overall, these 

results demonstrate the potential of ampicillin-derived Schiff base complexes 

as promising scaffolds for the development of new antimicrobial agents.
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INTRODUCTION 

Schiff bases and their metal complexes 

continue to attract considerable research 

attention due to their structural versatility, 

tunable donor properties, and wide range of 

biological and pharmaceutical applications 

(Malav & Ray, 2025; Shafie & Ashour, 2025). 

These compounds, typically formed through 

the condensation of primary amines with 

carbonyl compounds, possess an azomethine 

(–C=N–) functional group that plays a pivotal 

role in coordinating metal ions (Uddin et al., 

2025; Venkatesh et al., 2024). The presence of 

additional donor sites such as –OH, –COOH, –

NO₂, and aromatic rings further enhances their 

ability to form stable complexes with 

transition metals, thereby influencing their 

physicochemical and biological behaviour 

(Mushtaq et al., 2024; Soroceanu & Bargan, 

2022). Transition metal complexes of Schiff 

bases have been widely investigated for 

antimicrobial, anticancer, antioxidant, anti-

inflammatory, and catalytic activities, owing 

to their ability to modulate the reactivity of the 

parent organic ligand through metal 

coordination (Krishna et al., 2023; Kumar et 

al., 2023). 

Ampicillin, a β-lactam antibiotic of the 

penicillin class, is known for its broad-

spectrum antimicrobial activity; however, the 

increasing rate of microbial resistance has 

limited its therapeutic efficiency (Bereda, 

2022; Gambo et al., 2023). Chemical 

modification of ampicillin through Schiff base 

formation has emerged as a promising strategy 

to enhance its pharmacological profile, 

improve stability, broaden antimicrobial 

activity, and overcome resistance mechanisms. 

Recent studies have demonstrated that 

derivatization of β-lactam antibiotics with 

aldehydes or aromatic substituents improve 

cell permeability, metal-binding capacity, and 

interaction with microbial targets (Al-Noor et 

al., 2021; Arshi et al., 2023; Subitha et al., 

2021). Yet, only limited reports exist on 

ampicillin-derived Schiff bases, and their 

transition metal complexes, particularly 

involving bioactive metal ions such as Nickel 

and Copper. 

Given the biological importance of nickel(II) 

and copper(II) complexes, especially their 

known roles in enzyme mimicry, redox 

activity, and metal-assisted antimicrobial 

potency, investigating their coordination with 

ampicillin-based Schiff base ligands presents a 

valuable approach to developing novel 

antimicrobial agents (Lee & Lo, 2024; Sankar 

& Sharmila, 2023; Zavaroni et al., 2025). 

Metal coordination often enhances 

lipophilicity, membrane penetration, and 

binding affinity of Schiff base ligands toward 

microbial biomolecules, thereby improving 

antimicrobial effectiveness through synergistic 

metal–ligand interactions (Alhussaini et al., 

2025; Nandini & Selvi, 2025). 

In this study, two new Schiff base ligands 

(HL1 and HL2) were synthesized via the 

condensation of ampicillin with 2-

nitrobenzaldehyde and 1-hydroxy-2-

naphthaldehyde, respectively. Their 

corresponding nickel(II) and copper(II) 

complexes were prepared and characterized 

using melting point analysis, solubility, molar 

conductivity, FTIR, UV-Visible spectroscopy, 

elemental microanalysis, mass spectrometry, 

and NMR spectroscopy. The antimicrobial 

activities of the synthesized compounds were 

evaluated against selected Gram-positive and 

Gram-negative bacteria, as well as a fungal 

strain, to assess the influence of metal 

coordination on biological performance. This 

work provides insight into the structure–

activity relationships of ampicillin-derived 

Schiff base ligands and their metal complexes, 

with potential relevance in the development of 

improved antimicrobial agents. 

Experimental  

Chemicals and Reagents 

All chemicals and solvents used in this study 

were of analytical grade and were used 

without further purification unless otherwise 

stated. Ampicillin trihydrate, 2-

nitrobenzaldehyde, 1-hydroxy-2-

naphthaldehyde, nickel(II)chloride 

hexahydrate and copper(II)chloride dihydrate 

were obtained from Sigma-Aldrich and Merck. 

Ethanol, methanol, dimethyl sulfoxide 

(DMSO), chloroform, diethyl ether, n-hexane, 

and acetone were procured from BDH 

Chemicals and used as received. 

Synthesis of the Schiff base Ligands 

Synthesis of HL1 

The ligand HL1 was synthesized following a 

modified literature procedure as reported by 

(Albotani et al., 2025; Wasafa et al., 2023; 

Waziri et al., 2023). Ampicillin (1.0 g, 2.5 

mmol, 1.0 eq) was dissolved in 30 mL of 

methanol with continuous stirring. A separate 

methanolic solution of 2-nitrobenzaldehyde 
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(0.38 g, 2.5 mmol, 1.0 eq) in 20 mL of 

methanol was prepared and added dropwise to 

the ampicillin solution, followed by the 

addition of three drops of concentrated H₂SO₄ 

as a catalyst. The reaction mixture was 

refluxed at 65 °C for 3 hours. Upon 

completion, the resulting precipitate was 

collected by filtration, washed with cold 

methanol, and dried in a desiccator over fused 

CaCl₂. The percentage yield of the product was 

calculated using the standard procedure, and 

the compound was subsequently characterized 

using physicochemical and analytical 

techniques. The synthetic route for HL1 is 

presented in Scheme 1

. 

