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Abstract 
This study explores the synthesis and multifaceted applications of a novel Schiff base ligand, (HYD) (1E,2E)-N-(4-methoxyphenyl)-

1-(2-(p-tolyl)hydrazono)propan-2-imine, and its binary complexes with cobalt (II) and copper (II) ions. The compounds were extensively 
characterized using various spectroscopic and analytical techniques. Density Functional Theory (DFT) calculations suggested a distorted 

octahedral geometry for these complexes. The antimicrobial properties of the synthesized compounds were evaluated against a range of bacterial 

and fungal strains, with the copper (II) complex exhibiting superior efficacy. The antitumor potential was assessed against MCF-7 breast 
carcinoma cells. Molecular docking simulations provided insights into the binding interactions with protein receptors (7DAF), informing future 

inhibition studies. This research introduces a nanotechnology-based approach for detecting cadmium pollution in environmental samples. The 

nanostructured copper (II) Schiff base complex was analyzed using advanced techniques, including XRD, SEM, AFM, and BET surface area 
analysis. A quartz crystal microbalance (QCM) sensor incorporating this nano complex demonstrated high sensitivity in detecting Cd(II) ions 

in groundwater and industrial effluent wastewater samples, with rapid results obtained in under 5 minutes. The sensitivity of the QCM-based 

sensor was investigated under various pH levels and temperatures, showcasing its versatility in different environmental conditions. Additionally, 
the cytotoxic effects of nanoparticles derived from the copper (II) Schiff base complex were studied to assess their biocompatibility. This 

comprehensive study highlights the versatile applications of the synthesized compounds as potential antimicrobial and anticancer agents, as 

well as their promising role in developing sensitive, efficient nanosensors for rapid and accurate environmental cadmium detection. The research 
underscores the potential of integrating nanotechnology with traditional chemical approaches to address pressing environmental and health 

challenges. 
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I. Introduction 

Schiff bases and their metal complexes have emerged as a prominent class of compounds in modern coordination 

chemistry owing to their exceptional versatility and wide-ranging applications [1,2]. These organic ligands are synthesized 

through a condensation reaction between primary amines and carbonyl compounds, forming a characteristic azomethine (-C=N-

) functional group [3]. This unique structural moiety enables Schiff bases to act as multidentate chelating agents, capable of 

forming stable complexes with various transition metals, exhibiting diverse electronic, magnetic, and biological properties [4,5]. 

Among the transition metal ions, those belonging to the first row of the periodic table, particularly cobalt(II) and copper(II), 

have garnered significant interest due to their ability to form complexes with Schiff base ligands [6,7]. These metal ions can 

adopt different oxidation states and coordination geometries, enhancing the resulting complexes' reactivity, stability, and 

potential applications. This flexibility in coordination chemistry has opened up a broad spectrum of applications, ranging from 

catalysis and material science to medicinal chemistry and biotechnology [8,9]. Cobalt(II) complexes with Schiff bases have 

demonstrated promising biological activities, including antimicrobial, antifungal, and anticancer properties [10]. Cobalt is an 

essential trace element in biological systems, playing a crucial role in vitamin B12 metabolism and various enzymatic processes 

[11]. The formation of these complexes involves the coordination of the cobalt(II) ion with the azomethine nitrogen and other 

donor atoms (e.g., oxygen, sulfur) present in the Schiff base framework [14,15]. The unique electronic configuration of cobalt, 

combined with the structural flexibility of Schiff bases, results in complexes exhibiting diverse coordination geometries, such 

as tetrahedral, square planar, and octahedral arrangements. These geometries significantly influence the complexes' reactivity, 

stability, and biological activity [12,13]. Similarly, copper is another biologically and therapeutically significant transition metal 

that forms complexes with Schiff bases [16,17]. Copper plays a vital role in various biological functions, including enzymatic 

reactions, redox processes, and the maintenance of healthy connective tissues [18,19]. Copper(II) complexes with Schiff bases 

have been extensively studied due to their remarkable biological activities and potential medical applications. These complexes 
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have demonstrated promising antimicrobial, antifungal, and anticancer properties, making them attractive candidates for 

therapeutic applications [20,21]. Additionally, Schiff base complexes of copper have found applications in catalysis, sensor 

development, and materials science [8,9]. Schiff base metal complexes' unique properties and potential applications have driven 

extensive research efforts to synthesize and characterize novel compounds. Researchers aim to unravel their structure-activity 

relationships and explore their suitability for diverse applications. Through careful design and modification of the ligand 

frameworks, researchers strive to fine-tune these complexes' electronic and steric properties, enhancing their performance and 

expanding their scope of applications [4,5]. These complexes exhibit potent antimicrobial activity against many bacterial and 

fungal pathogens. The antimicrobial mechanism often involves interaction with microbial cell membranes, disruption of cellular 

processes, and inhibition of essential enzymes. Additionally, these complexes have shown promising anticancer activity by 

inducing cytotoxic effects in cancer cells through various mechanisms, including generating reactive oxygen species (ROS), 

interacting with DNA, and inhibiting topoisomerases, leading to cell cycle arrest and apoptosis [22]. Various analytical and 

characterization techniques are employed to comprehensively understand Schiff base metal complexes' properties and potential 

applications. These techniques provide crucial information about the complexes' composition, structure, and stability. Common 

techniques include elemental analysis, UV-visible spectroscopy, FT-IR spectroscopy, mass spectrometry, and conductometric 

measurements. Advanced computational methods, such as Density Functional Theory (DFT) calculations, are also employed to 

investigate the electronic properties, HOMO-LUMO energy gaps, dipole moments, and chemical hardness of Schiff base metal 

complexes [23]. For example, in this study, DFT calculations using the LANL2DZ basis sets and the B3LYP exchange-

correlation functional were performed to predict the distorted octahedral geometry of the synthesized complexes [24]. Molecular 

docking studies complement the characterization process by elucidating Schiff base metal complexes' potential binding 

orientations and interaction patterns with various biological targets. Using the Molecular Operating Environment (MOE) 

program [25], docking simulations are conducted to assess the binding affinities and preferred modes of interaction of the 

Hydrazono Schiff base (HYD) and its Cu (II) complex with specific protein receptors. These studies are critical for 

understanding the molecular basis of the observed biological activities and guiding the design of more effective therapeutic 

agents. Nanotechnology is revolutionizing various fields, including environmental monitoring, by offering innovative solutions 

for detecting and mitigating pollutants [26, 27]. Nanotechnology enables the design and fabrication of nanosensors with 

unparalleled accuracy and sensitivity for detecting contaminants, particularly heavy metals like cadmium (Cd). Cadmium is a 

toxic heavy metal that poses significant environmental and health risks due to its persistence and bioaccumulation [28- 30]. 

Traditional methods for detecting Cd pollution often lack the sensitivity and real-time capabilities needed for effective 

environmental surveillance [31]. In this context, nanotechnology offers a transformative approach to environmental monitoring 

by providing highly sensitive and selective detection methods. Nanosensors are analytical devices that utilize nanomaterials to 

detect and quantify specific analytes with high sensitivity and selectivity. The high surface-to-volume ratio of nanomaterials 

enhances the sensitivity and specificity of nanosensors, enabling the detection of trace amounts of contaminants in various 

environmental matrices [32]. In cadmium detection, nanosensors based on nanostructured materials, such as copper (II) Schiff 

base complexes, have shown remarkable potential. These nanosensors can rapidly and accurately identify even trace amounts 

of cadmium in soil, water, and industrial effluent samples. Integrating nanotechnology into sensor design significantly enhances 

the performance and reliability of environmental monitoring systems [33]. The quartz crystal microbalance (QCM) technique 

is a highly sensitive method used to measure mass changes on a sensor surface by monitoring the frequency shifts of a quartz 

crystal resonator. QCM is particularly advantageous for detecting heavy metals like cadmium because it allows for real-time 

monitoring, high sensitivity, and cost-effectiveness [34]. When combined with nanostructured materials, such as copper (II) 

Schiff base complexes, QCM can achieve remarkable detection capabilities. The nanostructured copper(II) Schiff base complex 

exhibited a high affinity for cadmium ions, making it a promising material for developing a sensitive and rapid detection method 

for cadmium in environmental samples. The quartz crystal microbalance (QCM) technique evaluated the complex's sensitivity 

towards cadmium ions [35]. This technique monitors the frequency shifts of a quartz crystal resonator as mass changes occur 

on its surface due to the binding of target analytes. The comprehensive characterization of the nanostructured copper(II) Schiff 

base complex involved using advanced analytical techniques to unravel its intricate structural and physicochemical properties. 

