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Abstract 

Metal complexes have been utilized in medicine for thousands of years in a variety of ways, with 
positive benefits and well recognized as anti-infective, anti-inflammatory, antimicrobial, antidiabetic, 
neurological agents, delivery prob and diagnostic agents. Based on that Co, Zn, Cu complexes were 
synthesized and fully characterized. The complexes were then assessed with MDA-MB-453, human 
breast cancer cell line and the data showed that Cu- ligand complex was the most potent anticancer 
agent followed by Zn then Co complex. The DFT theoretical calculations were parallel with the 
biological assessment and support it. In addition, the complexes were tested for their biological 
activities in both gram positive and negative bacteria and the data revealed that Cu>Zn>Co with 
strong inhibitory effect on both bacterial growths. In sum, copper complex proved to be potent 
anticancer and antibacterial agent and can be used for future therapies. 

Keywords: transition metal complexes; synthesis; anticancer effect; DFT calculations; antibacterial 
activity 
 

1. Introduction 

The field of medical chemistry holds metals in high regard. Groups three through twelve on the 
periodic table are known as the "d block" elements, or transition metals [1]. Filling up their d shells 
led to the development of coordination complexes. A metal complex, also known as a coordination 
compound, is a structure made up of a central metal atom bound to a variety of nearby ligands or 
anions [1,2]. These complexes have the capacity to interact and react with biomolecules in novel ways 
and through different modes of action. Metal ions have significant effects on biological processes, and 
the study of how transition metal chemistry might be used to treat or diagnose illnesses is attractive 
field in medicinal chemistry [3] which started from the past decades with platinum complex (cis 
platinum) as antitumor drug [1]. There is a global epidemic of diseases brought on by bacteria, fungi, 
and viruses' infections [4]. Other significant health issues include diabetes [5], cancer [6], and malaria 
[6,7]. Various metals and nonmetals in the periodic table have demonstrated their significance for the 
healthy functioning of the human body [8,9]. Especially, d-block transition metal elements such as 
manganese (Mn), iron (Fe), cobalt (Co), copper (Cu), zinc (Zn), and molybdenum (Mo) are necessary 
for regular biological functioning and homeostasis [8,10]. Either a deficiency, or an excess of transition 
metals may result in various disease in human body [8] such as Alzheimer's disorders [11], 
Parkinson's disorders [12], cardiovascular diseases [13], cancer [14], and diabetes [8,15]. Therefore, it 
becomes necessary to discover new agents that may be employed as therapeutic medications for 
bacteria and cancer treatments Figure 1. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2025 doi:10.20944/preprints202510.0112.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0112.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 33 

 

 
Figure 1. Transition metals used clinically for diagnosis and therapies. 

Researchers synthesized many transitions metal complexes for disease treatment, and diagnosis 
such as cobalt, copper and zinc complexes [16–18]. First, cobalt is naturally occurring compound for 
the coenzyme vitamin B-12 and has distorted octahedral geometries, and forms stable complexes with 
many ligands including water, chloride ion and ammonia [19,20]. Studies proved that cobalt 
complexes used as antiviral, antibacterial agents [21], anticancer agent [22] and antimalarial agents 
[8,23]. Second, copper is essential for several vital biological activities [8], such as photosynthesis, 
iron metabolism, mitochondrial respiration, catalytic cofactor, scavenging of free radicals, the 
transmission of electrons inside biological molecules, certain neurological processes [24,25] and the 
redox chemistry of enzymes, all are essential to cell physiology and can happen because of the two 
different redox states of copper reduced (I) and oxidized Cu (II) [26]. Studies also showed that copper 
complexes had anticancer activities [27,28] and function as antibacterial [28], antimalarial agents [29]. 
Third, zinc is catalytic metal and important for biological signaling systems [30], protein metabolism, 
and immune system [31]. In addition, zinc is structural metal occur in a variety of RNA and DNA 
binding proteins known as zinc fingers [32]. Also, research studies proved that zinc complexes 
behave as anticancer and antibacterial agents [33,34].  

Several ligands have played a significant role in the development of coordination chemistry and 
form stable complexes with many transition metals [16–18]. In this study thiosemicarbazone was 
used to form Co, Cu, and Zn complexes. Thiosemicarbazone's inherent biological activity, structural 
flexibility, and multifunctional metal-chelating capabilities have attracted a lot of attention [35]. 
Before their anti-tumor effect was discovered, thiosemicarbazones were known to be metal chelators. 
It has a versatile thiourea structure that allows it to incorporate other substituents or functional 
groups in addition to the C=N and C=S bonds in its own structure, which is advantageous for metal 
coordination [35,36] and it exhibited a wide variety of biological activity, such as antiviral, antifungal, 
and anticancer properties [36] Figure 2. 
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Figure 2. Thiosemicarbazone metal chelator because of the carbon nitrogen and carbon sulfur bonds. 

Therefore, cobalt (II), copper (II), and zinc (II) metal complexes have been synthesized, 
characterized by CHNS, mass spectroscopy, proton, and carbon NMR, FTIR, thermal gravimetric 
analysis, molar conductivity, differential scanning calorimetry technique, scanning electron 
microscope and dynamic light scattering. The metal complexes biologically evaluated for their 
anticancer activity using breast cancer cell line and this was supported by molecular geometry and 
computational methodology study. In addition, the antibacterial activity of the metal complexes was 
assessed using gram positive and negative bacteria as demonstrated in Figure 3. 