 
Scheme 1: Pathway for the synthesis of HL1; i = CH3OH/H2SO4, ii = 65 oC/3 hours 

White solid powder, yield (0.84 g, 57%), m.p. 

163-164 ℃;UV-Vis (DMSO, 10-3 M) λmax 

(nm): 230 (π →π*), 360 (n→π*); FTIRATR; 

Ʋ(cm-1): 3350 (N-H), 3100 (O-H), 2920 (C-

H), 1720 (C=O), 1620 (C=N), 1520 (N-O), 

1350 (C-N), 1276 (C-O), Elemental 

composition (CHN): Calculated for 

C22H22N4O6S; C, 56.16, H, 4.71, N, 11.91, 

Experimentally obtained for C22H22N4O6S; C, 

56.13, H, 4.74, N, 11.88; Molecular weight for 

C22H22N4O6S, m/z: Calculated = 493.1245 

[M+Na]+, Experimentally obtained = 493.3475 

[M+Na]+.  

Synthesis of HL2 

The ligand HL2 was synthesized using the 

same modified literature procedure as 

described for HL1. Ampicillin (1.0 g, 2.5 

mmol, 1.0 eq) was dissolved in 30 mL of 

methanol with continuous stirring. A separate 

solution of 1-hydroxy-2-naphthaldehyde (0.43 

g, 2.5 mmol, 1.0 eq) in 20 mL of methanol was 

prepared and added dropwise to the ampicillin 

solution, followed by the addition of three 

drops of concentrated H₂SO₄ to catalyzed the 

condensation reaction. The reaction mixture 

was refluxed at 65 °C for 3 hours. The solid 

product obtained was filtered, washed with 

cold methanol, and dried in a desiccator over 

fused CaCl₂. The percentage yield was 

determined, and the ligand was characterized 

using standard physicochemical and analytical 

techniques. The synthetic pathway for HL2 is 

illustrated in Scheme 2. 
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Scheme 2: Pathway for the synthesis of HL2; i = CH3OH/H2SO4, ii = 65 oC/3 hours 

Milky solid powder, yield (0.90 g, 40%), 

melting point :183-184º C; UV-Vis (DMSO, 

10-3 M) λmax (nm):  265 (π →π*), 384 (n→π*); 

FTIRATR; Ʋ(cm-1): 3420 (N-H), 3150 (O-H), 

2924 (C-H), 1700 (C=O), 1602 (C=N), 1520 

(N-O), 1380 (C-N), 1288 (C-O), Elemental 

composition (CHN): Calculated 

forC26H25N3O5S; C, 63.53, H, 5.13, N, 8.55, 

Experimentally obtained for C26H25N3O5S; C, 

63.48, H, 5.11, N, 8.53; Molecular weight for 

C26H25N3O5S, m/z: Calculated = 493.1752 

[M+Na]+, Experimentally obtained = 493.3616 

[M+Na]+.  

Synthesis of the Complexes 

Synthesis of HL1 Derived Complexes 

The HL1-based metal complexes were 

synthesized following a modified literature 

procedure (Banbela et al., 2025; Subitha et al., 

2021). Briefly, HL1 (1.88 g, 4 mmol, 2 equiv.) 

was weighed and dissolved in 20 mL of 

methanol in two separate reaction flasks. 

Subsequently, solutions of NiCl₂·6H₂O (0.47 

g, 2 mmol, 1 equiv.) or CuCl₂·4H₂O (0.41 g, 2 

mmol, 1 equiv.), each prepared in 20 mL of 

methanol, were added individually to the 

respective flasks containing the ligand 

solutions. 

Each reaction mixture was refluxed at 65 °C 

for four hours. The resulting precipitates 

formed during reflux were collected by gravity 

filtration, washed thoroughly with methanol to 

remove any unreacted species, and dried in a 

desiccator over fused calcium chloride. The 

obtained complexes were subjected to 

spectroscopic and analytical characterization 

for structural confirmation. The reaction 

pathway for the synthesis of the complexes is 

illustrated in Scheme 3. 

 
Scheme 3: Pathway for the Synthesis of HL1 Derived Complexes; i = CH3OH ii = 65 oC/3 hours, M = 

Ni or Cu, n = 4 or 6 
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NiL1 Complex 

Green solid powder, yield: (0.3 g, 61.4 %), 

m.p, 261-265℃; UV-Vis (DMSO, 10-3 M) λmax 

(nm):  245 (π →π*), 340 (n→π*); 580 

(d→d);FTIRATR; Ʋ(cm-1): 3300 (N-H), 3000 

(O-H), 2900 (C-H), 1590 (C=N), 1500 (N-O), 

1320 (C-N), 1260 (C-O),  540 (Ni-O), 470 

(Ni-N); Elemental composition (CHN): 

Calculated for C45H49N8NiO12S2; C, 53.16, H, 

4.86, N, 11.02, Experimentally obtained for 

C45H49N8NiO12S2; C, 56.13, H, 4.81, N, 10.98. 