X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), Fourier-Transform 

Infrared (FTIR) Spectroscopy, Dynamic Light Scattering (DLS), Zeta Potential Analysis, BET Surface Area, and Pore Size 

Determination were employed to gain insights into the complex's structure, morphology, surface properties, and porosity. The 

combination of the nanostructured copper(II) Schiff base complex's high affinity for cadmium ions and the high sensitivity of 

the QCM technique enabled the rapid and precise detection of cadmium in various environmental samples. This approach 

demonstrated the ability to detect and quantify Cd(II) ions in groundwater and industrial effluent wastewater samples with high 

sensitivity and rapid response times, highlighting its potential for environmental monitoring and remediation applications. This 

study highlights Schiff base metal complexes' versatile applications and promising bioactive properties. The synthesized 

compounds exhibit significant antimicrobial and anticancer activities and are effective nanosensors for environmental 

monitoring, showcasing their potential for further development and application in various scientific and industrial fields. 

Integrating nanotechnology into the design and application of Schiff base metal complexes represents a significant advancement 

in coordination chemistry and environmental science. As the field continues to evolve, developing more sophisticated 

nanosensors and therapeutic agents based on Schiff base metal complexes will undoubtedly contribute to addressing some of 

the most pressing challenges in healthcare and environmental protection. 

 

II. Experimental Section 

2.1. Chemicals and Experimental Procedures 

This research used high-purity chemicals to guarantee accurate synthesis and characterization of the target 

compounds. The primary starting materials included 4-methoxy aniline with a purity of 98% and (E)-1-(2-(p-
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tolyl)hydrazineylidene) propan-2-one with a purity of 99%, both sourced from Sigma Aldrich, a well-known supplier of 

chemical reagents. To synthesize the metal complexes, we used Cobalt(II) chloride hexahydrate (CoCl2.6H2O, 98% purity) and 

Copper chloride hydrate (CuCl2.2H2O, 99.99% purity), obtained from BDH, a trusted supplier of high-quality chemicals. 

Absolute ethanol (Ethyl alcohol, 99.9% purity), a spectroscopic-grade organic solvent, was also procured from BDH to facilitate 

the synthesis and purification. Throughout the experimental procedures, bidistilled water produced using glass distillation 

equipment was consistently used to ensure the highest purity and reduce the risk of contamination. The choice of materials and 

methods in this study was made with great care to ensure the quality and reproducibility of the research results, adhering to 

established protocols and best practices in both synthetic chemistry and biological evaluation. 

 

2.1.1. Solutions 

Reservoir solutions containing the (HYD), and their corresponding metal complex, each formulated at a specific 

concentration of 1 X 10−3 M, were created by precisely dissolving the appropriate weight in ethanol for Schiff base ligand 

(HYD), Co(II) and Cu (II) complex. The conductivity of the 1 X 10−3 M metal complex solution was then measured. 

Subsequently, solutions of the (HYD) and its Binary (Co (II) and Cu (II)) complexes were diluted to a concentration of 1 X 10−4 

M, utilizing precise dilution techniques from the initially prepared reservoir solutions for UV–Vis spectra measurement. 

 

2.2. Instrumentation 

This investigation, conducted at Cairo University in Egypt, employed a multifaceted analytical approach to 

characterize various materials comprehensively. Various scientific instruments and techniques were utilized to explore the 

investigated substances' intrinsic properties and distinctive features. Elemental analysis was performed using a LECO CHNS-

932 Vario Elemental Analyzer at Cairo University's Microanalytical Center. This helped determine the samples' carbon, 

hydrogen, and nitrogen content. Melting points were measured with a triforce XMTD-3000 apparatus [36]. Fourier transform 

infrared (FTIR) spectroscopy was conducted from 4000 to 400 cm−1 using a PerkinElmer 1650 spectrometer with KBr disks. 

The molar conductance of solid complex solutions in 10−3 M ethanol was assessed using a Jenway 4010 conductivity meter 

[37]. Mass spectrometry applied electron ionization at 70 eV with a Hewlett-Packard MS-5988 GS-MS—spectral analysis from 

200 to 700 nm utilized a PerkinElmer Model spectrophotometer for solutions. Additional characterization included 

antimicrobial studies at Cairo University's Microanalytical Center and cytotoxicity research at the adjacent National Cancer 

Institute. Malvern Panalytical NanoSight NS500 determined nano Copper complexes' particle size and surface charge. After 

degassing metal complex nanoparticles, BET surface area/pore volume analysis employed a Quanta Chrome Nova Touch 4L. 

Morphology was characterized using Oxford's Jupiter XR AFM model [38]. Samples underwent 10-minute ultrasonication 

before TEM analysis. Thin film synthesis applied a Laurell-650Sz Spain coater under vacuum. AFM images/roughness profiles 

at 47 nm employed contact mode scanning. Mass spectra were acquired using a Hewlett-Packard MS-5988 GS-MS instrument, 

which employed electron ionization at 70 electron volts (eV). Spectra in the 200-700 nm wavelength range for solutions were 

recorded on a PerkinElmer Model UV-Vis spectrophotometer [39]. Antimicrobial studies were conducted at Cairo University's 

Microanalytical Center, while cytotoxicity research was performed at the adjacent National Cancer Institute, also located at 

Cairo University. Surface charge and particle size characterization of the nano Copper complex was carried out using a Malvern 

Panalytical NanoSight NS500 instrument. BET surface area and pore volume analysis employed a Quanta Chrome Nova Touch 

4L surface area and pore volume analyzer via multi-point and DH pore volume methods after degassing the metal complex 

nanoparticles at 65°C for 1.25 hours [40]. The morphology of the Copper complex nanoparticles was analyzed via AFM using 

an Oxford Jupiter XR AFM model. Samples underwent 10 minutes of sonication before TEM analysis using a UP400S 

ultrasonic probe sonicator (Hielscher, Oderstraße, Teltow, Germany) at 55 kHz amplitude, 55% cycle and 0.55 amplitude [41]. 

Thin film synthesis applied a Laurell-650Sz vacuum coater from Spain at 750 rpm rotational speed and 50μm rate over 120 

seconds. AFM images and roughness profiles were obtained at 47 nm x 47 nm dimensions using contact mode with a gold tap 

and 0.31 In/s scanning speed. This allowed a detailed examination of surface characteristics and morphology of the nickel 

complex nanoparticles, providing insights into structural features. Thin films were fabricated using a Laurell650Sz vacuum 

coater apparatus (France), maintaining 750 rpm rotational speed and depositing 50 μm every 120 seconds [42]. Surface 

wettability was evaluated using a Biolin Scientific T200 contact angle analyzer in a sessile drop configuration. Assessments 

used 10-second intervals with 4 μL droplets of distilled water. In developing Copper complex nanosensors based on quartz 

crystal microbalance (QCM), an AT-cut 5 MHz quartz crystal chip with a 12 mm gold electrode (Q-Sense, Shenzhen, China) 

was used. The gold sensor underwent cleaning by immersing in aqueous ammonia, H2O2, and double-distilled water (5:1:1 

v/v/v) at 75°C for 10 minutes, then rinsing with double-distilled water and ethanol before air-drying at room temperature [37-

43]. The dried chip was inserted into the Q-Sense instrument. Double-distilled water was introduced as a background electrolyte 

to obtain baseline measurements before incorporating nanomaterials. A continuous infusion of double-distilled water stabilized 

the QCM signal at zero. Then, 2 mL of 2 ppm cadmium complex nanoparticles were prepared by mixing with 10 mL double-

distilled water, and a portion was carefully introduced onto the gold sensor at 0.4 mL/min flow rate [43]. 

 

2.2.1. Preparation and Structural Elucidation of a Novel Hydrazono Ligand (HYD) 

Building upon previous work synthesizing new Schiff base complexes, a new Schiff base ligand (HYD) was prepared 

via a standard condensation method [44, 45]. The synthesis involved reacting 4-methoxyaniline (2.435 mmol, 0.3 g) with (E)-

1-(2-(p-tolyl)hydrazineylidene)propan-2-one (2.435 mmol, 0.429 g) in hot ethanol (100%) at 60-65°C in a round-bottom flask. 