 

Figure 3. Schematic representation starting from synthesis to biological evaluation. 
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2.1. Materials and Reagents 

We synthesized the metal ligand complexes in our laboratory at Kuwait University. All 
chemicals and biological supplies were graded as analytical reagents and were pure and ready for 
direct use such as hydrazine carbothioamide, ethanol, diethyl ether, DMSO, CuCl2, CoCl2, ZnCl2, 
DMEM medium, FBS, penicillin/streptomycin, 1% L-glutathione, PBS, WST-1 test Kit (ab65473 
Abcam, USA), and nutrient agar, all were purchased from Sigma-Aldrich, Germany, and E. Merk. 
The strains Escherichia coli and Bacillus-subtills (ISO 17034 from ATCC) strains from biology 
department. All complexes were dissolved in dimethyl sulfoxide to prepare chemical stock solutions 
(µg/mL) for the antibacterial treatment and assessment. 

2.2. Instruments Used 

All chemical spectral analysis were carried out at the Research Sector Project Unit (RSPU) in 
Kuwait University. Thin-layer chromatography (TLC pre-coated aluminum plate silica gel, Merk 
9385) was used to detect the endpoints of the reactions. The molecular weights of the samples were 
determined using the EI (70 ev) mode of the VG Auto spec QMS 30 and MSg (AEI) spectrometer and 
were then confirmed by mass spectroscopy by LCMS. On an Elemental uni-cube superuser, elemental 
analysis (CHNS) was carried out. NMR spectrophotometer Bruker, DPX 600 was used to collect 1H 
and 13C nuclear magnetic resonance (NMR) spectra at 600 MHz and 150 MHz in DMSO and CDCL3, 
respectively. The fourier-transform infrared spectroscopy (FTIR) spectra were collected in the 4000-
400 cm-1 range using a Jasco 6300 FTIR. Scanning electron microscope was used to check the 
morphology (SEM). Dynamic light scattering technique was used to determine the metal complexes 
size -DLS (the Malvern Zeta sizer -ZS). In addition, heat flow is measured using DSC to characterize 
the metal ligand complexes. Also, the sample's weight change in relation to temperature is measured 
by the thermal gravimetric analysis (TGA).  

2.3. Synthesis 

2.3.1. General synthesis of the ligand: 2,2'-(butane-2,3-diylidene) bis(hydrazine-1-carbothioamide) 

2,2'-(butane-2,3-diylidene) bis(hydrazine-1-carbothioamide) (H2L) (3) was synthesised as shown 
in Scheme 1, by addation of 30 ml hot ethanol solution of hydrazine carbothioamide (1) (18.12 g, 0.2 
mol) slowly to 30 ml hot ethanollic solution of 2,3-butandione (2) (23.2 g, 0.1 mol). This followed 
heating the mixture under reflux, with continuous stirring, utilizing heating mantle for two hours. 
The formed precipitate was collected by filtration, washed with absolute ethanol, diethyl ether and 
finally dried under vacuum over silica gel to produce (H2L) (3) with yield 77%. 
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1 2 3
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Scheme 1. The starting materials to synthesiz the ligand H2L (3). 

2.3.2. General Synthesis of the Metal-Ligand Complex 

The synthesized 2,2'-(butane-2,3-diylidene) bis(hydrazine-1-carbothioamide) (H2L) (3) was used 
as ligand for the reaction with metal chloride salt (MCl2) to form our target complex. Co, Cu and Zn 
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complexes were prepared by refluxing 1 mmol of the ligands (3) under investigation with 1 mmol of 
the metal salt CuCl2, and CoCl2 in an ethanoic solution on a water bath for 2 - 3 hrs as shown in 
Scheme 2. The resulting solid metal ligand complexes were filtered off, washed several times with 
absolute ethanol followed by diethyl ether and finally dried in a vacuum desiccator over anhydrous 
calcium chloride with yeild 80%. 

 

Scheme 2. General made of chelation of  the metal ligand complex. 

2.4. Thermal Gravimetric Analysis (TGA) 

This technique provides more insights into the stabilization and water molecule characteristics 
of the complexes, the TGA analysis was conducted for all metal ligand complexes weighing five mg 
were placed in the Pt pan and heated in a nitrogen environment from between 25 to 800 °C within 
ten minutes. According to the TGA statistics, there is a clear correlation between the calculated and 
recommended formulas for weight loss that were recorded [37]. 

2.5. Differential Scanning Calorimetry Technique (DSC) 

A thermal analysis tool known as a DSC monitors a sample's temperature and physical 
properties over time in both hot and cold conditions. Five milligrams of each sample were weighed 
on a sealed Al pan heated from 25 to 500 oC in ten minutes at a heating rate in an argon environment, 
and the DSC curves for the metal ligand complexes were then recorded [38,39].  

2.6. The Triazole Agents' Morphology Investigation by SEM 

The surface morphology of the complexes was assessed by utilizing the (JEOL-EDS-KU-RSPU) 
system to take several SEM readings at 15.0 kV, at various micrographs magnifications (X100, X500, 
X1000, X2000, and X5000). Uniform morphologies were discovered by the morphological 
characterization [40]. 

2.7. Particles Size Measurements by DLS 

The Malvern Zeta Sizer (ZS) is analytical instrument used to measure the particles size, zeta 
potential, and molecular weight in solutions. It uses dynamic light scattering (DLS) for particles with 
size in the range (0.3 nm to 10 µm). The electrophoretic light scattering (ELS) is (> ± 500 mV). The 
temperature control range of 0 oC to 90 oC, sensitive and can work with small sample volumes. This 
technique is ideal for nano-particles analysis and stability studies in pharmaceuticals and material 
sciences. All metal complexes were solubilized in DMSO, and readings were measured ± standard 
deviation [40,41]. 