CuL1 Complex 

Blue solid powder, yield:(0.10g, 

86%),m.p.283-286 ℃; UV-Vis (DMSO, 10-3 

M) λmax (nm):  233 (π →π*), 325 (n→π*); 520 

(LMCT); FTIRATR; Ʋ(cm-1): 3250 (N-H), 3060 

(O-H), 2850 (C-H), 1589 (C=N), 1510 (N-O), 

1330 (C-N), 1248 (C-O), 529 (Cu-O), 456 

(Cu-N); Elemental composition (CHN): 

Calculated for C45H49CuN8O12S2; C, 52.91, H, 

4.83, N, 10.97, Experimentally obtained for 

C45H49CuN8O12S2; C, 52.88, H, 4.81, N, 10.93.  

 

Synthesis of HL2 Derived Complexes  

The Ni(II) and Cu(II) complexes of HL2 were 

synthesized following the same general 

procedure used for the HL1-derived 

complexes. Briefly, HL2 (1.97 g, 4 mmol, 2 

equiv.) was weighed and dissolved in 20 mL 

of methanol in two separate reaction flasks. 

Solutions of NiCl₂·6H₂O (0.47 g, 2 mmol, 1 

equiv.) and CuCl₂·4H₂O (0.41 g, 2 mmol, 1 

equiv.), each prepared in 20 mL of methanol, 

were added individually to the respective 

flasks containing the ligand solutions. 

Each reaction mixture was refluxed at 65 °C 

for four hours. The resulting precipitates 

formed during reflux were collected by gravity 

filtration, washed with cold methanol to 

remove unreacted starting materials, and dried 

in a desiccator over fused calcium chloride. 

The obtained complexes were subsequently 

analysed using spectroscopic and analytical 

techniques for structural confirmation. The 

reaction pathway leading to the formation of 

the complexes is illustrated in Scheme 4.  

 
Scheme 4: Pathway for the Synthesis of HL2 Derived Complexes; i = CH3OH ii = 65 oC/3 hours, M = 

Ni or Cu, n = 4 or 6 

 

NiL2 Complex 

Green solid powder, yield: (0.20 g, 53.2 %), 

m.p, 256-258℃; UV-Vis (DMSO, 10-3 M) λmax 

(nm):  225 (π →π*), 330 (n→π*); 560 (d→d); 

FTIRATR; Ʋ(cm-1): 3310 (N-H), 3100 (O-H), 

2900 (C-H), 1585 (C=N), 1345 (C-N), 1240 

(C-O), 535 (Ni-O), 462 (Ni-O); Elemental 

composition (CHN): Calculated for 

C52H48N6NiO10S2; C, 60.07, H, 4.65, N, 8.08, 

Experimentally obtained for C52H48N6NiO10S2; 

C, 60.03, H, 4.61, N, 8.05.  

 

CuL2 Complex 

Blue solid powder, yield: (0.16 g, 64.3%), m.p. 

273-275℃; UV-Vis (DMSO, 10-3 M) λmax 

(nm):  245 (π →π*), 360 (n→π*); 490 

(LMCT); FTIRATR; Ʋ(cm-1): 3300 (N-H), 3090 

(O-H), 2800 (C-H), 1580 (C=N),1351 (C-N), 

1250 (C-O), 528 (Cu-O), 463 (Cu-N); 

Elemental composition (CHN): Calculated for 

C52H48CuN6O10S2; C, 59.79, H, 4.63, N, 8.04, 

Experimentally obtained for C52H48CuN6O10S2; 

C, 59.73, H, 4.58, N, 7.98.  
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Measurements and Instrumentation 

All spectroscopic and analytical measurements 

were performed using standard 

instrumentation. The FT-IR spectra of the 

ligand and its complexes were recorded in the 

solid state using a Bruker Tensor 27 FT-IR 

spectrometer and a PerkinElmer BX FT-IR 

spectrometer over the range 4000–400 cm⁻¹. 

Elemental (CHN) analysis was conducted 

using a Vario EL III Elementar microanalyzer 

to determine the percentage composition of 

carbon, hydrogen, and nitrogen. UV–Visible 

spectra were obtained on a PerkinElmer UV–

Vis spectrophotometer in the wavelength 

range of 200–800 nm at room temperature, 

using 10⁻³ M solutions of the samples prepared 

in DMSO. 

Antimicrobial Study 

The antibacterial and antifungal activities of 

the free ligands (HL1 and HL2) and their 

corresponding Nickel and Copper complexes 

were evaluated in comparison with ampicillin 

using the disc diffusion method (Alshater et 

al., 2023; Zalevskaya & Gur’eva, 2021). The 

test organisms included two Gram-positive 

bacteria (Staphylococcus aureus and 

Streptococcus pyogenes), two Gram-negative 

bacteria (Salmonella typhi and Escherichia 

coli), and one fungal strain (Candida 

albicans). Fresh microbial suspensions were 

prepared in nutrient agar medium, poured into 

sterile Petri dishes, and allowed to solidify. 