The mixture was refluxed for 4 hours in an open system under controlled laboratory conditions to ensure thorough mixing, 

allowing the condensation reaction to take place and form the Schiff base ligand. After cooling to room temperature, a golden-

yellow solid was obtained. The resulting Schiff base ligand was isolated with a yield of 88% after filtration and recrystallization. 

Scheme (1) illustrates the structure of the Schiff base ligand (HYD) and the formation reaction involved in its synthesis. The 

final product was an orange solid with a melting point of 223°C and a yield of 79%. The theoretical composition for the 

molecular formula C17H19N3O was calculated to be Carbon (C) 72.57%, Hydrogen (H) 6.81%, and Nitrogen (N) 14.94%. 
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Experimental elemental analysis results closely matched these values, showing Carbon (C) at 72.13%, Hydrogen (H) at 6.33%, 

and Nitrogen (N) at 14.19%. Fourier-transform infrared (FT-IR) spectroscopy analysis revealed characteristic absorption bands 

at ν = 3419 cm-1 (attributed to N-H stretching) and 1635 cm-1 (assigned to C=N stretching). Ultraviolet-visible (UV-Vis) 

spectroscopy showed distinct absorption bands at wavelengths of 271 nm (attributed to π–π* transitions), 306 nm (indicative of 

n–π* transitions), and 378 nm (associated with charge transfer transitions). The characterization data, including melting point, 

elemental analysis, FT-IR, and UV-Vis spectroscopy, confirmed the successful synthesis of the (HYD), providing valuable 

insights into its molecular structure and electronic properties. 

 

2.2.2 Synthesis of Hydrazono Binary Complexes and its Nano Structure of Cu (II) complex 

The binary metal complexes were synthesized using the previously prepared (HYD). The (HYD) ligand (0.842 mmol, 

0.2369 g) has been dissolved in 50 mL of hot absolute. The metal chelates were formed by combining the hot ethanolic solution 

of the (HYD) with a hot ethanolic solution (15 mL) of the respective metal chloride salt (CoCl2.6H2O and CuCl2.2H2O) (0.842 

mmol). The metal salt solution was then added dropwise to the (HYD) solution under fixed stirring to facilitate the complexation 

reaction. The resulting reaction mixture underwent reflux for Four hours at (60-65°C), during which time the formation of 

precipitates occurred, indicating the complexation of the metal ions with the (HYD). The precipitated complexes were filtrated 

and purified through multiple washings with ethanol and water to remove unreacted starting materials or by-products. Finally, 

the purified complexes were dried in a vacuum desiccator over anhydrous calcium chloride (CaCl2) to remove residual solvents. 

Scheme (1) illustrates the binary metal complexes' general structure and formation reaction. The synthesis of these complexes 

involved the coordination of the (HYD) with the respective metal ions (Co(II) and Cu(II)) through the formation of metal-ligand 

bonds, resulting in the desired binary metal complexes. The synthesized Cu(II) complex was also subjected to 10 minutes of 

ultrasonic probe treatment to convert the Schiff base copper complex to nanoscale. This resulted in a discernible color change 

from dark green to green hue [45]. 

 

 
 

Scheme 1. Synthesis pathway of Schiff base ligand (HYD) and its metal complexes. 

 

 

2.3. Computational methodology 

The electronic structure calculations of the (HYD) and its Cu (II) complex were performed using the Gaussian09 

software package. Both structures were fully optimized using density functional theory (DFT) with the hybrid B3LYP 

functional. We employed a mixed approach for the basis set to ensure an accurate representation of all atoms in the system. The 

LANL2DZ basis set was used for the Cu atom in the complex, as it is particularly suitable for transition metals. In contrast, for 

the ligand atoms (C, H, N, O) in both the (HYD) and its Cu(II) complex, we utilized the 6-31G(d,p) basis set, which is 

appropriate for main group elements. This combination of basis sets was chosen to obtain the Geometry Optimized Structures 

of the Hydrazono Schiff base ligand (HYD) and its Cu (II) complex and to calculate different functional parameters like Total 

Energy, Dipole Moment, EHOMO, ELUMO, Band Gap Energy (∆E = EHOMO - ELUMO), Electron Affinity, Electro-negativity and 

Electrostatic maps (MEP) [46]. The optimized molecular electrostatic potential (MEP) reveals the reactive sites within the 
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molecule. Electrophilic reactivity, characterized by negative potential, is depicted in red, while nucleophilic reactivity, indicated 

by positive potential, is represented in blue. 

 

2.4. Molecular docking study 

Molecular docking analysis has been managed using the MOE 2014 software package to investigate the interaction 

between the (Hydrazono Schiff base ligand (HYD) and its Cu (II) complex) and a target macromolecule relevant to cancer 

treatment [47]. The protein's three-dimensional structure has been obtained from the Protein Data Bank (PDB) website (PDB: 

7DAF). The optimal structure of the complex was generated using Gaussian 09 software with the B3LYP method, followed by 

docking them to the target receptor. The interaction between the protein and ligands was also analyzed using MOE software. 

 

2.5. Monitoring Cadmium Ion Levels through QCM 

  The Quartz Crystal Microbalance (QCM) evaluations were performed using a QCM instrument from Q-Senses, Biolin 

Scientific, located in Linthicum Heights, MD, USA. Each measurement involved introducing 1 ppm cadmium solutions onto 

QCM-based copper nanosensors designed for cadmium complex detection (Fig 1) [48]. Measurements were systematically 

conducted under varying conditions: Temperature (25°C, 35°C, 45°C) and pH (3.5, 7, 11). The cadmium solution was 

administered until the signal stabilized, indicating equilibrium binding between the nanosensors and cadmium ions [49]. 

Double-distilled water was introduced into the system after a time interval to purge non-adsorbed particles from the QCM sensor 

interfaces. This was done to eliminate any remaining cadmium particles and optimize the nanosensors for subsequent 

measurements [50]. 

 
 

Fig 1. QCM Monitoring Setup for Cadmium Ion Binding to Nano-Sized Hydrazono Copper Complex Sensors 

 

 

 

III. Results and Discussion 

3.1. Characterization of Hydrazono Schiff base (HYD) and its Binary Complexes 

3.1.1. Elemental analyses and Molar conductance 

Two metal complexes were synthesized via the combination of equimolar quantities of the (HYD) with cobalt(II) and 

copper(II) metal salts in suitable solvents. Detailed elemental analyses and an exploration of these compounds' molecular 

formulae, melting points, and various physical properties were conducted. These complexes demonstrated stability at room 

temperature and exhibited high sharp melting points. They were determined to exhibit limited solubility in water and high 

solubility in DMSO solvents. The estimated values and the experimental elemental analysis of the complexes demonstrated a 

remarkable level of agreement. As indicated in Table 1, the complexes prominently manifest a 1:1 ratio, wherein a single metal 

ion forms Two bonds with one Schiff base (HYD) ligand. Consequently, this outcome gives rise to a complex with stoichiometry 

denoted as (M): (HYD). 
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Table 1. Analytical and Physical Data for the Cobalt(II) and Copper(II) Complexes with (HYD) 

 

 

 

3.1.2. Mass Spectroscopy  

The mass spectrometry analysis provides the calculated and found m/z values for the molecular ion peaks, offering 

insights into these compounds' successful formation and stability. For the hydrazono Schiff base (HYD) with the molecular 

formula C17H19N3O, the calculated m/z value is 281.36, closely matching the found m/z value of 281.15. This slight difference 

between the calculated and found values is within the acceptable range for mass spectrometry measurements, indicating the 

successful synthesis and stability of the ligand. The presence of a molecular ion peak at m/z 281.15 confirms the integrity of the 

ligand molecule. In the case of the cobalt complex [Co(HYD)Cl2(H2O)2].3H2O with the molecular formula C17H29Cl2CoN3O6, 

the calculated m/z value is 501.27, while the found m/z value is 502.10. The observed peak is interpreted as [M+1]+, indicating 

the addition of a proton (H+), a common occurrence in mass spectrometry due to the ionization process. The close match 

between the calculated and found m/z values supports the successful formation of the cobalt complex. The slight discrepancy 

of less than one unit can be attributed to the ionization process and is typical in such analyses. For the copper complex 

[Cu(HYD)Cl2(H2O)2].H2O with the molecular formula C17H25Cl2CuN3O4, the calculated m/z value is 469.85, and the found 

m/z value is 468.80. The molecular ion peak at m/z 468.80 closely corresponds to the calculated value, indicating the presence 

of the copper complex. The minor deviation between the calculated and found values is within the acceptable range. It does not 

affect the interpretation of the data, confirming the formation and stability of the copper complex. Overall, the mass spectrometry 

data presented in this table provide essential information on the molecular weights of the synthesized compounds. As 

summarized in Table 2, the close agreement between the calculated and found m/z values for all three compounds demonstrates 

the synthesis processes' accuracy and the resulting products' stability. The slight deviations observed are typical in mass 

spectrometry and do not significantly impact the overall interpretation. These results confirm the successful formation of the 

(HYD) and its cobalt and copper complexes, validating the synthetic strategies used in their preparation. 
 