2.8. Cytotoxicity Assessment & Statistical Analysis 

MDA-MB-453 (HTB-131 from ATCC), is a human breast cancer cell line, which was employed 
in in-vitro screening investigations. The cells were cultured in 5% CO2 humidified air with 10% FBS, 
1% penicillin/streptomycin, and 1% L-glutathione added in DMEM medium. Before usage, fetal 
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bovine serum (FBS) is inactivated for 30 minutes at 37 oC in a water bath. The WST-1 assay Kit 
(ab65473 Abcam, USA) manufacturer's protocol was followed to conduct the in-vitro cell 
proliferation assay. To put it briefly, after seeding the cells in day one, the cells were exposed to the 
metal ligand complexes for 72 hours while they were between 75% and 85% confluent. Subsequently, 
each well received ten µl of WST-1 reagent. Using a plate reader (SoftMax Pro 9.0 Flex Station-
Molecular Devices), the absorbance at 440 nm was measured to calculate the amount of formazan 
product that had generated. There were four duplicates of each concentration used in the studies. 
Statistical analysis was performed using GraphPad Prism 09. Every in-vitro data was displayed as 
the average ± standard error. For statistical significance, p values ˂0.05 were used [41–43]. 

2.9. Molecular Geometry and Computational Methodology  

All computations were conducted using gaussian 16 program [44]. The molecular geometry for 
the studied compounds was fully optimized using density functional theory B3LYP method. Where 
(B3) stands for Becke’s three parameters exact exchange functional combined with gradient-corrected 
correlation functional of Lee, Yang and Parr (LYP) [44–47], and DFT/GENECP level had been 
obtained by implementing Def2TZVP. No symmetry constraints were applied during the geometry 
optimization. The choice of mixed basis set was due to flexibility, accuracy, consistent and better 
performance of the Alrich’s effective core potentials basis set (def2-TZVP) with Gaussian type triple- 
ζ potential(6-311++G(d,p). By using HOMO and LUMO energy values for the metal ligand 
complexes, electronegativity and chemical hardness can be calculated as follows: X= (I+A)/2 
(electronegativity), ɳ=(I-A)/2 (chemical hardness), S = 1/2ɳ (chemical softness) where I and A are 
ionization potential and electron affinity, and I= - EHOMO and A= - ELUMO, respectively. NBO 
calculations had been performed at the same level of calculation by using NBO 3.1 program as 
implemented in the Gaussian 09W software package. Throughout this work optimized structures 
were visualized using Chemcraft version 1.6 package and Gauss View version 5.0.9.  

2.10. In-Vitro Antibacterial Activity 

As directed by Difco, the pure culture plates were prepared two days before to usage. Bacterial 
suspension was prepared by nutrient broth with bacterial culture incubated at 37 ± 1 °C. A few mL 
of the bacterial suspensions of each strain was added to 20 mL of fresh broth until the final 
concentration is approximately 5 × 105 CFU/mL. A suspension containing 0.2 ml of each of the 
investigated compounds (5 and 10 mg/ml) was cultured for 24 hours. In nutrient agar media (NA), 
the strains of the microorganism were uniformly distributed. The studied samples were placed inside 
discs of Whatman paper, which had a diameter of 5 mm. After the socked discs were placed on the 
NA, the diameters (in millimeters) of the clear inhibition zone encircling the sample were measured 
by ruler to determine the inhibition power against those specific organisms. Using the agar disk 
diffusion method with minimum inhibitory concentration, the metal ligand complexes were 
administered in triplicate to both gram-positive and gram-negative bacteria for a duration of 24 hours 
to test for antibacterial activity. To avoid contamination, all experimental work was conducted close 
to the flame. Four mm wells were created using a cork borer and a 100 µl of the metal ligand complex 
was added by micropipette to each well and incubated at 37 °C overnight. Three replicas were used 
to assess the inhibition zones surrounding the wells and report the average. To compare the potency 
and importance of the metal ligand complex as antibacterial agents, free ligand was utilized as the 
reference control in the current investigation. [48]. 

3. Results and Discussion 

As stated in the experimental section, a schiff base reaction was applied to synthesize the ligand 
thiosemicarbazone, and then form the metal complexes in the nano scale. The obtained ligand and its 
metal complexes are air stable. The complexes possess assorted colors, the solubility test illustrates 
that these complexes are water insoluble and soluble in polar aprotic solvent like DMSO and DMF. 
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The value of molar conductivity of Co, Cu, Zn complexes are 5.83, 4.34, and 21.52 Ω-1cm2mol−1 
respectively indicating their non-electrolytic nature. The Co, Cu, Zn complexes were created, 
synthesized, and their structures were fully characterized. The complexes formulas, physical 
characteristics, elemental analyses, thermal, molar conductivity, magnetic moment, and formula 
weights (LCMS) derived from mass spectra are mentioned together as shown in Table 1. The data 
illustrated that Co2+ and Cu2+ complexes were composed in molar ratio (1L:1M) with formulae 
[M(L)].2H2O where M= Co2+ or Cu2+. While Zn2+ acts as (2L:1M) with formula [Zn(H2L)2].  

3.1. Elemental Analysis, Electronic Spectra, Magnetic and Physical Measurements 

The elemental analysis is in the good agreement with that calculated results for the proposed 
formula of the metal complexes as described in Table 1. 

Table 1. The analytical and physical characteristics for the ligand H2L and its metal complexes. 

Compounds 
Colo

r 
M.Wt. 