Solutions of the test compounds (30, 20, and 

10 mg/mL in methanol) were applied onto 

sterile discs, with ampicillin serving as the 

reference standard. The inoculated plates were 

incubated at 37 °C for 24 hours for bacteria 

and 48 hours for fungi. Antimicrobial activity 

was assessed by measuring the diameter of the 

inhibition zones (mm). Megur (2023). All 

results are presented as mean ± SEM. Because 

several compounds produced identical 

inhibition zones across replicate 

measurements, statistical variance was 

minimal; therefore, the antimicrobial data are 

interpreted descriptively, focusing on relative 

activity patterns across compounds, 

concentrations, and microbial strains rather 

than formal significance testing 

Results and Discussion 

Synthesis and Physical Properties 

The Schiff base ligands HL1 and HL2 were 

synthesized via a condensation reaction 

between 2-nitrobenzaldehyde and 2-hydroxy-

1-naphthaldehyde with penicillin, respectively, 

in methanolic medium using a catalytic 

amount of sulfuric acid at 65 °C, as illustrated 

in Schemes 1 and 2. HL1 was obtained as a 

white solid powder, while HL2 appeared as a 

milky solid. The ligands were subsequently 

reacted with Nickel and Copper ions using 

their corresponding metal chloride salts in a 

1:2 metal-to-ligand molar ratio to afford the 

complexes (NiL1, CuL1, NiL2, and CuL2). 

The Nickel complexes were isolated as green 

solids, whereas the Copper complexes 

appeared as blue solids colours typical of 

transition-metal systems due to partially filled 

d-orbitals and characteristic d→d transitions 

(Ngece et al., 2025; Yusuf et al., 2021). 

The compounds were obtained in moderate 

yields (40–86%) and were stable to air and 

moisture. All ligands and complexes were 

soluble in polar solvents but insoluble in non-

polar solvents, indicating their polar nature. In 

addition, the melting points of the metal 

complexes were found to be higher than those 

of the free ligands, consistent with the 

formation of new coordination entities with 

higher molecular weights and enhanced lattice 

stability (Adhikari et al., 2025). Molar 

conductivity measurements were carried out 

for the synthesized complexes in 10⁻³ M 

DMSO solutions at room temperature. The 

NiL1 and CuL1 complexes exhibited low 

molar conductivity values of 8.92 and 9.04 Ω⁻¹ 

cm² mol⁻¹, respectively, while slightly higher 

but still low values in the range of 9.6 and 13.6 

Ω⁻¹ cm² mol⁻¹ were observed for NiL2 and 

CuL2. These values fall well within the 

characteristic range reported for non-

electrolytic metal complexes (< 20 Ω⁻¹ cm² 

mol⁻¹ in DMSO), indicating that the 

complexes do not dissociate into ions in 

solution. 

The low molar conductivity confirms that no 

counter-ions (e.g., chloride or acetate) are 

present outside the coordination sphere and 

that all anionic donor atoms are coordinated 

directly to the metal centre. This observation 

supports the formulation of the complexes as 

neutral, inner-sphere coordination compounds, 

consistent with the proposed octahedral 

geometries derived from spectroscopic 

analysis.  

A summary of the physicochemical properties 

of the ligands and their complexes is presented 

in Table 1. Further confirmation of complex 

formation and coordination behaviour was 
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obtained through spectroscopic 

characterization, as discussed in the 

subsequent sections.

 

Table 1: Physiochemical Properties of the ligands and their complexes 

Compounds Molecular 

Formula 

Molecular 

mass 

Yield: g(%) Colour M.P. ℃ 

HL1 C22H22N4O6S 470.13 0.84(57.0) White 163-164 

HL2 C26H25N3O5S 491.15 0.90(40.0) Milky 183-184 

NiL1 C45H49N8NiO12S2 1015.23 0.30(61.4) Green 261-265 

CuL1 C45H49CuN8O12S2 1020.22 0.10(86.0) Blue 283-286 

NiL2 C52H48N6NiO10S2 1038.22 0.20(53.2) Green 256-258 

CuL2 C52H48CuN6O10S2 1043.22 0.16(64.3) Blue 273-275 

 

Spectroscopic Characterization 

FTIR Spectral Study 

The FTIR spectra of the free Schiff bases 

(HL1 and HL2) and their Ni(II) and Cu(II) 

complexes (Figures 1-2) provide clear 

evidence for coordination through the 

azomethine nitrogen and the amide carbonyl 

oxygen, while excluding direct involvement of 

the amide N–H or carboxylic OH groups. In 

the spectra of the free ligands, the azomethine 

ν(C=N) stretching vibration appears at 

approximately 1620 cm⁻¹ and undergoes a 

systematic shift to lower wavenumbers 

(≈1589–1590 cm⁻¹) upon complexation, 

consistent with coordination of the imine 

nitrogen to the metal centre via lone-pair 

donation and formation of an M–N bond. 

