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Abstract: We describe the synthesis, detailed characterization, and biological assessment of new Cu (II), Co (II), and Ni 

(II) complexes formed from a hydrazone Schiff base ligand. Structural analysis using multiple spectroscopic and analytical 

methods confirmed an octahedral geometry, with metal ions coordinated through the azomethine nitrogen and hydroxyl 

oxygen atoms. DNA-binding behaviour was examined by UV–Vis absorption spectroscopy, viscosity studies, and thermal 

denaturation experiments, indicating a classical intercalative mode of binding, with binding constants reaching 4.43 × 10⁶ 

M⁻¹. Agarose gel electrophoresis showed that these complexes efficiently promote oxidative cleavage of plasmid DNA, an 

effect associated with reactive oxygen species generated by the redox-active metal centres. Molecular docking studies 

revealed strong interactions of the complexes, especially those of Co (II) and Ni (II), with DNA binding sites. Furthermore, 

DFT calculations shows the electronic structures and frontier molecular orbitals of the complexes, which correlate well 

with their observed biological activity. Collectively, these findings indicate that the synthesized metal complexes are 

promising DNA-targeted therapeutic candidates with substantial potential for biological applications. 
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I. INTRODUCTION 

 

In recent decades, the literature survey has presented 

that there has been many natural and synthetic ligands 

bearing N and O as donor atoms. These ligands were used to 

synthesize the metal complexes and are of great interest 

because of their ease of preparation, availability of their 

precursors such as primary amines, aldehydes, ketones and 

therapeutic & pharmacological usefulness in medicinal field 

[1-2]. They are also called imines or azomethines. These 

compounds are classical ligands when substituted primary 

aromatic amines are used for condensation reaction with 

aromatic carbonyl compounds especially when aromatic 

precursors with hydroxyl, amine and thiol groups [3-4] 

present at ortho position which in turn make them 

polydentate ligands for instance, salen (tetradentate ligands), 

bistrens(comfortable cages for anion),rings and macro 

cycles (tetraaminebenzaldehyde), scorpeonates for transition 

metal chelates [5-6]. 
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Schiff base hydra-zones are compounds containing 
biologically active (-CO-NH-N=CH-) pharmacophore and 

play significant roles in medicinal and pharmaceutical 

chemistry with many biological applications that comprise 

anti-tumour, anti-bacterial, anti-fungal, antioxidant and 

antimicrobial activity [7]. Schiff base ligands are well 

known for building wide variety of metal complexes 

extensively as metal ions in complexes which are stabilized 

in various oxidation states. Chemistry of derivatives of 

hydrazone Schiff base ligands with transition metal ions has 

gained much attention over the decades and enhancing the 

working capacity of metal ions in huge number of useful 
applications in biological, clinical, industrial, analytical 

along with their important roles in organic synthesis and 

catalysis [8]. 

 

Currently, Schiff base ligands obtained from pyridine-

based aldehydes and hydrazides containing amine groups, 

along with their applications, have attracted considerable 

attention across many areas of chemistry and biological 

sciences, particularly in studies of DNA interactions such as 

binding and cleavage [9–10]. Metal complexes formed from 

polydentate Schiff base ligands are regarded as highly stable 

compounds because of the chelate effect. It has also been 
noted that there is significant interest in their applications 

when one or both of the amines and carbonyl components 

are heterocyclic aromatic systems, which has greatly 

advanced the development of coordination chemistry from 

both fundamental and applied perspectives. 

 

DNA is a key biological target in the design of 

antibacterial, antifungal, antimalarial, antiviral, anticancer, 

and various other antimicrobial agents [11–13]. Depending 

on their mechanisms of action, these molecules are 

classified as inhibitors of nucleotide synthesis 
(methotrexate), polymerase inhibitors (cytarabine), DNA-

template cleaving agents (cisplatin), and topoisomerase 

inhibitors (doxorubicin). In this context, studies on the 

interactions between small molecules and DNA are typically 

conducted as an initial step in assessing their potential 

therapeutic uses, because metal ions can influence both the 

extent and direction of a ligand’s medicinal activity by 

altering its redox potential [14]. Consequently, the structure 

and stability of metal chelates are especially important for 
understanding how they interact with DNA [15]. In addition, 

DNA cleavage can also occur as a result of such complexes 

binding to DNA. Since DNA is a key target in 

photodynamic therapy, any structural changes induced in 

DNA through its interaction with small molecules, followed 

by irradiation—arising, for instance, from the unusual 

behavior of the imine (C=N) bond may provide valuable 

insights. 