M.P. 
(oC) 

Λa 
Calcd. (Found) (%) 

C H N S M 

H2L  
(C6H12N6S2) 

Pale 
yello

w 
232.32 225 -- 

31.02 
(31.04) 

5.21 
(5.16) 

36.17 
(35.07) 

27.60 
(27.83) 

-- 

[Cu(L)].2H2O 
(C6H14CuN6O2S2) 

Dark 
brow

n 

329.89 
(293.97)* 

263-
270 

4.3
4 

21.84 
(21.98) 

4.28 
(3.80) 

25.48 
(24.33) 

19.44 
(18.95) 

20.31 
(19.89) 

[Co(L)].2H2O 
(C6H14CoN6O2S2) 

Brow
n 

325.28 
(288.97)* 

245-
248 

5.8
3 

22.15 
(22.22) 

4.34 
(4.65) 

25.84 
(24.70) 

19.72 
(19.68) 

31.60 
(31.28) 

[Zn(H2L)2] 
(C12H26N12S4Zn) 

Beige 
532.06 

(481.28) 
268-
272 

21.
52 

27.09 
(27.83) 

4.93 
(4.95) 

31.59 
(31.77) 

24.11 
(25.38) 

19.26 
(18.95) 

Λa is molar conductivity in Ω-1 cm2 mol-1. CHNS is average of three runs. 

3.2. Mass Spectra of Metal Ligand Complexes (MS). 

The MS of the H2L (Figure 4) showed a molecular peak at m/z = 232.1 (7%) and weak peaks 
surround it due to 13C and 15N isotopes. The other positive ions give peaks at 215.1 (15%), 174.2 (3%), 
116.0 (100%), 86.1 (6%) and 56.07 (32%) mass numbers. The intensities of these peaks indicate the 
stabilities of these fragments. The MS of [Co(L)].2H2O displayed the molecular ion peak of intensity 
100% at e/m = 288.97 corresponding to [Co(L)] as shown in Figure 5. The species after may be formed 
after the removal of 2H2O while the small peaks at 250, 163 and 158 representing sequential 
degradation for the molecule. The MS of [Cu(L)].2H2O showed a peak of intensity 100% at e/m = 
293.97 corresponding exactly [Cu(L)], this species may be formed after the removal of 2H2O. The 
positive ions peaks at 235 (2%) may be due to the removal of methyl and amino groups. The other 
positive ions give peaks at mass numbers 192 (4%), 178.0 (1%) and 164 (65%), 141 (13%), 124 (16%) 
mass numbers representing sequential degradation for the molecule (Figure 6). The spectrum of 
[Zn(H2L)2] the peak appeared at m/e = 532.06 (Calcd. 535.6) representing the molecular ion peak with 
intensity 75%, the peak of intensity 100% at 296.3 corresponding to [Zn(H2L)] as shown in Figure 7.  
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Figure 4. Mass spectrum of ligand thiosemicarbazone (H2L). 

 

Figure 5. Mass spectrum of [Co(L)].2H2O. 
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Figure 6. Mass spectrum of [Cu(L)].2H2O. 

 

Figure 7. Mass spectrum of [Zn(H2L)2]. 

3.3. Nuclear Magnetic Resonance (1H and 13C)  

The 1H NMR and 13C NMR spectrum of the free ligand and Zn ligand complex were recorded 
and summarized in Table 2 and Figures 8-11. The ligand 1H-NMR spectrum in DMSO-d6 agree with 
the proposed chemical structure. The two chemical shifts noted as singlet at 11.061 and 10.197 ppm 

 
 c  u  s [ 9 50 6 60]
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m/z
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85

90

95

100

Re
lat

ive
 Ab

un
da

nc
e

296.3

535.6

240.4

195.3
591.2

78.9
69.0 279.6140.2115.1 551.3180.4

259.5228.2
312.2 390.6
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(s, 1H, NH6) and (t, 1H, NH7), while the doublet chemical shifts were noted at 8.390 (dd, 2H, 10H2N) 
and 8.101(d, 2H, 12H2N). The spectrum also showed chemical shifts at δ = 1.947 ppm for CH3 group at 
position (3 & 14) were imputed to the methyl group protons. 1H-NMR spectrum clarifies, that the 
thiosemicarbazone offered only a thio-keto form; there’s no evidence for existence of the thio-enol 
form as shown in Figure 8. This conclusion was supported by the existence of chemical shifts relevant 
to (NH) and the complete lack of a chemical shift relevant to (SH) of the thio-enol form [50]. The 13C-
NMR spectrum of the ligand thiosemicarbazone (H2L) displayed a chemical shift at 183.12 ppm 
assigning to the thioketone carbon atom (8,9C=S) [51,52]. The imine carbon (1,2C=N) chemical shift 
was appeared at 148.37 ppm [51,52]. The peaks appearing at 11.55, 13.81 ppm can be related the 
methyl group carbon atoms (3,14CH3). It is important to mention that [Cu(L)].2H2O and 
[Co(L)].2H2O are paramagnetic complexes which significantly impact the interpretation of NMR 
spectra by causing broadening and large chemical shifts. The 1H-NMR spectra of the Zn2+ complex 
showed that the thio-amide protons are appeared at 10.208 ppm clarifying that the Zn2+ is bonded to 
the thio-keto tautomer via the deprotonated thio-amide sulfur atom Figure 10. The 13C-NMR 
spectrum of Zn2+ complex showed the thio-amide δ(C=S) signal shift to up field by about 5 ppm in 
comparing with the parent ligand thiosemicarbazone Figure 11. This up field shift may be due to the 
movement of electron density from the thio-amide moiety to the Zn2+ ions upon chelation that could 
have caused the thio-amide carbon nuclei to be de-shielded hence the up field shift [53]. 

Table 2. 1H and 13C assignments of the ligand [H2L]and Zn+2 complex. 

Position 
H2L [Zn(H2L)2] 

1H (ppm) 13C (ppm) 1H (ppm) 13C (ppm) 

1 -- 
148.37 

-- 
148.27 

2 -- -- 

3 1.947 13.81 2.168  11.54 

4 -- -- -- -- 

5 -- -- -- -- 

6 
10.197,11.061 

-- 
10.208 

-- 

7 -- -- 

8 -- 
183.12 

-- 
178.84 

9 -- -- 

10 
8.390,8.101 

-- 
7.850, 8.404 

-- 

12 -- -- 

13 -- -- -- -- 

14 1.947 11.55 2.508 11.54 
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Figure 8. The 1H NMR spectrum of the thiosemicarbazone ligand (H2L). 