Table 2. EI- mass data of Hydrazono Schiff base (HYD) and its metal complexes. 

 

 

 

 

 

 

 

 

 

 

3.1.3. Spectrophotometric studies 

The UV-visible absorption spectra of the (HYD) and its metal complexes were recorded in the wavelength range of 

200-700 nm at room temperature using DMSO as the solvent. Solutions with a 10-4 M concentration were prepared for the 

spectral measurements. The free (HYD) ligand exhibited three distinct absorption bands in the UV-visible region, located at 

approximately 271 nm, 306 nm, and 378 nm. The band at 271 nm was assigned to a π→π* electronic transition, while the 306 

nm band was attributed to a conjugated π→π* transition. The absorption at 378 nm was ascribed to an n→π* intraligand 

electronic transition. Upon complexation with cobalt and copper ions, shifts in the n→π* and π→π* transition bands were 

observed. In the cobalt complex, these bands appeared at 239 nm, 315 nm, and 365 nm, related to the π→π* conjugated, π→π*, 

and n→π* transitions, respectively. The bands were detected at 261 nm, 285 nm, 339 nm, and 395 nm for the copper complex. 

These spectral shifts indicate that the (HYD) coordinated with the metal ions by forming coordination bonds. A charge transfer 

band was also observed in the copper complex at 395 nm [44, 51], as summarized in Table 3. 

 

Compound 

Color 

Yield 

(%) 

M.p. 

(°C) 

Found (Calc.) 
Am (Ω

-1 mol-

1 cm2) C (%) H (%) N (%) Cl (%) M(%) 

(HYD) 

(C17H19N3O) 

Golden 
yellow 

(79) 
223 

72.13 

(72.57) 
6.33 

(6.81) 

14.19 

(14.94) 

 

……. 

 

……. 

 

………. 

[Co(HYD)Cl2(H2O)2].3H2O 

C17H29Cl2CoN3O6 

Golden 

Green 
(84) 

277 
40.47 

(40.73) 

5.51 

(5.83) 

8.02 

(8.38) 

13.92 

(14.14) 

11.62 

(11.76) 
36 

[Cu(HYD)Cl2(H2O)2].H2O 

C17H25Cl2CuN3O4 

Dark 

Green 

(82) 

250 
43.25 

(43.46) 

5.15 

(5.36) 

8.72 

(8.94) 

14.84 

(15.09) 

13.26 

(13.52) 

 

24 

Compound 
m/z value 

Interpretation 
Calculated Found 

Hydrazono Schiff base (HYD) 

(C17H19N3O) 
281.36 281.15 [M]+ 

[Co(HYD)Cl2 (H2O)2]. 3H2O 

C17H29Cl2CoN3O6 
501.27 502.10 [M+1]+ 

[Cu (HYD)Cl2 (H2O)2]. H2O 

C17H25Cl2CuN3O4 
469.85 468.80 [M] + 
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Table 3. UV-Visible Absorption Spectral Data for the (HYD) and Its (Cobalt and Copper) Complexes. 

 

 

 

3.1.4. IR Spectral Studies  

Infrared spectroscopy investigated the coordination behavior of the cobalt and copper complexes with the Hydrazono 

Schiff base ligand (HYD). The IR spectra showed that the metal ions coordinated with the azomethine groups' nitrogen atoms 

in the ligand [52]. A strong band corresponding to the (C=N) azomethine stretching vibration was observed in the free (HYD) 

ligand at 1634 cm-1. Upon complexation, this band underwent a shift, appearing at 1617 cm-1 in the cobalt complex and 1612 

cm-1 in the copper complex [53]. This shift towards lower wavenumbers indicates the coordination of the metal ions through 

the nitrogen donors. Additionally, new bands emerged in the spectra of the metal complexes, which were absent in the spectrum 

of the free ligand. A band at 483 cm-1 was assigned to the υ(M-N) vibration for the cobalt complex, confirming the formation 

of cobalt-nitrogen bonds. Furthermore, a band at 558 cm-1 was attributed to υ(M-O) vibrations from the coordinated water 

molecules. In the case of the copper complex, the υ(M-N) vibration appeared at 488 cm-1, while the υ(M-O) vibration was 

observed at 588 cm-1 [53]. These results, summarized in Table 4 and illustrated in Figure 2, confirm that both cobalt and copper 

ions are coordinated to the Hydrazono Schiff base ligand through the azomethine nitrogen atoms [54]. 

 

 

 

Table 4. Prominent Infrared Spectral Data for the (HYD) and Its (Cobalt and Copper) Complexes. 

 

 

 
 

Fig 2. Infrared Spectra of the (HYD) and Its (Cobalt and Copper) Complexes. 

 

 

4000 3500 3000 2500 2000 1500 1000 500

T 
(%

)

Wavenumber (Cm-1)

Hydrazono Schiff Base (HYD)

Cu(II) Complex
Co(II) Complex

C=N

NH

Cu-NCu-O

Co-N

Co-O

Compound Wavelength (nm) Type of transition 

Hydrazono Schiff base (HYD) 

(C17H19N3O) 
271,306, 378 (π→ π*)Conjugated,π→ π*, n →π* 

[Co(HYD)Cl2(H2O)2].3H2O 

C17H29Cl2CoN3O6 
239,315,365 (π→ π*)Conjugated,π→ π*, n →π* 

[Cu(HYD)Cl2(H2O)2].H2O 

C17H25Cl2CuN3O4 
261,285, 339, 395 (π→ π*)Conjugated,π→ π*, n →π*, charge transfer 

Compound υ(NH) υ(C=N) υ(M−N) υ(M-O) 

Hydrazono Schiff base (HYD) 

(C17H19N3O) 
3419 1634sh. ─ ─ 

[Co(HYD)Cl2(H2O)2].3H2O 

C17H29Cl2CoN3O6 3420 1617sh 483 558 

[Cu (HYD)Cl2 (H2O)2].H2O 

C17H25Cl2CuN3O4 3425 1612 s 488 s 588 s 
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3.1.5. Thermal analyses 

The study utilized Thermal Gravimetric Analysis (TGA) to assess the synthesized metal complexes' thermal resilience 

and distinguish between water molecules existing as hydrated or coordinated within their structures [55-58]. Analysis through 

TG and DTG was conducted on the Hydrazono Schiff base ligand metal complexes, examining their behavior across a 

temperature spectrum from ambient conditions to 800°C. The thermal analysis of the [Co(HYD)Cl2(H2O)2].3H2O complex 

exhibited four decomposition steps. The initial step, between 35-110°C with a peak at 97.8°C, led to the loss of hydrated water 

molecules, estimating a mass loss of 10.16% (calculated = 10.782%). The subsequent step, between 110-465°C with a peak at 

366.11°C, involved the loss of C7H12Cl2NO with an estimated mass loss of 38.59% (calculated = 39.314%). The third step, 

between 465-630°C with a peak at 535.18°C, indicated the loss of C7H7O with an estimated mass loss of 20.88% (calculated = 

21.36%). The final step, between 630–800°C with a peak at 655.31°C, related to the loss of C3H4N2 with an estimated mass 

loss of 12.91% (calculated = 13.58%). After complete decomposition, Cobalt oxide (CoO) remained as residues. The thermal 

decomposition analysis of the [Cu(HYD)Cl2(H2O)2] ·H2O complex occurred in three steps. The first step between 25-105°C 

with a peak at 90°C involved the loss of water molecules, resulting in a mass loss of 3.422%(calculated = 3.83%). The second 

step between 105-325°C with a peak at (135 and 299) °C included the loss of C3H13ClO2 and an estimated mass loss of 

24.18%(calculated = 24.86%). The final step between 325-800°C with a peak at 611°C related to the loss of C14H10ClN3 with 

an estimated mass loss of 53.860%(calculated = 54.42%). Upon complete decomposition, copper oxide (CuO) remained as 

residue.  