 

In view of the above facts, in this chapter, we have 

carried out synthesis of hetero cyclic hydrazone Schiff base 
ligand which in turn utilized for synthesis of some transition 

metal complexes. Synthesized ligands and complexes have 

been characterized with various physio-chemical tools such 

as elemental analysis, FT-IR, 1H-NMR, 13C-NMR, U-V 

Spectrophotometer, mass spectrometer, PXRD method and 

Thermogravimetric analysis. Further, metal complexes have 

been screened for DNA binding and cleavage studies. 

Molecular modelling method has been exploited for 

theoretical comparision of DNA binding activity. 

 

II. EXPERIMENTAL 

 
 Synthesis of Schiff Base Ligand 

The Schiff base ligand was synthesized via a 

straightforward condensation protocol. An ethanolic solution 

of 2-hydroxynaphthaldehyde (0.02 mol) was combined with 

an ethanolic solution of pyridine-2-carbohydrazide (0.02 

mol), and the resulting reaction mixture was refluxed for 

approximately 4 hours in the presence of a catalytic amount 

of glacial acetic acid. After cooling to ambient temperature, 

a colored solid precipitate formed, which was collected by 

filtration, washed repeatedly with dry diethyl ether, and 

subsequently recrystallized from ethanol. The synthesis of 
the Schiff base ligand, N’-[(E)-(3-hydroxynaphthalen-2-yl) 

methylidene] pyridine-4-carbohydrazide, is depicted 

schematically below. 

 

 Scheme 1: Schematic Representation of Schiff Base 

Ligand 

 

 
 

 Synthesis of Cu (II), Co (II), and Ni (II) Complexes 
Metal(II) chlorides, including Cu(II), Co(II), and Ni(II) 

(1 mmol), and the synthesized Schiff base ligand (2 mmol) 

were dissolved in hot ethanol (EtOH) in a 1:2 metal-to-

ligand molar ratio and refluxed in a water bath at 70–80 °C 

for 3 hours in the presence of triethylamine as a catalytic 

base. The reaction mixture was subsequently cooled to 

ambient temperature, resulting in the formation of a solid 
precipitate. The isolated coordination complexes were 

collected by filtration and dried in a desiccator over 

anhydrous calcium chloride. 

 

 Scheme 2: Synthetic Route for the Synthesis of Metal 

Complexes. 
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III. RESULTS AND DISCUSSION 

 

A hydrazone-based Schiff base ligand and its 

coordination complexes with Cu(II), Co(II), and Ni(II) were 
synthesized. The newly obtained species were rigorously 

characterized by a suite of physicochemical and 

spectroscopic techniques, including elemental (CHN) 

analysis, UV–Vis electronic absorption spectroscopy, FT-

IR, 1H and 13C NMR spectroscopy, powder X-ray 

diffraction (PXRD), thermogravimetric analysis (TGA), and 

mass spectrometry. In addition, the complexes were 

systematically investigated for their interactions with DNA, 

encompassing binding affinity and nuclease-mimetic 

cleavage activity. The electronic structures and related 
properties of the ligand and its coordination complexes were 

elucidated via Density Functional Theory (DFT) 

calculations. Molecular docking simulations were further 

employed to delineate and corroborate the DNA-binding 

modes of the transition-metal chelates. 

 

Table 1 Physical and Investigative Data of Ligand and its Metal Complexes 

Ligand / 

Complexes 

Mol. Formula Mol. Wt. M P °C Colour Elemental Analysis 

(%) Calcd. (found) 

C H N M 

Ligand C17H13N3O2 291.30 211 pale Yellow 70.03 4.46 14.46 -- 

(69.92) (4.14) (13.92) -- 

Cu(II) complex C34H24N6O4Cu 644.13 > 300 Greenish 

brown 

63.34 3.72 13.04 9.72 

(62.88) (3.16) (12.62) (9.42) 

Co(II) complex C34H24N6O4Co 639.67 > 300 Brown 63.86 3.98 13.35 9.16 

(63.27) (3.12) (13.20) (8.71) 

Ni(II) complex C34H24N6O4Ni 639.43 > 300 Reddish 

brown 

63.88 3.88 13.36 9.16 

(63.43) (3.13) (13.62) (8.74) 

 

 FT-IR Spectral Analysis 

The FT-IR spectrum of the free ligand was compared 

with those of its metal chelates to study the involvement of 

the ligand in the chelation process, as shown in Table 2. 
Figures 1–4 present the IR spectra of the ligand and its metal 

complexes. 