 

Figure 9. The 13C NMR spectrum of the thiosemicarbazone ligand (H2L). 
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Figure 10. The 1H NMR spectrum of [Zn(H2L)2] complex. 

 

Figure 11. The 13C NMR spectrum of the [Zn(H2L)2] complex. 

3.4. Infrared (FTIR) Spectra of Co, Cu, Zn Complexes 

The FTIR bands of the thiosemicarbazone ligand spectrum (Figure 12) showed peaks at 3408, 
3248 and 3194, 3149 cm-1 which could be attributed to the imine ν(N-H) and ν(NH2) [54–56]. The 
weak bands which appeared at 3000, 2950, 2990 cm-1 could be attributed to the azomethine and 
aliphatic protons [57,58]. The spectrum also displayed bands at 1594 and 833 cm-1 which are related 
to imine ν(C=N), and thio-amide ν(C=S) [59,60] groups respectively (Table 3). These observations 
indicated that, the thiosemicarbazone adopted only a thio-keto form in the solid state. This conclusion 
is endorsed by the absence of the band related to the ν(S–H) linkage (generally shows in the 2500–
2600 cm-1) [59–63]. The coordination manner can be obvious by matching the complexes' FtIR spectra 
(Figures 13, 14 and 15) with the thiosemicarbazone (H2L) IR spectrum. The matching clarifies that the 
ligand (H2L) worked as dibasic bidentate bonded with the Cu2+ and Co2+ ions via the imine nitrogen 
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atom, thio-amide group in its thio-enol form in Cu2+ and Co2+ complexes. This way of chelation was 
mended by four proofs as follow: 

i. The negative shift in position (4-30 cm-1) and intensity of the band of imine group C=N).[64] 
ii. The misplaced of the imine group ν(N-H6,7) band upon chelation, signifying that the 

thiosemicarbazone in these complexes interacted in the thio-enol form, that was endorsed by 
the appearing of new band in the region 1640-1690 cm-1, assignable to ν(C=N-N=C).[64] 

iii. The negative shift in position (113-184 cm-1) and intensity of the ν(C=S) group which appears in 
the range (649-720) cm-1 due to ν(C-S) group [65,66].  

iv. The being of new bands at 451-476 and 497-519 cm-1 could be attributed to the ν(M-S) and 
ν(M←N) consecutively [66].  

On the other hand, the ligand (H2L) worked as neutral bidentate bonded with the Zn2+ ion via 
the imine nitrogen atom, thio-amide group in its thio-keto form. 

Table 3. IR spectral data for the H2L and its metal complexes and their assignments. 

Compounds 
ν(H2O) 
ν(NH/NH2) 

 
ν(C=N) 
ν(C=N)* 
 

 
ν(C=S) 
ν(C-S) 
 

ν(N-N) ν(M-N) ν(M-S) 

H2L 
(C6H12N6S2) 

3408,3248, 
3194, 3149 

1594 
-- 

833 
-- 

948 -- -- 

[Cu(L)].2H2O 
(C6H14CuN6O2S2) 

3407, 3250,  
3187, 3144 

 1595, 
1648 

-- 
649 

1005 603 485 

[Co(L)].2H2O 
(C6H14CoN6O2S2) 

3401, 3289 
3142 

 1564,  
1693 

-- 
949 

1004 599 484 

[Zn(H2L)2]  
(C12H26N12S4Zn) 

3408, 3248, 
3189, 3151 

 1594 
-- 

831 
-- 

948 602 483 
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Figure 12. Infrared spectrum of the ligand thiosemicarbazone (H2L). 

 

Figure 13. Infrared spectrum of the Co+2 complex. 

4000 3500 3000 2500 2000 1500 1000 500
0

20

40

60

80

100

120
T (

%)

Wavenumber (cm-1)

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2025 doi:10.20944/preprints202510.0112.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0112.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 33 

 

Figure 14. Infrared spectrum of the Cu+2 complex. 

 

Figure 15. Infrared spectrum of the Zn+2 complex. 

3.5. Thermal Gravimetric Analysis (TGA) 

To achieve further data about the stabilization and water molecules nature of the complexes, the 
thermo-gravimetric analysis was measured in the 25 to 800 °C range. The data were summarized in 
(Table 4) and as shown in (Figures 16-19) which proved that there is an obvious matching in the 
losing weight between the suggested and calculated formulae. The TG thermogram showed that the 
ligand is stable up to 191 and losing amino group at 191-221 °C consequentially decomposed 
completely in the temperature range 230-650°C with weight loss 91.67 % (calcd. 93.10%) Figure 16. 
Co2+and Cu2+ complexes displayed weight loss between 70-73 oC and refereeing to two water 
molecules abroad the coordination sphere. Co2+and Cu2+ complexes decomposed in one step within 
temperature ranged from 250 to 800 °C with weight loss equal to 63.58 and 64.19 % (calcd. 62.53% 
and 63.41%) leaving Cu+2C and Co+2C as shown in Figure 17 and Figure 18. While the TG thermogram 
for Zn2+ complex showed that it is stable up to 157°C, then start decomposition to eliminate 
C12H26N12S2 at 256 to 800°C with wight loss 73.83 % (calcd. 75.56%) leaving Zn+2S as a residue as shown 
in  Figure 19 [43,49]. 
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Table 4. Thermogravimetric data of thiosemicarbazone and its complexes. 