 

3.1.6. Geometry optimization. 

3.1.6.1. DFT calculations for the (HYD) and its Cu (II) complex. 

The initial structural models for the computational studies were based on the insights derived from spectroscopic analyses, 

including infrared (IR), ultraviolet-visible (UV-Vis), and Mass spectroscopy. These initial structures were optimized using 

density functional theory (DFT) calculations in the gas phase. The optimization process involved successive tightening of 

convergence criteria at each significant step until the minimum energy structures were obtained [59]. The optimized geometries 

of the (HYD) and its Cu(II) complex are depicted in Figure 3. The critical geometric parameters, such as bond lengths and 

angles, obtained from these optimization calculations are tabulated in Table 5. An analysis of this data revealed the following 

observations: 

1. Upon complexation with the Cu(II) ion, an elongation of the coordination bonds was observed, with significant 

variations in bond lengths such as N(8)-N(9), N(9)-C(10), C(10)-C(11), C(11)-N(12) and N(12)-C(13)of the ligand 

(HYD) moiety. These bonds became slightly longer after complexation, confirming that coordination occurred via 

the two azo nitrogen atoms [60]. This elongation can be attributed to the redistribution of electron density upon 

forming coordination bonds between the metal ion and the nitrogen donors. 

2. All active groups involved in the coordination with the Cu(II) ion, including the two azo nitrogen atoms, exhibited 

longer bond lengths compared to the free ligand (HYD) [61]. This observation is consistent with the formation of 

coordinate covalent bonds between the metal ion and the donor atoms of the ligand. 

3. The bond angles within the free (HYD) ligand moiety underwent alterations upon coordination with the Cu(II) ion. 

Furthermore, the bond angles surrounding the central copper atom in the complex were found to be within the reported 

range for an octahedral geometry [62], suggesting a distorted octahedral coordination environment around the metal 

center. 

4. The decrease in metal-chloride bond angles compared to the ideal octahedral geometry may be attributed to 

intramolecular hydrogen bonding interactions [60]. These hydrogen bonding interactions can influence the complex's 

geometry and bond angles. 

The computational studies, supported by spectroscopic data, provided valuable insights into the structural features and bonding 

interactions within the (HYD) and its Cu(II) complex. These insights are crucial for understanding these metal-organic 

compounds' structure-property relationships and potential applications. 

 

Table 5. Selected bond lengths and angles of minimum energy structures of the (HYD) and its Copper complex. 
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Fig 3. Geometrical Optimization structures of the (HYD) and its Cu (II) complex and atomic charge distributions are shown in color range. 

 

 

3.1.6.2. Frontier molecular orbital analysis. 

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were analyzed 

to gain insights into the electronic properties, chemical stability, and reactivity of the studied molecules [63]. The HOMO 

represents the ability of a molecule to donate an electron, while the LUMO characterizes its ability to accept an electron [64]. 

The energy gap between the HOMO and LUMO orbitals (HOMO-LUMO gap) provides valuable information about various 

molecular properties, such as kinetic stability, chemical reactivity, polarizability, and hardness. These properties for the different 

chemical species are compiled in Table 6. The calculated molecular orbitals (HOMO and LUMO) of the proposed model for 

the ligand and its copper complex are shown in Figure 4. Visualization of the frontier molecular orbitals (FMOs) reveals that 

the highest occupied molecular orbitals (HOMOs) are primarily localized on the phenol ring and azomethine group of the ligand. 

In contrast, the lowest unoccupied molecular orbitals (LUMOs) are predominantly centered on the copper metal ion [65]. This 

orbital distribution suggests that the azomethine functional group of the ligand participates in electron donation during complex 

formation [66]. This mechanistic rationale is further supported by the Mulliken and Hirshfeld charge analysis that was presented 

subsequently. Examining the frontier molecular orbitals shows that the copper complex's HOMO-LUMO gap (ΔE) is reduced 

by approximately 0.4022 eV compared to the corresponding gap in the free ligand. This decrease in the HOMO-LUMO gap 

implies the likelihood of π → π* electron transitions between the HOMO and LUMO, as well as facile ligand-to-metal charge 

transfer processes [67]. These predictions align with the experimental electronic  

spectra, where intense peaks attributable to these electronic transitions are distinctly observed for the complex. The analysis of 

the frontier molecular orbitals provides valuable insights into the electronic structure and reactivity of the studied compounds. 

The localization of the HOMO on the azomethine group supports its role as an electron donor during coordination with the 

metal ion. Furthermore, the reduced HOMO-LUMO gap in the metal complex suggests increased reactivity and the possibility 

of charge transfer processes, which can have implications for various applications, such as catalysis, optoelectronic devices, and 

biological activities. 
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Fig 4.  The HOMO-LUMO orbitals occupy the calculated energy gap. 

 

 

 
 

(A)  

 

 

 

 

(B) 

 

 
Fig 5.  Molecular electrostatic potential (MEP) of A) Hydrazono Schiff base (HYD) and B) Cu (II) complex 
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Table 6. HOMO-LUMO gap (∆E) ionization energies (IE), electron affinities (EA), hardness, chemical potential, and electrophilicity of the 

Hydrazono Schiff base (HYD) and its Cu (II) complex in the gas phase. 

 

 

 

 

3.1.7. Bioactivity Screening 

3.1.7.1. Antimicrobial Efficacies 

Researchers recently investigated the antibacterial and antifungal properties of the (HYD)and its metal complexes 

with cobalt and copper. They used the disc diffusion method to evaluate these properties against various microorganisms [44, 

53]. The study assessed the impact including gram-negative bacteria (Escherichia coli and Salmonella enterica), gram-positive 

bacteria (Staphylococcus aureus and Streptococcus mutans), and fungi (Candida albicans and Aspergillus niger). The 

antimicrobial activity is compared with standard antibiotics, such as gentamicin (for gram-negative bacteria), ampicillin (for 

gram-positive bacteria), and nystatin (for fungi). Overall, this study explored the antimicrobial properties of the metal complexes 

using disc diffusion testing. It provided evidence that these complexes can inhibit the growth of diverse bacteria and fungi [71-

74]. The data is presented as the diameter of the zone of inhibition (in mm) with standard deviations, a common measure of 

antimicrobial activity in disc diffusion assays. Higher values indicate stronger antimicrobial activity. Compared to the free 

(HYD), the enhanced antibacterial efficacy observed in its metal complexes could be related to the chelation process, where the 

(HYD) coordinates with metal ions, endowing the resulting metal chelates with polar and nonpolar properties [75]. This property 

is advantageous as it facilitates the penetration of these complexes into cells and tissues. The diminished metal ion polarity 

results notably from the overlap of ligand orbitals during chelation, enabling a partial distribution of the positive charge of the 

metal ion among the coordinating donor groups. Consequently, chelation induces heightened π-electron delocalization across 

the entire chelate ring, thereby enhancing the permeability of the complexes through lipid membranes [76, 77]. Additionally, 

chelation processes augment the hydrophilic and lipophilic characteristics of central metal ions, potentially amplifying their 

lipid-soluble properties and facilitating their penetration through the lipid bilayer of cellular membranes. The coordination also 

alters lipophilicity, influencing the rate at which molecules enter cells. Consequently, the modified nature of the metal complex, 

as a result of coordination, renders it more active than the free Schiff base ligand [76, 78]. Upon analyzing the biological effects 

of the Hydrazono Schiff base (HYD), its cobalt(II) and copper(II) complexes, and standard drugs, a notable observation 

emerges: all the complexes exhibit superior inhibitory effects on bacterial and fungal growth compared to the original ligand. 

Several insights can be drawn from the antimicrobial test results (Table 7): 

1. The complexes' observed antibacterial efficacy is attributed to the imine moieties (-C=N) within them. It is suggested 

that their mechanism of action involves the creation of hydrogen bonds via the (C=O) azomethine group, which 

interacts with vital cellular components. This interaction may disrupt normal cellular processes, contributing to the 

compounds' antibacterial properties. 

2. Chelation with metal ions results in decreased polarity as the positive charge of the metal ion is neutralized by the 

ligand-donor groups. This process enhances the hydrophobic and lipophilic nature of the ligands, facilitating their 

permeation through the lipid layers of cell membranes. This penetration can lead to the deactivation of enzymes 

involved in cellular respiration and the inhibition of protein synthesis, effectively restricting the growth of the 

organisms. 

3. The data suggests that the copper complex exhibits higher toxicity against bacterial species and fungi than the Schiff 

base ligand and cobalt complex, showing significant potential as an antimicrobial agent. 