 

The IR spectrum of the ligand exhibits a medium-

intensity band at 3436 cm⁻¹, attributable to the stretching 

vibration of a hydroxyl group [16], which is 

intramolecularly hydrogen-bonded to the adjacent nitrogen 

atom. The shift of this band in the spectra of all metal 

complexes indicates participation of the hydroxyl group in 

the chelation process. The band observed at 1620 cm⁻¹, 

assignable to the azomethine (–HC=N–) moiety [17], is 
shifted to lower wavenumbers by 20–50 cm⁻¹ in the spectra 

of the synthesized metal complexes, suggesting the 

involvement of the azomethine nitrogen in coordination and 

complex formation. Furthermore, the IR spectrum of the free 

ligand shows a strong absorption band at 1713 cm⁻¹ 

corresponding to the carbonyl (C=O) stretching vibration, 
which is shifted to lower frequencies by 40–60 cm⁻¹ upon 

complexation, confirming the participation of the carbonyl 

oxygen in chelation as evidenced in the IR spectra of the 

complexes [18]. New bands appearing at 463, 436, and 455 

cm⁻¹ in the IR spectra of the Cu(II), Co(II), and Ni(II) 

complexes, respectively, are ascribed to ν(M–N) 

coordination modes. Similarly, bands at 599, 530, and 584 

cm⁻¹ for Cu(II), Co(II), and Ni(II) complexes, respectively, 

are attributed to ν(M–O) vibrations. These spectroscopic 

features collectively indicate that the azomethine nitrogen 

and the oxygen donor atoms are actively involved in the 
metal–ligand coordination process. The spectral data for the 

ligand and its metal complexes are summarized in Table 2. 

 

https://doi.org/10.38124/ijisrt/26jan1113


Volume 11, Issue 1, January – 2026                              International Journal of Innovative Science and Research Technology 

ISSN No: -2456-2165                                                                                                            https://doi.org/10.38124/ijisrt/26jan1113 

 

 

IJISRT26JAN1113                                                               www.ijisrt.com                                                                                  3532  

 
Fig 1 FT-IR Spectrum of the Hydrazone Schiff Base Ligand 

 

 
Fig 2 FT-IR Spectrum of Cu (II) Complex 

 

 
Fig 3 FT-IR Spectrum of Co (II) Complex 
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Fig 4 FT-IR Spectrum of Ni (II) Complex 

 

Table 2 Infrared Spectral Data of Compounds. 

Ligand/ Complexes υ (O-H) / H2O υ (N-H) υ (C=O) υ (C=N) υ (M-O) υ (M-N) 

Ligand 3436 3068 1713 1620 -- -- 

Cu (II) Complex 3460 3070 1678 1557 599 463 

Co (II) Complex 3412 3060 1633 1571 530 436 

Ni (II) Complex 3387 3062 1668 1602 584 455 

 

 1H & 13C-NMR Analysis 

The 1H NMR spectrum of the ligand (Figures 5) 

exhibited resonances in the range 7.19–8.79 ppm, 
attributable to all non-equivalent aromatic protons [19]. Two 

downfield signals at 9.44 and 9.43 ppm are in good 

agreement with those expected for the azomethine (–CH=N–

) proton of the Schiff base and the aromatic –CH=N moiety, 

respectively. Resonances at 12.50 and 12.37 ppm were 

assigned to the phenolic –OH and –NH protons, 

respectively, in the ligand spectrum [20–21]. 

 

The 13C NMR spectrum of the synthesized ligand 

(Figures 6) displayed signals in the region 109.04–148.48 

ppm, corresponding to the non-equivalent aromatic carbon 
atoms. A weak resonance at 151.02 ppm is consistent with 

the azomethine (–CH=N–) carbon of the Schiff base ligand. 

The carbon bonded to the hydroxyl group appeared at 

158.71 ppm, while the carbonyl (C=O) carbon resonated at 

161.54 ppm, in close agreement with previously reported 

hydrazone Schiff base systems. Collectively, the 1H and 

13C NMR data corroborate the proposed structure of the 

synthesized hydrazone Schiff base ligand. 