 
 

Compounds 

Temp. 
(°C) 

Weight loss (%) 
Found (calcd.) 

assignment 

H2L  
(C6H12N6S2) 

30-191 
191-221 
230-650 

-- 
7.38(6.90) 
91.67 (93.10) 

Stable 
Elimination of NH2 
Complete decomposition of the ligand 

[Cu(L)].2H2O 
(C6H14CuN6O2S2) 

73.99 
254-776 
800 

 
11.28 (10.91) 
63.58 (62.53) 
25.13 (26.54) 
 

- 2H2O 
- C4H10N6S2 
Cu + 2C (Residue) 

[Co(L)].2H2O 
(C6H14CoN6O2S2) 

70 
269-761 
800 

08.51 (11.07) 
64.19 (63.41) 
27.22 (25.50) 

- 2H2O 
- C4H10N6S2 
Co + 2C (Residue) 

[Zn(H2L)2] 
(C12H26N12S4Zn) 

30-157 
265-750 
800 

-- 
73.83 (75.56) 
26.17 (24.34) 

Stable 

- C12H26N12S2 
Zn +2S (Residue) 

 

Figure 16. TGA spectrum of ligand thiosemacarbazone. 
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Figure 17. TGA spectrum of Co- ligand complex. 

 

Figure 18. TGA spectrum of Cu- ligand complex. 
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Figure 19. TGA spectrum of Zn- ligand complex. 

3.6. Differential Scanning Calorimetry (DSC) Characterization 

The results of the measured DSC curves of Co, Cu, Zn complexes were measured to start melting 
between minimum 50 oC and maximum 450 oC as plotted in Figure 20-22. The metal complexes 
showed different behaviors, first sharp endothermic peaks at 200-350 oC range which corresponds to 
the metal complexes melting points and second broad exothermic peaks in Co+2 and Cu+2 complexes 
at 350-450°C represent their decomposition to form the respective metal sulfides. In Co-ligand 
complex the decomposition peak was at 264 oC (Figure 20). Cu-ligand complex three peaks were 
observed at 247.0 oC, 259.0 oC, and 350.4 oC (Figure 21). While in Zn- ligand complex the two peaks 
were observed at 257.5 oC and 259 oC (Figure 22). In depth, the first complex to melt is Cu-ligand 
complex, followed by Zn-ligand complex and the last harder complex to decompose is Co-ligand 
complex. Generally, all complexes were stable until 240 oC. It is important to mention that normal 
body temperature is 37 oC, and the fever is from 38 oC to 41 oC which means our complexes are stable 
if they will considered as chemotherapy drugs in the future. 
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Figure 20. TG thermogram of Co+2 complex. 

 
Figure 21. TG thermogram of Cu+2 complex. 
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Figure 22. TG thermogram of Zn+2 complex. 

3.7. The Complexes' Morphology Investigation by SEM 

The surface morphology of the metal complexes was assessed, and several micrograph images 
were taken as shown in Table 5. The morphological characterization of Co, Cu, Zn complexes showed 
smooth nanoparticles shapes without pores or cracks but with sharp edges. Generally, the 
nanoparticles size better than micro size [67]. In accordance with a study, the nanoparticles easily 
accumulate in the cancer cell [40,42]. Furthermore, these agents are excellent choices for delivering 
anticancer medications to cancer tumors and tissues due to their small size nanoparticles and 
biocompatible [68]. Studies proved that many nanoparticles were selective, promising anticancer, 
antimicrobial, and anti-Alzheimer agents such as ZnO, [69], AgNPs [70], SnO, CuO, and FeO [71–73]. 
Generally, due to their better efficacy and capacity for selective targeting, nanoparticles are beginning 
to replace more conventional cancer treatments including radiation, chemotherapy, and surgery [73]. 

Table 5. The SEM morphologies of metal complexes at different micrographs magnifications (5,10,50 and 100 
µM). 

Mag. Co- ligand Complex Cu- ligand Complex Zn- ligand Complex 

X100 
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X500 

   

X1000 

   

X2000 

   

X5000 

   

X: different SEM magnifications. 

3.8. Particles Size Measurements of Metal Ligand Complexes 

The metal complexes' particles sizes were summarized in Table 6. The data showed that all metal 
complexes were in the nano-seize range between 226 and 266 nm. Cu-complex exhibited the smallest 
particle size followed by Zn complex then Co-complex. Current chemotherapy for cancer causes 
cytotoxicity, lack of selectivity, multidrug resistance, and stem-like cell growth [40]. For a range of 
cancer treatments, these nanomaterials which target the immune system, DNA, tumor 
microenvironment, and cancer cells have been altered to increase drug capacity and bioavailability, 
lower toxicity, and enhance selectivity [2]. According to recent studies, therapeutic nanoparticles can 
improve efficacy and reduce side effects when compared to conventional cancer therapy drugs. 
Scientists are constantly developing novel and effective nanoparticles for drug delivery. 
Nanotechnology is widely used in medicine for targeted drug delivery [40,42], imaging, and 
diagnostics [74]. Nanoparticles have recently received a lot of attention in the field of medication 
delivery due to their unique properties and potential applications in the treatment of cancer. In 
addition, studies proved that nano-complexes have antibacterial and antifungal properties [75–77]. 
In conclusion, given all these findings, further research is needed to reduce toxicity and enhance 
clinical outcomes in medication delivery using nanoparticles (Figures 19-21). 
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Table 6. Particle size measurements of the synthesized metal ligand complexes. 