4. In terms of antifungal activity against Candida albicans, the compounds' effectiveness ranks in the following order: 

Cu(II) complex > Hydrazono Schiff base (HYD) > Co(II) complex. Against Aspergillus niger, the order is Cu(II) 

complex > Co(II) complex > Hydrazono Schiff base (HYD). 

These observations suggest that cobalt and copper complexes generally exhibited better antimicrobial activity than the 

Hydrazono Schiff base (HYD) alone, notably against gram-positive bacteria and fungi. The metal complexes showed promising 

antifungal activity and moderate to high activity against certain bacterial strains, indicating the potential of incorporating metal 

ions to enhance the biological activity of the Schiff base ligand [79]. 

 

 

 

 

 

 

 

 

 

 

Compounds ∆E (eV) 
EA  

(-ELUMO) 

IE  

(-EHOMO) 
Chemical potential (Pi) Hardness (η) Electrophilicity (ω) 

(HYD) 3.6569 -1.3883 -5.0452 -3.2167 1.8284 2.8296 

Cu(II) Complex 3.2547 -2.54154 -5.7963 -4.16892 1.6273 5.3398 
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Table 7. Exploring the Bioactivity of the (HYD)and Its Metal Complexes: An Investigation into Biological Effects 

 

 

 

3.1.8. Docking study 

              The (HYD)and its Cu (II) complex were exposed to computational molecular docking analysis using the Molecular 

Operating Environment (MOE, version 2014.10) software [80]. This analysis was performed in conjunction with IXA bound to 

tubulin (PDB ID: 7DAF) as the receptor. All structural optimizations were conducted within MOE until reaching a root mean 

square deviation (RMSD) gradient of 0.05 kcal mol−1 Å−1 using the MMFF94x force field, and the partial charges were  

automatically assigned. The subsequent receptor, with PDB ID: 7DAF, displays the crystal structure of three compounds known 

for stabilizing microtubules in complex with tubulin. This structure offers insights into the development of novel drugs. 

Microtubules are crucial cytoskeleton components recognized as significant targets in cancer therapy. In particular, inhibitors 

that target the taxane-binding site on tubulin, such as taxol analogs and epothilones, have demonstrated considerable efficacy 

in clinical trials, representing promising avenues for cancer treatment [81,104]. In experimental observations, the Hydrazono 

Schiff base (HYD) demonstrated a noteworthy IC50 value of 372.99 μg/ml when assessed against a breast cancer cell line. 

Furthermore, the Copper (II) complex is denoted as [Cu(HYD)Cl2(H2O)2].H2O, derived from the ligand mentioned above, 

exhibited enhanced anticancer efficacy, displaying reduced IC50 values of 322.80 μg/ml. To validate these findings, theoretical 

docking studies focused on the (PDB ID: 7DAF), a vital target for cancer therapy. Docking analysis outcomes using PDB ID: 

7DAF indicated that both the Hydrazono Schiff base (HYD) and its Copper (II) complex, [Cu(HYD)Cl2(H2O)2].H2O displayed 

notably low binding energies of -0.6 and -18.1 kcal mol−1, respectively. This implies heightened activity in the complexes 

compared to the original ligand, owing to the establishment of coordination bonds with the Copper (II) metal ion. The results 

of docking simulations for Hydrazono Schiff base (HYD)and its Copper (II) complex are depicted through both two-

dimensional (2D) and three-dimensional (3D) representations, as presented in Fig 6. Furthermore, Table 8 elucidates the binding 

energies associated with the Hydrazono Schiff base (HYD) and its Copper (II) complex. 

 

 
Table 8. Results of docking interactions to IXA bound to tubulin in cancer cell with Hydrazono Schiff base (HYD) and its Cu (II) complex 

 

Cancer cell 

Receptor 
Cpds Ligand moiety Receptor site Interaction 

Distance 

(Aο) 

E 

(kcal/mol) 

 

7DAF 

(HYD) 

6-ring CB     ALA  12 (A) pi-H 3.54 -0.6 

6-ring 6-ring TYR  224 (A) pi-pi 4.00 -0.0 

Cu complex 

N    8 OD1    ASP  98 (A) H-donor 3.32 -1.5 

O    26 OD2    ASP  98 (A) H-donor 2.82 -18.1 

C    12 N      GLY  144 (A) H-acceptor 4.12 -1.6 

O    25 OE1    GLU  71 (A) ionic 3.72 -1.1 

O    25 OD2    ASP  98 (A) ionic 2.73 -6.6 

O    26 OE1    GLU  71 (A) ionic 3.75 -1.1 

O    26 OD2    ASP  98 (A) ionic 2.82 -5.8 

 

Sample 

 

Microorganism 

(HYD) Co(II) Complex Cu(II) Complex Standard  

antibiotic 

Gram-negative bacteria   Gentamicin 

Escherichia coli 

(ATCC:10536) 

18.3±0.6 21.3±0.6 23.7±0.6 27.0±1.0 

Salmonella enterica 

(ATCC: 14028) 

9.0±1.0 11.0±1.0 16.0±1.0 18.3±0.6 

Gram-positive bacteria  Ampicillin 

Staphylococcus aureus 

(ATCC:13565) 

7.0±1.0 19.4±0.6 17.7±0.6 22.0±1.0 

Streptococcus mutans 

(ATCC:25175) 

21.3±0.6 22.9±0.6 31.7±0.6 20.3±0.6 

Fungi  Nystatin 

Candida albicans 

(ATCC:10231) 

22.7±0.6 18.3±0.6 26.3±0.6 21.0±1.0 

Aspergillus Nigar 

(ATCC:16404) 

22.3±0.6 23.8±1.0 31.0±1.0 19.3±0.6 
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Fig 6. Visual Representation of Breast Cancer Receptor (PDB:7DAF) Interaction with (A) Hydrazono Schiff base (HYD) and (B) its Cu (II) 

Complex: Comparative 2D & 3D Diagrams. 
 

 

 

3.2. Characterization of Nano Hydrazono Copper Complex.  

3.2.1. XRD 

Recent advancements in powder X-ray diffraction (XRD) methodologies have significantly improved the analytical 

abilities of mineralogists and solid-state chemists in investigating the physicochemical composition of unknown materials [82, 

83]. XRD remains an extensively used technique for revealing the dimensions and geometric qualities of the unit cell in diverse 

compounds, providing crucial qualitative, quantitative, and multifaceted analytical perspectives. Examining peak positions 

within the X-ray diffraction (XRD) pattern elucidates the translational symmetry and unit cell characteristics. Specifically, 

recognizing distinct Bragg reflections at 2θ values of 32.158°, 45.932 °, 75.844 °, 56.987 °, and 29.002 ° helps reveal the 

dimensions and geometry of the unit cell. These reflections correspond to the (111), (211), (220), (200), and (110) 

crystallographic planes, respectively, indicating the face-centered cubic arrangement inherent in metallic copper. as shown in 

Figure (7). 

 
 

Fig 7. Material Composition Analysis in the Newly Synthesized Nano Hydrazono Copper Complex Using Powder X-ray Diffraction 

Methods. 
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3.2.2. Textural Characters SEM of Hydrazono Copper Complex Nanoparticles 

Recent examinations have employed scanning electron microscopy (SEM) to investigate the dispersion properties of 

nanoparticles derived from the Hydrazono copper complex. The SEM images revealed a notable degree of homogeneity among 

the fabricated particles, depicting individual entities with spherical porous morphology and a lack of apparent aggregation or 

agglomeration [84]. Furthermore, the measured diameters of these nanoparticles were observed to be below 100 nm, as shown 

in Figure 8. 

 

 
 

Fig 8. Scanning Electron Microscopy Analysis of Hydrazono Copper Complex Nanoparticles 
 

 

 

3.2.3. Textural Characters (AFM) of Hydrazono Copper Complex Nanoparticles. 

An atomic force microscope (AFM) was used to examine the surface attributes of a recently produced Hydrazono 

nanocopper complex [85].AFM images clearly showed a porous fibrous morphology, as depicted in Figure 9. This porous 

fibrous structure indicated that the particles were not agglomerated or aggregated [86]. Examination of the AFM images allowed 

the researchers to quantify particle dimensions. Analysis revealed that the particles had a size of 88 nm.  