 

 
Fig 5 1H NMR Spectrum of the Hydrazone Schiff Base Ligand. 
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Fig 6 13C NMR Spectrum of the Hydrazone Schiff Base Ligand. 

 

 Mass Spectral Studies of Ligand and its Metal 

Complexes. 

Mass spectra of the ligand and the metal complexes 

were shown is Figures 7-10. The mass spectrum of the 

ligand has shown an m/z value of 291.3040 and was 

expected for the Schiff base ligand. The mass spectra of 

Co(II), Ni(II) and Cu(II) complexes have shown m/z values 

of 639.8255. 639.5352 and 644.1387 which were expected 

at 639.5253,639.2855 and 644.1387 respectively. These data 

suggested that the complexes were formed in the 1:2 ratio of 

ligand to metal ions. 

 

 
Fig 7 Mass Spectrum of the Hydrazone Schiff Base Ligand 
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Fig 8 Mass Spectrum of the Co (II) Complex 

 

 
Fig 9 Mass Spectrum of the Ni (II) Complex 

 

 
Fig 10 Mass Spectrum of the Cu (II) Complex 
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 Ultraviolet-Visible Spectral Studies 
The electronic absorption spectra of the compounds 

were recorded at ambient temperature in DMF as the 

solvent, as depicted in Figures 11. For the uncoordinated 

ligand, the absorption bands at 38,883 cm⁻¹ and 32,739 cm⁻¹ 

were assigned to π→π* and n→π* electronic transitions, 

respectively, while the band at 22,441 cm⁻¹ was ascribed to 

intra-ligand charge-transfer (ILCT) transitions of the Schiff 

base [22]. 

 

For the Cu(II) complex, the absorption band at 20,573 

cm⁻¹, attributable to the ²E_g → ²T₂g transition arising from 
ligand-to-metal charge transfer (LMCT) [23], and its 

spectral position are consistent with a distorted octahedral 
coordination environment, as further corroborated by the 

magnetic moment of 1.93 B.M. The Co(II) complex exhibits 

an absorption maximum at 15,086 cm⁻¹, assignable to the 

⁴T₁g → ⁴T₁g, ⁴T₁g → ⁴T₂g, and ⁴T₁g → ⁴A₂g transitions, 

which are characteristic of an octahedral field; the 

corresponding magnetic moment (4.24 B.M.) supports this 

assignment. Similarly, the Ni(II) complex displays an 

electronic absorption band at 16,103 cm⁻¹, due to the d–d 

transitions ³A₂ → ³T₂, ³A₂ → ³T₁, and ³A₂ → ³T₁, indicative 

of an octahedral geometry around the Ni(II) center, with a 

measured magnetic moment of 2.87 B.M. 

 

 
Fig 11 Electronic Spectra of Ligand and its Cu (II), Co (II), Ni (II) Complexes 

 

 PXRD Studies 

Single crystals could not be obtained for all of the 

metal chelates, as these complexes are soluble in high-
boiling polar aprotic solvents such as DMSO and DMF. 

Consequently, powder X-ray diffraction (PXRD) was 

employed to investigate the amorphous and partially 

crystalline solid forms of the metal complexes, providing 

insight into their solid-state structures. Diffractograms of the 

newly synthesized metal chelates were recorded over the 2θ 

range of 5–80° and are presented in Figures 12-14. 

 

The PXRD patterns for the copper(II), cobalt(II), and 

nickel(II) complexes display 7, 8, and 8 distinct reflections, 

respectively, within the 2θ range of 5–40°. The squared h, k, 
l indices (h² + k² + l²) for these complexes were derived 

from the 2θ values, yielding 3, 7, 11, 12, 18, 25, and 31 for 

Cu(II); 3, 5, 6, 7, 10, 17, and 21 for Co(II); and 3, 5, 10, 11, 

16, 22, 28, and 30 for Ni(II). The h² + k² + l² values, 

particularly the occurrence of the forbidden number 7, 
indicate that all of the metal complexes are most likely 

crystallizing in tetragonal and/or hexagonal crystal 

systems[24]. 