Metal 

complex 

Particle size ± 

standard 

deviation 

nm 

 

Graph 

 

 

 

 

 

Co- ligand 

complex 

 

 

266.7±83.31  

 

 

 

Cu- ligand 

complex 

 

 

226.9±75.18 

 
 

 

Zn- ligand 

complex 

 

 

254.9±68.87 

 

3.9. Cell Proliferation Assessments  

The MTT assay of the metal complexes tested against breast cancer cell line (MDA-MB-453). The 
data were at different concentrations 0, 2.5, 5, 10, and 20 µM of metal complexes and results were 
summarized in Table 7. According to the biological evaluation, there is no detectable toxicity prior 
to the 48-hour treatment period [37], and cancer cell proliferation is prevented during 72 hrs. The 
findings showed that the metal ligand complexes have strong anticancer properties. In depth, Cu- L 
complex was the most potent agent that killed MDA-MB-453 cells with IC50 values of 3.31±0.34 µM. 
The second potent agent was Zn-L complex followed by Co-L complex with IC50 values in the range 
of 32.1±4.80 and 48.1±3.06 respectively. The synthesized complexes proved their strength as 
anticancer agents. Recent study in 2023 supported our finding that copper complex had the superior 
anticancer activity and selectivity against cisplatin resistant lung cancer cell line [78,79]. Previously, 
studies showed that thiosemicarbazones complexes have antimicrobial, antiviral activities, 
antibacterial, antifungal, anticonvulsant, antimicrobial, antiallergenic and anticancer activities [35–
39,49,77–80]. Additionally, research has shown that metal complexes have stronger anticancer effects 
than the metal-free ligand [49]. The coordination, orientation, aromatic moiety, ligand binding [3] 
and solubility of metal ions all contribute to the overall stability of complexes [49]. In addition, to the 
practical biomedical focuses to synthesize new transition metal complexes  in nanoscale to creates 
new materials with unique physical, chemical, and biological properties [81] that has effective potent 
biological activities that can benefit the medical field. 
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Table 7. IC50 data of breast cancer cell lines treated with metal complexes. 

Parameter Dilution used to treat the cells with the metal complexes/ µg 

 

 

 

 

 

 

Co- ligand 

complex 

1:1 

CH3

N N

N N

H2N

S

NH2

S

H3C

Co

H2O

OH2

   

Drug conc µg 0 2.5 5 10 20 

mean - blank 100 69.2 68.4 63.6 48.1 

Standard 

deviation 8.00 7.15 7.08 8.29 3.07 

 

 

 

 

 

Cu-ligand 

complex 

1:1 

CH3

N N

N N

H2N

S

NH2

S

H3C

Cu

H2O

OH2

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2025 doi:10.20944/preprints202510.0112.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0112.v1
http://creativecommons.org/licenses/by/4.0/


 24 of 33 

 

Drug conc µg 0 2.5 5 10 20 

mean - blank 100 9.80 6.06 3.91 3.31 

Standard 

deviation 7.97 1.58 0.34 0.44 0.34 

 

 

 

 

 

Zn-ligand 

complex 

2:1 

CH3

N

N

NH

HN

S

H2N

SH2N

CH3

H3C

N

N

NH

HN

S NH2

S

NH2

H3C

Zn

   
Drug conc µg 0 2.5 5 10 20 

mean - blank 100 67.1 55.7 45.2 32.1 

Standard 

deviation 2.45 0.92 6.14 3.17 4.80 
MDA-MB-453: breast cancer cell line with high androgen expression. X= (I + A)/2 (electronegativity), ɳ=(I-A)/2 
(chemical hardness), S = 1/2ɳ (chemical softness) where I and A are ionization potential and electron affinity, and 
I= - EHOMO and A= - ELUMO, respectively. 

3.10. Computational Analysis of Optimized Geometry and Energy Gap 

Several physical properties, including frontier molecular orbital energies (eV), ionization 
potential (IE), electron affinity (EA), electronegativity (χ), global electrophilicity (ω), chemical 
potential (µ), global softness (S), and dipole moment, can be determined by optimizing the structure 
and frequency of compounds using quantum chemical calculations. For metal ligand complexes, the 
geometric characteristics are summarized in Figures 23-25 and the physical parameters are given in 
Table 7. In this work, the lowest unoccupied molecular orbital (LUMO) which acts as electron donor 
and the highest occupied molecular orbital (HOMO) which acts as electron acceptor, structural 
parameters, dipole moments and nonlinear optical properties of the Co, Cu and Zn complexes were 
calculated by both B3LYP/LANL2DZ and B3LYP/GENECP/LANL2DZ-6-311G (B3LYP/MIX) 
methods. In the optimized structures of complexes, the metal salt was complicated with two water 
molecules as confirmed by different spectroscopic tools. The frontier molecular orbital HOMO of the 
complexes has exhibited similar behavior, and the charge density has localized in the metallic region 
of all complexes. The energy gap (ΔEHOMO-LUMO) is the difference in energy between the HOMO 
and LUMO (Figure 24) [82]. A molecule is more stable, hard, and less reactive when its energy gap 
(ΔE) is larger, and vice versa [83]. Therefore, the order of the energy gap values is arranged in the 
following order Co> Zn> Cu complex. The calculation of Cu-ligand complex proved that it’s the least 
hard complex (η) with the highest softness (σ) parameter which proved that Cu-ligand complex 
recognized as the most reactive complex biologically followed by Zn then Co complexes. The DFT 
calculation agreed with the biological anticancer results. A study in 2021 conducted by Howsaui et 
al., found that Cu (II) complex presents good reactivity and reveals good toxicity and inhibition 
activity against examined cell lines [84]. Relational to electron density, the molecular electrostatic 
potential (MEP) is a crucial metric for identifying potential sites of electrophilic/nucleophilic attack 
and hydrogen-bonding interactions of the newly synthesized complexes. Figure 25. Showing the 
electrostatic potential map illustrated in the three-dimensional distribution of the charge in each 
metal ligand complex. The electrical potential at the surface is represented by several colors; the most 
electronegative is red, the most positive is blue, and the zero potential is green [85]. Red < orange < 
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yellow < green < blue is the order in which the potential progressively rises from negative to positive. 
The lone pair of electronegative atoms is typically found in regions with the highest electronegative 
potentials. From the MEP map of the metal ligand complexes, it can be observed that the negative 
regions in the molecule considered as nucleophiles such as the oxygen, sulfur, and nitrogen atoms of 
the complex. However, maximum positive regions are localized around the electrophile the 
hydrogen atoms region and these data were supported by these studies [86,87].  