 

 

 

 

 

 
 

(A)                                                                                   (B) 

 
Fig 9. Visualize (A) Two and (B) Three-Dimensional Atomic Force Microscopy of Hydrazono Copper Complex Nanoparticles Formed by 

Copper Complexes with Hydrazono Schiff Base 
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3.2.4. DLS and Zeta Potential 

Recent work has utilized dynamic light scattering (DLS) to characterize the particle size of the Hydrazono nanocopper 

complex. DLS analysis of the Hydrazono nano copper complex revealed an average particle size of 43.8 nm, as shown in Figure 

10. Further investigations found an unimodal size distribution with low polydispersity, indicating a uniform particle size [63]. 

Additionally, the system exhibited excellent colloidal stability. Insights into the stability of the nano copper complex were 

provided by examining the particle size distribution and zeta potential results. The zeta potential measurement of -24 mV 

signifies a well-dispersed system and underscores the physicochemical stability, especially under storage. The higher zeta 

potential absolute values correspond to the stability [64]. Zeta potential is a pivotal parameter for assessing the physicochemical 

stability of nanoparticles during storage. In the case of the Hydrazono nano copper complex, the negative zeta potential of -24 

mV confirms its enhanced stability, as illustrated in Figure 11. 

 

 

 

 
Fig 10. Particle Size Distribution Analysis of Hydrazono Nano Copper Complex by Dynamic Light Scattering (DLS) 

 

 

 
 

Fig 11. Zeta Potential Analysis Confirms Enhanced Stability of Hydrazono Nano Copper Complex (-24 mV) 

 

3.2.5. BET surface area and pore size. 

The Brunauer-Emmett-Teller (BET) methodology, named after its developers, is an invaluable technique for 

characterizing nanoscale materials. BET relies on the physical adsorption of gases onto solid surfaces, providing a rapid and 

straightforward means of determining surface area [89]. This approach was utilized to analyze the surface area properties of a 

nanocopper complex. BET adsorption isotherms were crucial in scrutinizing the complex's surface area characteristics. De 
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Boer's classification proved useful for classifying isotherms depicting hysteresis loops, allowing for a meticulous examination 

of porous configurations [90]. Specifically, nitrogen adsorption-desorption isotherms consistently exhibited a Type IV pattern 

for all Hydrazono copper complex nanoparticle samples, confirming the presence of macropores.  Multipoint BET surface area 

analysis determined a notable value of 35.0007 m2/g, accompanied by an average pore size of 6.74532 nm and particle radius 

of 3.8960e+001nm. The substantial surface area elucidated by BET analysis (Figure 12) greatly enhances the nanoparticles' 

ability to adsorb cadmium ions in water. The macroporous structure stems from the spherical morphology, amplifying the  

 

surface's affinity for cadmium adsorption. Crucially, this macroporous architecture plays a pivotal role in augmenting 

the efficacy of cadmium ion adsorption by the metal complex nanoparticles. 

 

 
Table 9. Cytotoxicity Assessment of Hydrazono Nano Copper Complex: Viability, Toxicity, and IC50 Values 

 

 
 

 

Fig 12. Surface Characteristics and Adsorption Capacities of Nanostructured Hydrazono Copper Complex via BET Analysis. 

 

 

 

 

3.2.6. Contact angle, Hydrophobicity, and toxicity of Hydrazono Copper Nano complex 

 

The Hydrazono Nano copper complex particles exhibited a hydrophobic nature, as evidenced by a water contact angle 

of 126° (Fig 13. B). This significant hydrophobicity in water greatly enhances the effectiveness of these nanoparticles as sensors 

in aqueous environments [91, 92]. To develop an environmentally friendly Nano particle-based sensor, it is crucial to utilize 

non-toxic materials. The cytotoxicity of the Hydrazono Nano copper complex was assessed, revealing an IC50 value of 648.41 

µg/ml (Table 9). This high IC50 value indicates that the Nano copper complex has low toxicity (Fig 13. A), further supporting 

its suitability as a sensor in water environments [93, 94]. 

 

 

 

 

 

ID Conc. 

ug/ml 

O.D Mean O.D ST.E Viability % Toxicity % IC50 

 

 

Cu(II) 

10000 0.048 0.042 0.05 0.046667 0.002404 6.029285099 93.970714901  

 

648.41 
5000 0.064 0.062 0.057 0.061 0.002082 7.881136951 92.118863049 

2500 0.126 0.137 0.129 0.130667 0.003283 16.881998277 83.118001723 

1250 0.262 0.262 0.255 0.259667 0.002333 33.548664944 66.451335056 

625 0.396 0.397 0.394 0.395667 0.000882 51.119724376 48.880275624 

312.5 0.487 0.498 0.486 0.490333 0.003844 63.350559862 36.649440138 

156.25 0.65 0.643 0.645 0.646 0.002082 83.462532300 16.537467700 

78.12 0.765 0.761 0.769 0.765 0.002309 98.837209302 1.162790698 
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(A)                                                                        (B) 

 
Fig 13. (A) Non-Toxic and (B) Hydrophobic Properties of Hydrazono Nano Copper Complex Particles 

 

3.2.7. Real-time Detection of Cadmium Ion Contamination Using a Nano Copper Schiff Base Complex-modified Quartz 

Crystal Microbalance Sensor 

The QCM (Quartz Crystal Microbalance) technique, when combined with Hydrazono nano copper complex as the sensing 

material, can be used to detect cadmium ion contamination. Here's a general overview of how this sensor technique works [95, 

96]: 

1. Quartz Crystal Microbalance (QCM) principle:  

o The QCM comprises a thin quartz crystal disc coated with electrodes on both sides. 

o When an alternating electric field is applied across the electrodes, the quartz crystal oscillates at a specific 

resonant frequency, which is highly sensitive to changes in mass on its surface. 

2. Sensor fabrication:  

o The Hydrazono Nano copper complex is immobilized or coated on the surface of the quartz crystal. 

o This Hydrazono Nano copper complex acts as the sensing material and has a high affinity for binding with 

cadmium ions. 

3. Sensing mechanism:  

o When the QCM sensor is exposed to an environment containing cadmium ions, the Nano copper Schiff base 

complex on the crystal surface interacts and binds with the cadmium ions. 

o This binding event leads to a change in the mass on the quartz crystal surface, which alters the resonant 

frequency of the crystal. 

4. Frequency measurement:  

o The QCM measures the change in the resonant frequency of the quartz crystal before and after exposure to 

the cadmium ion-containing environment. 

o This frequency shift is directly proportional to the mass change on the crystal surface, which is caused by 

the binding of cadmium ions to the Nano copper Schiff base complex. 

5. Quantification:  

o By calibrating the QCM sensor with known concentrations of cadmium ions, a correlation can be established 

between the observed frequency shift and the concentration of cadmium ions in the sample. 

o This allows for quantitatively measuring cadmium ion contamination levels based on the observed 

frequency shift. 

The advantages of using the QCM technique with Hydrazono Nanocopper Schiff base complex include high sensitivity, real-

time monitoring capabilities, and the potential for miniaturization and portability. Additionally, the Hydrazono Nano copper 

complex can be tailored to enhance its selectivity towards cadmium ions, minimizing interference from other ions or compounds. 

It's important to note that practical implementation may involve additional steps, such as surface modification, Hydrazono Nano 

copper complex synthesis optimization, and data analysis techniques, to ensure accurate and reliable detection of cadmium ion 

contamination. 

 

3.2.8. Novel Sensing Mechanism for Nano Copper Complex on Quartz Crystal Microbalance (QCM) 

The interaction between cadmium ions and the Hydrazono Nano copper complex sensor is governed by several types of 

intermolecular forces and interactions, including [97]: 

1. Dipole-dipole interactions: Cadmium ions, being less electronegative, exhibit an asymmetric sharing of electrons with 

the Hydrazono Nano copper sensor. This asymmetry results in the formation of dipole moments, leading to the 

alignment of the electron clouds and dipole-dipole interactions between the two entities. 

0.00

20.00

40.00

60.00

80.00

100.00

120.00

0 5000 10000 15000

V
ia

b
il

it
y

 %

Conc. µg

Viability against Hydrazono Nano 

Copper Schiff base complex



  A. A. Mohamed et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

 Egypt. J. Chem. 68, No.2, (2025) 

 

 

554 

2. Donor-acceptor interactions: The Hydrazono Nano copper complex possesses polar side chains that act as electron 

donors. These side chains contribute to an increased negative charge density on the complex's surface, making it more 

prone to interact with cadmium ions through electrostatic attractions. 