 

The corresponding lattice parameter a was calculated 

to be 17.648 Å for the copper chelate, 8.924 Å for the cobalt 

chelate, and 17.272 Å for the nickel chelate. The interplanar 

spacings (d) and the relative intensities of the most 

prominent diffraction maxima serve as reliable structural 

descriptors. The partial crystallinity of the chelates is 

corroborated by the systematic attenuation of peak 
intensities from maximum to minimum across the 

diffraction patterns. 
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Fig 12 PXRD Spectrum of Cu (II) Complex 

 

 
Fig13 PXRD Spectrum of Co (II) 

 

 
Fig 14 PXRD Spectrum of Ni (II) Complex 
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Table 3 [A]: PXRD Data for Cu (II) Complex 

2Ө Ө sinӨ sin2Ө 1000*sin2Ө h2+K2+l2 m hkl d in A* a in A* 

8.67 4.33 0.075 0.005 5.7135 2.99975 3 111 10.22 17.71284 

12.56 6.28 0.109 0.011 11.9655 6.58225 7 - 7.066 17.30964 

16.34 8.17 0.142 0.020 20.1954 10.60314 11 113 5.439 18.04052 

17.56 8.78 0.152 0.023 23.2992 12.23271 12 222 5.064 17.54282 

21.06 10.53 0.182 0.033 33.3976 17.53466 18 114 4.229 17.94558 

25.23 12.61 0.218 0.047 47.6980 25.0427 25 500 3.539 17.69699 

28.23 14.11 0.243 0.059 59.4720 31.22439 31 - 3.169 17.64834 

 

Table 4 [B]: PXRD Data for Co (II) Complex 

2Ө Ө sinӨ sin2Ө 1000*sin2Ө h2+K2+l2 m hkl d in A* a in A* 

17.45 8.72 0.151 0.023 23.0104 3.000 3 111 5.095 8.8262 

18.05 9.02 0.156 0.024 24.606 3.208 3 111 4.927 8.5351 

21.45 10.72 0.186 0.034 34.631 4.515 5 120 4.153 9.2881 

24.77 12.38 0.214 0.046 46.001 5.997 6 112 3.604 8.8281 

28.67 14.33 0.247 0.061 61.301 7.292 7 - 3.122 8.8305 

32.34 16.17 0.278 0.077 77.555 10.114 10 130 2.775 8.7775 

42.06 21.03 0.358 0.128 128.77 16.789 17 140 2.154 8.8814 

46.77 23.38 0.396 0.157 157.53 20.539 21 241 1.947 8.9248 

 

Table 5 [C]: PXRD Data for Ni (II) Complex 

2Ө Ө sinӨ sin2Ө 1000*sin2Ө h2+K2+l2 m hkl d in A* a in A* 

9.06 4.53 0.078 0.006 6.238 3.000 3 111 9.787 16.951 

12.05 6.02 0.104 0.011 11.017 5.298 5 120 7.364 16.467 

16.56 8.28 0.144 0.020 20.739 9.973 10 122 5.367 16.974 

17.78 8.89 0.154 0.023 23.881 11.48 11 113 5.002 16.589 

20.94 10.47 0.181 0.033 33.022 15.881 16 400 4.253 17.015 

25.07 12.53 0.217 0.047 47.104 22.653 22 233 3.561 16.705 

27.56 13.78 0.238 0.056 56.736 27.585 28 - 3.245 17.172 

28.97 14.48 0.250 0.062 62.563 30.088 30 125 3.090 17.272 

 

 Thermogravimetric Analysis 

An analytical method to study the nature of bonding of 

water, the thermal stability and composition of hydrazone 

based metal(II) complexes is known as Thermogravimetric 

analysis. A platinum pan under nitrogen gas was used to 

investigate the thermal nature of the complexes over a 

temperature range between 30 and 800 0C with temperature 

gradient of    10 0C/Min[25]. Thermogram of Cu(II) 
complex as depicted in the Figures 15 that complex was 

degraded in three steps. First degradation steps that ranges 

form 95-250 0C is attributable to the loss of water of 

hydration or coordinated to Cu(II) complex [26]. Second 

degradation step of the thermogram that ranges from 250-

450 0C indicates partial decomposition of organic moiety of 

ligand, 450-525 0C is attributed to the complete degradation 

of organic ligand and the final step of degradation that 

ranges from 525 0C which is indication of Copper oxide 

residue. Co(II) complex degraded in four steps as shown in 

the fig.5.15. The mass degradation at temperatures below 

95-250 0C assignable to loss of water molecules of 

coordination or hydration. Two subsequent steps that ranges 

from 250- 350 0C and 350-450 0C indicate partial and 

complete degradation of organic part of the ligand followed 

by formation of Co(II)oxide residue at temperature range 
that statrs from 550 0C. Similarly, mass degradation showed 

at 95-160 0C would be nsuggested for removal of hydrated 

or coordinated water molecule from Ni(II) copmlex. The 

second stage in the thermogram of Ni(II) complex shown in 

the Figures 15, that ranges from 340-425 0C attributable to 

complete removel of organic ligand and the third stage that 

starts from 425 0C is responsible for Ni(II)oxide residue. 
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Fig 15 Thermogram of Co (II), Ni (II) and Cu (II) Complexes 