Notably, the amide ν(C=O) stretching band 

observed in the free ligands is no longer 

resolved at its original position in the metal 

complexes. This behaviour does not indicate 

loss of the amide functionality; rather, 

coordination of the carbonyl oxygen to the 

metal reduces the C=O bond order through 

electron donation, leading to band weakening, 

broadening, and overlap with neighbouring 

vibrations, such that the free ligand ν(C=O) 

band becomes indistinguishable in the 

complex spectra. This spectral change is 

characteristic of amide oxygen coordination in 

metal–Amide systems (Elbadawy et al., 2025). 

In contrast, the broad N–H/O–H stretching 

envelope in the 3420–3000 cm⁻¹ region 

persists in both Ni(II) and Cu(II) complexes 

with only minor changes in shape and position, 

confirming that neither the amide N–H nor the 

carboxylic OH groups are deprotonated or 

directly involved in metal binding. The 

retention of the amide N–H vibration, together 

with the altered carbonyl region, supports a 

coordination mode in which the amide oxygen 

acts as a neutral donor while the N–H bond 

remains intact, consistent with established 

coordination behaviour of amide-containing 

ligands. This observation is corroborated by 

the relatively unchanged phenolic ν(C–O) 

band (~1270 cm⁻¹) in the complexes (Leveraro 

et al., 2025). 

Finally, new absorptions in the low-frequency 

region (≈540–528 cm⁻¹ and ≈470–462 cm⁻¹) 

appear in the spectra of Nickel and Copper 

derivatives and are assigned to ν(M–O) and 

ν(M–N) vibrations, respectively (Mazen et al., 

2021). These bands provide direct 

spectroscopic evidence for the proposed ONO-

tridentate coordination mode in the metal 

complexes. In this chelation mode, the O-

donor originates from the amide carbonyl/β-

lactam ring oxygen in HL1 and from the amide 

carbonyl/hydroxyl oxygen in HL2, while the 

N-donor corresponds to the azomethine 

nitrogen of the Schiff base in both ligands. 

Collectively, the IR results are therefore 

consistent with formation of neutral chelate 

complexes in which the ligand binds via 

amide-C=O and azomethine-N, while 

carboxylic OH and amide NH groups remain 

uncoordinated (Takalloo et al., 2024). Figure 

3, visually highlights the systematic shifts and 

changes in the key functional group upon 

complexation, confirming coordination 

through the amide carbonyl oxygen and 

azomethine nitrogen atoms. 
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Figure 1: FTIR Spectra of HL1 and its NiL1 and CuL1 complexes obtained in solid state using ATR 

method 

 

 
Figure 2: FTIR Spectra of HL2 and its NiL2 and CuL2 complexes obtained in solid state using ATR 

method 

 

 
Figure 3: Comparative FTIR data for the ligand and their complexes (selected bands). Key evidence 

for coordination includes the downshift of the ν(C=N) and v(C-O) vibration and the disappearance of 

v(C=O) vibration band in the complexes.  
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UV–Visible Spectral Analysis 

The UV–Visible spectral data of the ligands 

(HL1 and HL2) and their corresponding 

Nickel and Copper complexes (NiL1, CuL1, 

NiL2, and CuL2) are presented in (Table 2 and 

Figures 4-5). The free ligands HL1 and HL2 

exhibited two major absorption bands in the 

ultraviolet region, assigned to π→π* and 

n→π* transitions of the aromatic and 

azomethine chromophores. The bands 

observed at 230 and 360 nm for HL1, and at 

265 and 384 nm for HL2, are characteristic of 

conjugated systems containing C=N and 

phenolic groups. The bathochromic shift 

observed in HL2 relative to HL₁ is attributed 

to extended π-conjugation within the naphthyl 

moiety (Chiyindiko et al., 2022). 

Upon coordination with Ni(II) and Cu(II) ions, 

the electronic spectra of the complexes show 

systematic changes relative to the free ligands, 

reflecting metal–ligand orbital interactions. In 

all complexes, the ligand-cantered π→π* and 

n→π* transitions undergo moderate shifts 

compared to the free Schiff bases, confirming 

coordination through the azomethine nitrogen 

and amide carbonyl oxygen atoms. For NiL1 

and CuL1, these transitions appear at 245/340 

nm and 233/325 nm, respectively, while for 

NiL2 and CuL2 they are observed at 225/330 

nm and 245/350 nm. Such shifts are consistent 

with ligand-to-metal charge redistribution and 

partial delocalization of electron density upon 

complex formation, leading to a reduction in 

the ligand-cantered energy gap (Mujahid et al., 

2023). 

In addition to these ligand-cantered transitions, 

all complexes exhibit new, lower-energy 

absorption bands in the visible region, 580 nm 

(NiL1), 520 nm (CuL1), 560 nm (NiL2), and 

490 nm (CuL2), which are absent in the 

spectra of the free ligands. These bands are 

characteristic of metal-cantered electronic 

transitions and/or charge-transfer processes 

and therefore provide strong evidence for 

coordination. For the Ni(II) complexes, which 

possess a d⁸ electronic configuration, the 

observed visible bands are reasonably assigned 

to spin-allowed d–d transitions expected for 

octahedral or distorted octahedral 

environments, possibly with some contribution 

from ligand-to-metal charge transfer (LMCT), 

as commonly reported for Schiff base–Ni(II) 

systems (Halid, 2016). 