3. π-π interactions: The Hydrazono Nano copper complex likely contains aromatic or conjugated systems that can 

participate in π-π interactions with the cadmium ions. These interactions involve overlapping π-orbitals, further 

enhancing the binding between the two species. 

4. Electrostatic attractions: Due to the negative charge density on the Hydrazono Nano copper complex surface and the 

positive charge of cadmium ions, electrostatic attractions also play a role in the binding process. 

The intricate interplay of these interaction mechanisms, including dipole-dipole interactions, π-π interactions, donor-acceptor 

interactions, and electrostatic attractions, contributes to the overall binding phenomenon between cadmium ions and the 

Hydrazono Nano copper complex sensor. This comprehensive interaction profile, involving multiple types of intermolecular 

forces and interactions, provides a deeper understanding of the complex binding process and the factors that influence the 

sensitivity and selectivity of the sensor towards cadmium ions. 

 

3.2.9. Effect of pH on Sensor Functionality 

A. At pH 11 (red curve): 

The sensor exhibits the highest initial sensitivity, as indicated by the sharp and substantial decrease in the parameter 

(frequency or mass change) at the beginning of the curve (Fig 14). This high initial sensitivity can be attributed to the 

deprotonated state of the Hydrazono Schiff base copper complex, facilitating strong initial interactions with cadmium ions. 

However, the high sensitivity is short-lived, and the curve flattens out relatively quickly, suggesting a reduced sensitivity over 

time at this pH. This behavior can be explained by the competitive effect of sodium ions (Na+) present in the solution due to pH 

adjustments [98, 99]. At pH 11, the concentration of sodium ions is higher, and they compete with cadmium ions for the available 

binding sites on the surface of the Hydrazono Nano copper complex sensor. This competition hinders the adsorption of cadmium 

ions onto the sensor material, leading to a decrease in sensitivity over time, as observed in the flattening of the red curve [100-

104]. 

 

B. At pH 7 (purple curve): 

The initial decrease in the parameter is less pronounced compared to pH 11, indicating a lower initial sensitivity. 

However, the curve gradually decreases for a longer period, suggesting that the sensor retains its sensitivity for a longer duration 

at this pH. The lower concentration of sodium ions at pH 7 reduces the competition for binding sites, allowing for better 

adsorption and sustained sensitivity towards cadmium ions. 

 

C. At pH 3.5 (green curve): 

The sensor exhibits the lowest initial sensitivity, as evident from the smallest change in the parameter at the beginning 

of the curve. However, the curve maintains a consistent and gradual decrease over time, indicating sustained sensitivity at this 

pH. At this lower pH, the protonation state of the Schiff base ligand and the copper complex may hinder their initial interactions 

with cadmium ions, leading to lower initial sensitivity. Additionally, the concentration of sodium ions is minimal, minimizing 

the competitive effect and allowing for more favorable adsorption of cadmium ions onto the sensor surface over time. In 

comparison, Komyha et al. (2024) evaluated their sensor's performance at pH levels of 4, 7, and 11 for cadmium ion detection. 

They reported that maximum adsorption and sensitivity occurred at pH 4-6, significantly decreasing at higher pH levels due to 

cadmium ions precipitating as hydroxides and competing Na⁺ ions reducing the adsorption efficiency [105]. These findings 

highlight the importance of pH in determining sensor performance, with both studies showing optimal sensitivity within specific 

pH ranges and diminished performance at extreme pH levels. 

Fig 14. Impact of pH Variation on Performance of Hydrazono Nano Copper Complex QCM Sensor (Green: pH 3.5, purple: pH 7, Red: pH 

11) 
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3.2.10. Effect of Temperature 

The graph illustrates (Fig 15) the influence of different temperatures (20°C, 25°C, and 30°C) on the sensitivity of a 

Schiff base copper nanocomplex sensor based on the Quartz Crystal Microbalance (QCM) technique for cadmium ion detection. 

 

A. At 20°C (blue curve): 

The sensor exhibits the lowest initial sensitivity, as indicated by the smallest change in the parameter (frequency or 

mass change) at the beginning of the curve. However, the curve maintains a gradual and consistent decrease over time, 

suggesting sustained sensitivity at this temperature. 

 

B. At 25°C (red curve): 

The sensor shows the highest initial sensitivity, as evident from the sharp and substantial decrease in the parameter at 

the curve's start. This high initial sensitivity indicates favorable interactions between the sensor surface and cadmium ions at 

this temperature. However, the sensitivity decreases rapidly over time, as seen by the curve's flattening. 

 

C. At 30°C (green curve): 

The initial sensitivity is moderate, falling between the 20°C and 25°C curves. The curve gradually decreases, 

indicating sustained sensitivity over time, but not as consistently as the 20°C curve. The observed differences in sensitivity can 

be attributed to the relationship between the surface area of the Schiff base copper nanocomplex and the amount of adsorption 

of cadmium ions [100-104]. At lower temperatures (20°C), the surface area of the nanocomplex may be more restricted, limiting 

the initial adsorption of cadmium ions and resulting in lower initial sensitivity. However, as time progresses, the gradual 

decrease in the curve suggests that cadmium ions continue to adsorb onto the available surface area, leading to sustained 

sensitivity. At higher temperatures (25°C), the increased thermal energy could lead to enhanced surface area and exposure of 

more active sites on the Hydrazono copper nanocomplex. This increased surface area facilitates better initial adsorption of 

cadmium ions, resulting in high initial sensitivity. However, over time, the rapid flattening of the curve may be due to factors 

such as saturation of available binding sites or changes in the surface properties of the nanocomplex, leading to reduced 

sensitivity. At an intermediate temperature (30°C), the surface area and adsorption properties of the nanocomplex are balanced, 

resulting in moderate initial sensitivity. The gradual decrease in the curve suggests sustained adsorption of cadmium ions over 

time, but not as consistently as at 20°C, potentially due to competing effects of increased surface area and thermal factors. In 

summary, temperature plays a crucial role in the sensitivity of the Hydrazono copper nanocomplex sensor toward cadmium ion 

detection. The surface area of the nanocomplex, which is influenced by temperature, affects the initial adsorption and subsequent 

adsorption behavior of cadmium ions. Optimizing the temperature can ensure high initial and sustained sensitivity over time, 

depending on the application's specific requirements. Our findings indicated that the sensor's sensitivity was significantly 

influenced by temperature, with optimal performance observed at lower temperatures. This is consistent with the study 

conducted by Komyha et al. (2024) on cadmium ion detection using a nano cobalt complex QCM sensor. It similarly investigated 

temperature variations and found that the sensor's sensitivity decreased at higher temperatures due to increased molecular 

diffusion and the potential cleavage of chemical bonds on the sensor surface, leading to reduced performance [105]. This study 

underscores the critical role of temperature in modulating sensor performance, revealing that elevated temperatures negatively 

impact sensitivity through similar mechanisms. 

 

 
 

Fig 15. Influence of Temperature on Cadmium Ion Detection Sensitivity 
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IV. Conclusion  

This study presents the development and characterization of nanoscale Schiff base ligand (HYD) and its metal 

complexes with cobalt (II) and copper (II) ions, highlighting their enhanced antimicrobial properties and their application in 

heavy metal detection. Advanced analytical techniques such as XRD, SEM, AFM, FTIR, DLS, and TGA provided detailed 

insights into their structural and physicochemical properties. The antimicrobial efficacy of these complexes was tested against 

various bacterial and fungal strains, demonstrating that both cobalt and copper complexes exhibited superior inhibitory effects 

compared to the free Schiff base ligand (HYD). The copper complex, in particular, showed the highest antimicrobial activity, 

surpassing some standard antibiotics. The enhanced efficacy is attributed to the chelation process, which increases cell 

permeability by reducing metal ion polarity and enhancing hydrophilic and lipophilic properties. Computational modeling 

(DFT) and molecular docking simulations further elucidated the complexes' optimized structure and binding interactions. The 

sensitivity analysis using Quartz Crystal Microbalance (QCM) demonstrated the exceptional performance of the nanostructured 

Hydrazono copper (II) complex in detecting cadmium ions with a rapid response time. This indicates its potential for effectively 

monitoring and remedying cadmium contamination in water and soil ecosystems. Overall, this study underscores the significant 

potential of nanoscale Schiff base ligand (HYD) and its metal complexes as powerful antimicrobial agents and efficient sensors 

for heavy metal detection, offering promising applications in medical, environmental, and biosensing fields. 
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