 

IV. BIOLOGICAL STUDIES 

 

 DNA Binding Studies 

 

 Absorbance Spectroscopy Studies 

The absorption spectral investigation of CT-DNA 

interactions with the metal complexes was conducted in 

Tris-HCl buffer at pH 7.2, in both the presence and absence 

of DNA[27]. The experiments were performed at a fixed 

metal-complex concentration of 20 µM[28], while varying 

the CT-DNA concentration from 10 to 100 µM, as 

illustrated in Figures 16-18. The resulting spectral data 

reveal that the observed hypochromism and hypsochromic 

(blue) shifts indicate that the metal complexes interact with 

calf thymus DNA via an intercalative binding mode[29–30]. 

The intrinsic binding constants (Kb) of the complexes were 

determined to be 1.83 × 10^6 M⁻¹, 4.43 × 10^6 M⁻¹, and 

2.73 × 10^6 M⁻¹ for the Cu(II), Co(II), and Ni(II) 

complexes, respectively. 

 

 
Fig 16 DNA Binding Study of the Cu(II) Complex by Absorption Spectroscopy Techniques. 
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Fig 17 DNA Binding Study of the Co (II) Complex by Absorption Spectroscopy Techniques. 

 

 
Fig 18 DNA Binding Study of the Ni (II) Complex by Absorption Spectroscopy Techniques. 

 

 Viscosity Measurements 

This method is a broadly reliable tool for identifying 

how metal complexes bind to CT-DNA and is considered 

one of the most definitive techniques for characterizing 

DNA binding modes in solution when crystallographic data 

are unavailable. In classical intercalation, the DNA helix 

lengthens because the complexes insert between base pairs, 
which in turn increases the viscosity of the DNA solution. 

By contrast, partial intercalation can kink or bend the DNA 

helix, reducing its effective length and thereby decreasing 

viscosity [31]. Non-intercalative modes, such as electrostatic 

or groove binding, generally produce only minor changes in 

viscosity. The influence of all the metal complexes on the 

viscosity of CT-DNA solution at 28 ± 1ºC is presented in 

Fig. 19. These results indicate that all the metal complexes 

interact with CT-DNA through an intercalative mode, and 
the viscosity measurements are in good agreement with the 

absorption study results. 
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Fig 19 Relative Viscosity of CT-DNA at 25 (± 0.1) °C for Cu (II), Co (II), and Ni (II) Metal Complexes. 

 

 Thermal Denaturation Study 

The thermotropic behavior of DNA in the presence of 

coordination complexes provides critical insight into their 

conformational dynamics upon thermal perturbation and 

yields quantitative information regarding the interfacial 

binding strength of these complexes with calf thymus DNA 

(CT-DNA) [32]. In the present study, melting profile 
analyses of CT-DNA (100 µM) revealed a melting 

temperature (Tm) of 64.3 ± 1 °C in the absence of any metal 

complex, as depicted in Fig. 20. Upon incremental addition 

of the metal complexes (30 µM), the Tm of CT-DNA 

increased markedly by approximately 4–8 °C, affording Tm 

values of 68.6 ± 1 °C for the Cu(II) complex, 69.4 ± 1 °C for 

the Co(II) complex, and 68.3 °C for the Ni(II) complex. 

These thermal denaturation data corroborate the electronic 

absorption titration results and collectively substantiate that 

all the investigated metal complexes interact with CT-DNA 
predominantly via a classical intercalative binding mode 

[33]. 

 

 
Fig 20 Thermal Denaturation Curves of CT-DNA in the Absence and Presence of Metal Complexes. 
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 DNA Cleavage Studies Using the Gel Electrophoresis 
Method. 