 For the Cu(II) complexes (d⁹), the visible 

bands are best interpreted as arising from a 

combination of d–d transitions and significant 

LMCT character. In octahedral or pseudo-

octahedral Cu(II) systems, strong Jahn–Teller 

distortion is expected, leading to axial 

elongation and pronounced splitting of the eg 

and t2g orbitals. As a result, Cu(II) d–d 

transitions are often broadened, shifted to 

higher energies, and partially obscured by 

LMCT bands. The relatively blue-shifted 

visible absorptions observed for CuL1 and 

CuL2 compared to their Ni(II) analogues are 

therefore consistent with Jahn–Teller-induced 

orbital splitting and enhanced charge-transfer 

contributions, rather than purely ligand-field 

transitions (Halid, 2016; Marlina, 2015). 

The calculated transition energies for the 

visible bands (V₃) follow the order: CuL2 

(2.531 eV) > CuL1 (2.385 eV) > NiL2 (2.214 

eV) > NiL1 (2.138 eV) (Table 3). This trend 

indicates that the Cu(II) complexes absorb at 

higher energies (shorter wavelengths) than the 

corresponding Ni(II) complexes, consistent 

with stronger metal–ligand interactions, Jahn–

Teller distortion effects in Cu(II), and/or 

greater LMCT contributions. The higher 

transition energy of CuL2 relative to CuL1 

further suggests that the L2 ligand framework 

imposes a slightly stronger ligand field or 

facilitates greater orbital overlap, in agreement 

with the observed IR and UV–Vis spectral 

differences between the ligands (Santos et al., 

2025). 

Table 2: UV–Visible absorption data for the ligands and their complexes 

Compound V₁ (nm) V₂ (nm) V₃ (nm) Tentative Assignment 

HL1 230 277 360 π→π* and n→π* (C=N, aromatic) 

HL2 265 384 – π→π* and n→π* (C=N, naphthyl system) 

NiL1 245 340 580 π→π*, n→π*, d–d/LMCT transition 

CuL1 245 370 520 π→π*, n→π*, d–d/LMCT transition 

NiL2 225 330 560 π→π*, n→π*, d–d/LMCT transition 

CuL2 245 350 490 π→π*, n→π*, d–d/LMCT transition 
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Figure 4: UV-Vis Spectra of HL1 and it NiL1 and CuL1 Complexes recorded in DMSO (10-3 M) 

solution at room temperature 

 

 
Figure 5: UV-Vis Spectra of HL2 and it NiL2 and CuL2 Complexes recorded in DMSO (10-3 M) 

solution at room temperature 

 

Table 3: LMCT/d–d transition wavelengths (λ₃) and corresponding transition energies (eV) for the 

complexes 

Complex λ₃ (nm) Energy (eV) 

NiL1 580 2.1379 eV 

CuL1 520 2.3846 eV 

NiL2 560 2.2143 eV 

CuL2 490 2.5306 eV 

 

Elemental Analysis and Mass spectral study 

The elemental (CHN) analytical data for the 

ligands and their metal complexes, together 

with the mass spectral data of the ligands 

(Table 4), showed excellent agreement 

between the experimentally determined and 

theoretically calculated values. This 

concordance confirms the expected molecular 
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compositions and the high purity of the 

synthesized compounds. The calculated and 

found percentages of carbon, hydrogen, and 

nitrogen exhibit only minimal deviations for 

all samples, strongly supporting the successful 

synthesis of the penicillin-based Schiff base 

ligands (HL1 and HL2) and their 

corresponding nickel and copper complexes. 

The close alignment between theoretical and 

experimental values indicates negligible 

analytical variation, affirming both the 

stoichiometric correctness and the 

homogeneity of the synthesized compounds. 

Although, a noticeable variation exist between 

the experimental and theoretical composition 

of carbon in NiL2. The slightly higher 

experimental carbon content observed 

compared to the calculated value is attributed 

to trace inclusion of residual organic solvent or 

adventitious carbon, a well-documented 

phenomenon in coordination compounds. 

Notably, the hydrogen and nitrogen values are 

in good agreement with the calculated 

composition. 

 

Table 4: Comparison of calculated and experimentally found elemental (CHN) compositions for the 

ligands and their complexes. 

Compound Calculated Experimental 

C H N C H N 

HL1 56.16 4.71 11.91 56.13 4.74 11.88 

HL2 63.53 5.13 8.55 63.48 5.11 8.53 

NiL1 53.16 4.86 11.02 56.13 4.81 10.98 

CuL1 52.91 4.83 10.97 52.88 4.81 10.93 

NiL2 60.07 4.65 8.08 60.03 4.61 8.05 

CuL2 59.79 4.63 8.04 59.73 4.58 7.98 

 

Antimicrobial Study 

Having successfully confirmed the formation 

of the ligands and their complexes as detailed 

in the characterization section above. The 

ligands and their metal complexes were 

evaluated as a potential antimicrobial agent. 