 

Figure 23. The optimized molecular structure of Co, Cu and Zn ligand complexes as a ball and stick model. 

 

Figure 24. Frontier molecular orbitals for Co, Cu and Zn ligand complexes calculated in gas phase at the 
B3LYP/GENECP method; energy level of HOMOs and LUMOs; and Egap (ΔE). 
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Figure 25. ESP maps of Co, Cu and Zn ligand complexes by mapping the total density over the molecular 
electrostatic potential calculated in the gas phase. 

Table 7. Theoretical energy calculations and dipole moment of the studied metal ligand complexes and their 
interaction products. 

ID Etotal 

(Hartree
) 

E* 
HOM

O 

ELUM

O 

ΔE I=-E 
HOM
O 

A=-E 
LUM
O 

η=(EHOM

O-
ELUMO)\2 

S= 
1\η 

µ=-
(1+A)\
2 

X= 
(I+A)/
2 

Co-L 
comple
x 

-
1175.560 

-
5.66
7 

-
1.498 

4.16
9 

5.667 1.498 -2.084 -
0.48
0 

-1.249 3.582 

Cu-L 
comple
x 

-
1918.132 

-
4.33
5 

-
1.858 

2.47
8 

4.335 1.858 -1.239 -
0.80
7 

-1.429 3.097 

Zn-L 
comple
x 

-
1762.038 

-
5.66
8 

-
2.674 

2.99
5 

5.668 2.674 -1.497 -
0.66
8 

-1.837 4.171 

*E = energy (eV), The lowest unoccupied molecular orbital energy (ELUMO), The difference between HOMO and 
LUMO energy levels (ΔE), Mulliken electronegativity (χ), Global hardness (η), Global softness (S). 

3.11. Antibacterial Evaluation 

Antibacterial activity of the newly synthesized free ligand and Co, Cu, Zn ligand complexes was 
evaluated using the disk diffusion method against gram-positive (Bacillus-subtills) and gram-
negative bacteria (E. coli). Trials were conducted three times, the values recorded represent the mean 
average as shown in Table 8. The results showed that the free ligand is ineffective in both gram 
positive and negative bacteria which is proved in a study of chelating activity of (2E,2′E)-2,2′-
(pyridine-2,6-diylbis(ethan-1-yl-1-ylidene) bis(N-ethylhydrazinecarbothioamide [88]. In gram 
positive bacteria, the most potent nano metal-ligand complex was copper followed by the cobalt 

Co

-5.244e-2 5.244e-2

Zn

-6.608e2 6.608e2

Cu
-5.158e-2 5.158e-2
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complex and no effect of the zinc complex. This is consistent with chelation theory, which postulated 
that the metal complex chelation would enhance the complexes' capacity to cross a cell membrane 
and explain the antibacterial action of metal complexes [89–91]. In our study the Cu-L complex had 
more potent inhibition zones than penicillin, and ampicillin drugs (drugs against bacterial diseases 
[48]) with 6 and 7mm respectively against the gram-positive bacteria bacillus subtills [88]. On the 
other hand, the data showed in gram negative bacteria at different tested concentrations (5 and 10 
mg weak effect when using cu complex with no effect of the other complexes [88]. One study revealed 
that nano Co and Zn ligand complexes showed antibacterial activity higher than the free ligand. All 
these data were supported by a study done by Hoda El-Shafiy in 2017, when the nano-complexes of 
Zn (II), Cu (II), Ni (II) and Co (II) ions where much potent than the ligand itself [92]. Additionally, 
while considering metal complexes with antibacterial properties, several elements should be 
considered, including the chelate effect, the ligands' nature, the complex's overall charge, and the 
type of ion that neutralizes the specific ionic complex [93,94]. In sum according to the findings, when 
compared to the free ligand, copper complexes showed promise as antibacterial agents in gram 
positive and negative bacteria. 

Table 8. Antibacterial activity of synthesized nano metal ligand complexes (5, 10 mg/ml) with the test 
organisms E. coli and Bacillus-subtills. 

Strain/concentration 5mg* 10mg 

* 

Bacillus subtills 

(gram-positive) 

Inhibition zone  

mm 

Co-L complex 9 9.3 

Cu-L complex 12.3 14 

Zn-L Complex Nill Nill 

Free ligand Nill Nill 

Strain/concentration 5mg 10mg 

E. coli 

(gram-negative) 

inhibition zone  

mm 

Co-L complex Nill Nill 

Cu-L complex 5.6 6 

Zn-L Complex Nill Nill 

Free ligand Nill Nill 
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The zone inhibition numbers' diameter in millimeters (mm) together with the standard deviation of three 
separate tests for each strain. 

4. Conclusions 

Over the past decades, Co (II), Cu (II), and Zn (II) complexes have become increasingly popular 
in chemical biology, especially as powerful sensory tools, and novel antibacterial and anticancer 
medications. After the synthesis, a variety of analytical methods were used to customize and 
thoroughly describe three novel metal ligand complexes. Using a breast cancer cell line, the nanoscale 
complexes demonstrated stable and strong anticancer activity. Theoretical DFT calculations showed 
results that were equivalent to those of cell proliferation. The metal ligand complexes had strong 
antibacterial action against both gram positive and gram-negative bacteria, according to the 
antibacterial investigation. In general, the Cu-ligand complex exhibited the strongest antibacterial 
and anticancer properties, followed by Zn then Co complexes. Cu complex is promising agent for 
future disease treatments. 
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