The nuclease activity of the synthesized metal 

complexes toward pUC18 DNA was evaluated by agarose 

gel electrophoresis [34]. DNA strand scission was monitored 

by the conversion of the supercoiled (SC) plasmid form of 

pUC18 into its nicked circular (NC) topoisomer [35]. To 

assess the relative DNA-cleaving efficiency of the 

complexes, supercoiled pUC18 DNA was incubated with 

varying concentrations of the complexes for 1 h in 50 mM 

Tris–HCl/50 mM NaCl buffer (pH 7.2). In the absence of 
metal complexes, no discernible DNA cleavage was 

detected, as evident in lane 1. In contrast, the complexes 

elicited pronounced and concentration-dependent cleavage 

of pUC18 DNA at 20, 40, and 60 µM. The electrophoretic 

profiles demonstrated that, at these concentrations, pUC18 

DNA cleavage was efficiently mediated by all metal 

complexes, as observed in lanes 3–11 and illustrated in Fig. 

21. 

 

 
Fig 21 Cleavage of Supercoiled pUC18 DNA by Metal Complexes. Lane 1: DNA Alone; Lane 2: DNA + H₂O₂; Lane 3: DNA + 

20 µM Copper Complex; Lane 4: DNA + 40 µM Copper Complex; Lane 5: DNA + 60 µM Copper Complex; Lane 6: DNA + 20 

µM Cobalt Complex; Lane 7: DNA + 40 µM Cobalt Complex; Lane 8: DNA + 60 µM Cobalt Complex; Lane 9: DNA + 20 µM 

Nickel Complex; Lane 10: DNA + 40 µM Nickel Complex; Lane 11: DNA + 60 µM Nickel Complex. 
 

Moreover, DNA scission is promoted through the 

generation of reactive oxygen species (ROS), which are, in 

turn, catalytically produced by the metal complexes. 

Consequently, metal ions serve as critical molecular co-

factors for the ligand, facilitating redox cycling that 

culminates in ROS production. In the presence of transition 

metal ions such as Cu(II), Co(II), and Ni(II), chelating 

agents elicit ROS formation via Fenton-like oxidative 

processes. The quasi-reversible M(II)/M(I) redox couple 

activates H₂O₂, yielding highly reactive •OH radicals that 

constitute key effectors in DNA strand cleavage [36]. 

 

M(II) + H₂O₂ → M(I) + •OH + OH⁻ 

 

Due to their high reactivity and small diffusion radius, 

hydroxyl radicals must be generated in close proximity to 

DNA to effectively induce DNA strand scission, as 

illustrated in Fig 22. 

 

 
Fig 22 Mechanism of ROS Generation and DNA Cleavage. 

 

V. MOLECULAR DOCKING WITH DNA 

 

The architectures of the Co, Cu, and Ni coordination 

complexes were subjected to molecular docking against the 

DNA-binding receptor (PDB ID: 1E3Y). The receptor–

ligand interaction energies were computed via in silico 

docking employing the HEX 8.2 engine, and the 

corresponding docking scores are compiled in Table 1. The 

DNA-binding docking outcomes demonstrate 

thermodynamically favorable interactions for the Co and Ni 

complexes, which display enhanced affinity toward the 

1E3Y receptor relative to the Cu complex, with minimum 
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binding energies of −332.42, −331.20, and −313.29 kcal 
mol−1, respectively. Detailed docking analysis indicates that 

the dominant interaction forces between Co(II)/Ni(II) 

centers and the receptor’s active-site residues comprise 

hydrogen-bond acceptor/donor contacts and metal–ligand 

coordination interactions. Furthermore, the Co(II) and Ni(II) 

complexes participate in electrostatic (π–anion) and 

hydrophobic (π–π stacking, π–alkyl) noncovalent 

interactions with amino acid residues in the protein 

environment proximal to the ligand. The carbonyl oxygen 

atoms and the coordinated nitrogen atom(s) in the Co(II) and 

Ni(II) complexes are implicated in the formation of 

stabilizing hydrogen bonds with ALA476, ASN477, 
GLY478, THR44, ALA45, ARG46, GLN47, ALA48, 

LEU49, ASN50, ASP51, ASP52, GLU53, PHE54, LYS55, 

ASP479, ALA480, TRP481, VAL482, PHE483, LYS484, 

GLY485, GLY43, GLN56, HIS84, ASP85, VAL86, 

THR87, ASP88, ALA89, ALA90, SER91, TYR92, ALA93, 

VAL94, LEU95, LYS96, VAL118, ALA119, PRO120, 

ARG121, PHE122, PHE123, GLY124, THR125, ILE126, 

ALA127, LYS128, TYR129, LEU130, LYS131. The 

optimal docked orientations of the Co and Ni complexes 

with the 1E3Y receptor are shown in Fig. 23. 