The antimicrobial activities of the Schiff base 

ligands (HL1 and HL2) and their nickel and 

copper complexes were evaluated against a 

panel of Gram-positive bacteria 

(Staphylococcus aureus and Streptococcus 

pyogenes), Gram-negative bacteria 

(Escherichia coli and Salmonella typhi), and 

the fungal strain Candida albicans. The results 

obtained at test concentrations of 30, 20, and 

10 µg/mL are summarized in Tables 5–7, 

respectively. 

At 30 µg/mL (Table 5), both ligands and 

several metal complexes exhibited selective 

activity against Gram-positive strains, while 

activity against Gram-negative bacteria and 

fungi was largely absent. HL1 and HL2 both 

show strong activity against S. pyogenes (30 

mm each) with moderate activity of HL1 

against S. aureus (13 mm). Metalation alters 

the activity profile: CuL1 and NiL1 show 

enhanced S. aureus activity (18 and 17 mm, 

respectively) compared with their free ligands, 

while CuL2 uniquely shows measurable 

activity against E. coli (16 mm) at 30 µg/mL, a 

notable gain of Gram-negative potency 

relative to other complexes. Ampicillin profile 

at the same concentration is broadly 

comparable for S. aureus and E. coli (≈15–17 

mm) and superior for S. typhi (24 mm). At 20 

µg/mL (Table 6) activity decreases overall but 

trends persist: HL1 retains activity against S. 

aureus and S. pyogenes, while NiL1 and CuL1 

continue to show measurable zones against 

Gram-positive strains; CuL2 uniquely retains 

some E. coli activity (10 mm) at 20 µg/mL. At 

10 µg/mL (Table 7) only a subset of 

complexes remain active: CuL1 and NiL1 each 

retain modest activity against S. aureus (7 

mm), and NiL1 shows activity against S. 

pyogenes (7 mm), highlighting that NiL1 and 

CuL1 possess the best retained potency on 

dilution. Across the dataset, metal 

complexation (particularly Ni and Cu) 

generally increases activity against Gram-

positive strains relative to free ligands and 

provides the only examples of measurable 

Gram-negative activity (CuL2). HL1 

(ampicillin-derived with 2-nitrobenzaldehyde) 

and HL2 (ampicillin-derived with 2-hydroxy-

1-naphthaldehyde) show complementary 

behaviour: HL1 is overall more active against 

S. aureus while HL2 tracks well for S. 

pyogenes at higher concentrations. Taken 
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together, NiL1 and CuL1 are the lead 

complexes for retained broad Gram-positive 

potency at lower dose; CuL2 is notable for its 

unique Gram-negative activity (against E. 

coli). These results suggest the metal centre 

and specific ligand substituents modulate 

membrane/permeation or redox-mediated 

mechanisms that selectively affect Gram-

positive organisms, while certain ligand–metal 

combinations (CuL2) may favour Gram-

negative penetration or specific target 

engagement (Sharma et al., 2022). 

Table 5: Zone of inhibition (mm) of ligands and metal complexes at 30 µg/mL 

Compound S. aureus S. pyogenes E. coli S. typhi C. albicans 

HL1 13 ± 0.00 30 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

HL2 10 ± 0.00 30 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

CuL1 18 ± 0.00 14 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

CuL2 12 ± 0.00 20 ± 0.00 16 ± 0.00 0 ± 0.00 0 ± 0.00 

NiL1 17 ± 0.00 17 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

NiL2 13 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

Amp 15.3±2.00 0±0.00 17.0±2.00 24.±4.67 NA 

DMSO        -    -         -       -   - 

Note: Amp = Ampicillin and NA = Not applicable 

Table 6: Zone of inhibition (mm) of ligands and metal complexes at 20 µg/mL 

Compound S. aureus S. pyogenes E. coli S. typhi C. albicans 

HL1 8 ± 0.00 23 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

HL2 0 ± 0.00 24 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

CuL1 13 ± 0.00 8 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

CuL2 7 ± 0.00 14 ± 0.00 10 ± 0.00 0 ± 0.00 0 ± 0.00 

NiL1 12 ± 0.00 12 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

NiL2 7 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

Amp           13.0±1.53 0±0.00 16.6±.5.69 21.3±2.65 NA 

DMSO        -    -         -       -   - 

 

Table 7: Zone of inhibition (mm) of ligands and metal complexes at 10 µg/mL 

Compound S. aureus S. pyogenes E. coli S. typhi C. albicans 

HL1 0 ± 0.00 16 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

HL2 0 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

CuL1 7 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

CuL2 0 ± 0.00 8 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

NiL1 7 ± 0.00 7 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

NiL2 0 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 0 ± 0.00 

Amp        12.00±2.52 0±0.00 16.0±1.00 18.0±2.08     - 

DMSO        -    -         -       -   - 

 

Proposed Mechanism of Antimicrobial 

Activity 

The enhanced antimicrobial activity of the 

nickel and copper Schiff base complexes is 

likely governed by a combination of chelation-

driven physicochemical changes and metal-

assisted biochemical interactions. Chelation 

reduces the polarity of the metal ion through 

partial charge redistribution with the ligand, 

increasing lipophilicity and facilitating 

penetration through microbial cell membranes. 

Once inside the cell, the complexes may 

interact with intracellular targets via multiple 

pathways. The presence of the azomethine (–

C=N) linkage and aromatic π-systems allows 

strong π–π and hydrogen-bonding interactions 

with DNA bases, potentially interfering with 

replication and transcription. Additionally, 

copper and nickel, being redox-active and 

borderline Lewis’s acids, may catalyze the 

generation of reactive oxygen species (ROS) 

through ligand-to-metal charge transfer 

(LMCT) or redox cycling, leading to oxidative 

damage of proteins, lipids, and nucleic acids. 

Metal binding to key enzymatic thiol groups or 

active-site residues may further disrupt 

metabolic pathways. Collectively, these 

synergistic effects, membrane permeation, 
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DNA/protein binding, ROS generation, and 

enzyme inhibition, likely contribute to the 

observed broad-spectrum antimicrobial 

activity of the complexes (Babu & Ayodhya, 

2023). 

Structural Activity Relationship (SARS) 

The antibacterial data indicate a clear SAR in 

which both ligand electronics/size and metal 

identity strongly modulate bioactivity. 

Complexation of the Schiff base ligands 

consistently improved potency relative to the 

free ligands (Tables 6–8), showing that 

chelation is a primary driver of activity: 

coordination lowers overall polarity through 

partial charge delocalization between metal 

and donor atoms, increasing lipophilicity and 

membrane permeation. Between the two 

ligand frameworks, HL2 (the 2-hydroxy-1-

naphthyl derivative) produced more active 

complexes than the HL1 (2-nitrophenyl) 

analogue, most notably CuL2, which alone 

inhibited E. coli. This is consistent with HL2’s 

larger π-surface and greater hydrophobicity, 

which facilitate stronger π–π/van-der-Waals 

interactions with membrane components and 

cellular targets and improve complex uptake. 

The superior performance of copper 

complexes (especially CuL2) relative to nickel 

counterparts points to a metal-centred 

contribution: copper, a borderline Lewis acid, 

matches well with the N,O donor set and can 

participate in facile ligand-to-metal charge 

transfer (LMCT) or redox mediation, 

enhancing electron-transfer based mechanisms 

(e.g., localized oxidative stress or redox 

cycling) that augment bactericidal action. In 

HSAB terms, copper’s borderline softness 

provides stronger covalent character with the 

Schiff donor set than nickel, leading to more 

stable, lipophilic complexes that better traverse 

Gram-negative barriers. Finally, ligand-

field/d–d and LMCT perturbations alter the 

electronic distribution of the complex and 

thereby its ability to interact non-covalently 

and coordinate to biomolecular targets; 

complexes showing notable LMCT/d–d 

features (CuL2, NiL1) correlate with the 

lowest MICs. Collectively, these observations 

suggest that optimizing ligand π-conjugation 

and selecting borderline-soft metal centres 

(e.g., Cu) are promising strategies to increase 

antimicrobial potency in this Schiff-base 

family (Nagajothi & Maheswari, 2021). 

 

 

Conclusion 

In this study, two Schiff base ligands (HL1 

and HL2) were successfully synthesized from 

ampicillin through condensation with 2-

nitrobenzaldehyde and 2-hydroxy-1-

naphthaldehyde, respectively, and coordinated 

with nickel and copper ions to afford four new 

complexes (NiL1, CuL1, NiL2, and CuL2). 

Comprehensive physicochemical and 

spectroscopic analyses, including FTIR, UV–

Vis, elemental analysis, melting point, 

solubility tests, and NMR, confirmed the 

successful formation of the ligands and their 

corresponding metal complexes. Infrared and 

electronic spectral data revealed the expected 

coordination through the azomethine nitrogen 

and the carbonyl oxygen of the amide group, 

accompanied by characteristic shifts in 

ν(C=N), ν(C–O), and ν(C=O) that clearly 

support metal–ligand chelation. The enhanced 

thermal stability, distinctive spectral 

signatures, and analytical consistency further 

validated the proposed structures. Biological 

evaluation demonstrated that complexation 

significantly improved the antimicrobial 

properties of the ligands. While HL1 and HL2 

displayed activity only against Gram-positive 

bacteria at higher concentrations, their metal 

complexes, particularly CuL2 and NiL1, 

exhibited broader and more potent activity 

profiles, including measurable inhibition of E. 

coli. These findings are consistent with 

established chelation-enhancement principles, 

where increased lipophilicity and favourable 

metal–ligand electronic interactions facilitate 

improved membrane penetration and target 

binding. The structure–activity relationship 

(SAR) analysis highlights the beneficial roles 

of π-conjugation, ligand hydrophobicity, and 

metal identity (Cu > Ni) in modulating 

antimicrobial efficacy. Overall, this work 

demonstrates that ampicillin-derived Schiff 

bases and their nickel/copper complexes 

constitute promising chemical scaffolds with 

enhanced antimicrobial potential. The insights 

obtained from their synthesis, coordination 

behaviour, and biological performance provide 

a valuable foundation for future optimization, 

including mechanistic studies, computational 

modelling, and exploration of additional metal 

ions, to support the development of next-

generation metal-based antimicrobial agents. 
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