 

 
Fig 23 Different Modes of Binding Interaction of Cu (II)Complex with Receptor 1E3Y (a) 2D Interaction (b) 3D Interaction (c) 

Hydrogen Bonding Interaction. 

 

VI. DENSITY FUNCTIONAL THEORY 
 

Density functional theory (DFT) constitutes a pivotal 

computational paradigm for elucidating diverse 

intra-molecular electronic interactions. The HOMO–LUMO 

electronic structures of the Schiff base ligand and its 

corresponding metal chelates were computed employing the 

RB3LYP exchange–correlation functional in conjunction 

with the 6-311G(++,g,d,p) basis set, and the fully optimized 

geometries of the free ligand and its complexes are 

illustrated in Fig. 24. The associated quantum-chemical 

descriptors, including the frontier orbital energies (EHOMO 
and ELUMO) [37], are compiled in Table 6. 

 

To interrogate the frontier orbital energy-level 

characteristics of the Schiff base ligand and its metal 

chelates, detailed analyses of the HOMO and LUMO were 

undertaken. Additionally, Frontier Molecular Orbital (FMO) 

analysis of the ligand and its complexes affords deeper 

insight into their intrinsic electronic structures and reactivity 

patterns. For the free Schiff base ligand, both HOMO and 

LUMO electron densities are predominantly delocalized 
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across the entire π-conjugated framework, with an 
associated HOMO–LUMO energy separation of 0.15128 

eV. For the Cu(II), Co(II), and Ni(II) complexes, the 

computed band gaps are 0.14055 eV, 0.14755 eV, and 

0.17071 eV, respectively, consistent with predominant π–π* 

intraligand charge-transfer transitions. The spatial 
distributions of the FMOs for the Schiff base ligand, its 

metal chelates, and the corresponding frontier orbital energy 

levels are presented in Fig. 24. 

 

 
Fig 24 FMO Images of Synthesized Ligand and Metal Complexes. 

 

Table 6 Quantum Chemical Parameters of Ligand and its Metal Chelates. 

Electronic parameters Schiff baseLigand Cu (II) Complex Co (II) complex Ni (II) complex 

EHOMO (eV) -0.212312 -0.28371 -0.294894 -0.292630 

ELUMO (eV) -0.070885 -0.05788 -0.059120 -0.058810 

ΔE = EHOMO-ELUMO (eV) 
    

 

VII. CONCLUSION 

 

This study established that the newly synthesized 
Cu(II), Co(II), and Ni(II) coordination complexes 

incorporating a Schiff base ligand were comprehensively 

elucidated by an array of analytical and spectroscopic 

methodologies. The interactions of these complexes with 

calf thymus DNA (CT-DNA) were interrogated via 

electronic absorption spectroscopy, viscometric analyses, 

and thermal denaturation assays. The experimental findings 

demonstrated that all complexes associate with duplex 

DNA, exhibiting intrinsic binding constants of 1.83 × 10⁶ 

M⁻¹, 4.43 × 10⁶ M⁻¹, and 2.73 × 10⁶ M⁻¹ for the Cu(II), 

Co(II), and Ni(II) derivatives, respectively. A progressive 

increase in the relative viscosity of CT-DNA was observed 
with incremental additions of the complexes. Thermal 

denaturation profiles further corroborated the formation of 

stable DNA–metal complex adducts. Nuclease-mimetic 

(DNA cleavage) assays employing pUC18 plasmid DNA 

indicated that all metal complexes display pronounced DNA 

scission activity. Additionally, in silico molecular docking 

simulations conducted using HEX 8.0 software identified 

intercalative insertion as the predominant binding modality 

and revealed differential DNA-binding energies among the 

complexes. Frontier molecular orbital characteristics 

(HOMO–LUMO distributions and energy gaps) were further 

interrogated using density functional theory (DFT). 
Collectively, the data indicate that the metal center, the 

electronic nature of the ligand substituents, and the 

azomethine (C=N) moiety in the ligand framework 

synergistically facilitate the development of an efficient 

DNA-responsive probe and likely underpin the observed 

bioactivity profiles of the free ligand and its corresponding 

metal chelates. 
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