
Computational Chemistry, 2025, 13(4), 69-101 
https://www.scirp.org/journal/cc 

ISSN Online: 2332-5984 
ISSN Print: 2332-5968 

 

DOI: 10.4236/cc.2025.134004  Aug. 29, 2025 69 Computational Chemistry 
 

 
 
 

Geometry Optimization, Quantum Chemical 
Analysis, Visual Study of Weak Interactions, 
and the Antifungal Activity Studies  
of Some Metal (II) Complexes of  
1,4-Benzodioxane-6-Carbaldehyde 
Thiosemicarbazone by Molecular Docking 

Roland B. Enongene1, Gwendoline M. Toh-Boyo1, Bridget N. Ndosiri2, Emmanuel N. Nfor1*,  
Offiong E. Ofiong3, Hitler Louis3,4 

1Department of Chemistry, Faculty of Science, University of Buea, Buea, Cameroon 
2Department of Inorganic Chemistry, Faculty of Science, University of Yaoundé 1, Yaoundé, Cameroon 
3Department of Pure and Applied Chemistry, Faculty of Physical Sciences, University of Calabar, Calabar, Nigeria 
4Computational and Bio-Simulation Research Group, University of Calabar, Calabar, Nigeria 

 
 
 

Abstract 
A new Schiff-base 1,4-benzodioxane-6-carboxaldehyde thiosemicarbazone (B1) 
and its Zn(II), Cu(II) Ni(II) and Mn(II) complexes (ZnB1, CuB1, NiB1 and 
MnB1) were synthesized and characterized. The FT-IR, 1H-NMR and UV-Vis 
spectroscopy as well as elemental analysis, electrical conductivity measure-
ment, thermal studies were all used to describe the structural features of the 
ligand and its metal (II) complexes. The metal complexes were found to ex-
hibit octahedral geometry. Furthermore, computational studies using the 
DFT-B3LYP method are reported for the ligand B1 and its metal (II) com-
plexes. The electronic property analysis revealed that, B1 serves as a strong 
electron donor due to its large positive energy gap (7.43Ev), indicating its pro-
pensity to participate as an electron donor in chemical reactions. A similar 
chemical behavior was observed with the CuB1 complex having an energy gap 
of 5.27 eV, suggesting its involvement, as an electron acceptor in the reaction, 
a bit weaker, compared to NiB1, with the highest energy gap of 7.23 eV. The 
ZnB1 and MnB1complexes also behaved as electron acceptors with energy 
gaps of 7.08 eV and 5.83 eV, respectively. The biological potential as lead com-
pounds against Candida albicans infection was explored through molecular 
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docking analysis. The results revealed binding affinities of −8.2 kcal/mol, −8.1 
kcal/mol, −8 kcal/mol, −7.9 kcal/mol, and −7.1 kcal/mol for NiB1, CuB1, 
ZnB1, MnB1 complexes, and B1 ligand, respectively. These results demon-
strated that the protein receptor (5BTH) and the metal complexes exhibited 
strong binding capacity. Comparatively, the over-the-counter medication flu-
conazole (access code DB00196), which was used as a benchmark to validate 
the results, had a theoretical binding affinity of −8.2 kcal/mol, a value equiva-
lent to that obtained for the metal complexes. Additionally, the mean binding 
affinities for the examined complexes NiB1, CuB1, ZnB1, and MnB1 were no-
ticeably higher with values of −7.93 kcal/mol, −7.77 kcal/mol, −7.54 kcal/mol, 
and −6.48 kcal/mol, respectively. The nickel complex demonstrated apprecia-
ble biological activity and reactivity in its interactions with the 5BTH protein, 
comparable to the standard drug fluconazole. 
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1. Introduction 

Candidiasis has emerged as a serious healthcare problem due to its high incidence 
rate and the documented cases of drug resistance. Candidiasis caused by Candida 
albicans can present itself in diverse forms, encompassing thrush (oral candidia-
sis), vaginal infections, and systemic candidiasis, which is severe and potentially 
life-threatening [1]-[4]. In recent years, there has been a significant increase in the 
incidence of candidiasis, particularly among individuals with weak immune sys-
tems, such as those with HIV/AIDS, cancer patients undergoing chemotherapy, 
and organ transplant recipients who are prescribed immunosuppressive drugs [5] 
[6]. As with other fungal infections, the resistance of Candida albicans to drug is 
alarming. Candida species have the potential to develop resistance to frequently 
employed antifungal agents such as fluconazole, due to excessive or inappropriate 
use [7]-[9]. The emergence of resistance to chemotherapy poses significant chal-
lenges to treatment options [10] [11]. 

Benzodioxane, a heterocyclic compound composed of a benzene ring fused 
with a dioxane moiety and its derivatives have attracted significant research inter-
est over the years, due to its diverse chemical reactivity and potential medicinal 
applications [12]. The 1,4-benzodioxane is an important scaffold in some biolog-
ically useful natural products including some lignins and neolignan, hence, has 
received significant attention in medicinal and pharmaceutical research [13]. In 
addition, 1,4-benzodioxane moiety is an important part of doxazosin, a drug used 
in the treatment of hypertension, and benign prostrate hyperplasia [14]-[16]. Fur-
thermore, numerous studies have reported the pharmacological potential of 1,4-
benzodioxane derivatives against a variety of diseases, including neurological dis-
orders, cancer, inflammation and microbial infections [17]-[20].  
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The field of coordination chemistry has witnessed significant advances in recent 
years, driven by the quest for novel metal complexes with remarkable biological 
activities. Amongst these, thiosemicarbazone derivatives have gained considera-
ble attention due to their diverse coordination abilities and potential medicinal 
applications [21]-[23]. In particular, metal (II) complexes derived from thiosemi-
carbazone ligands have exhibited promising antifungal properties, making them 
promising candidates for therapeutic intervention against fungal infections [24]-
[28]. The present research work aims to explore the geometry optimization, quan-
tum chemical analysis, visual study of weak interactions and the antifungal activ-
ities of some metal (II) complexes based on a thiosemicarbazone derivative. By 
employing molecular docking techniques, the study seeks to investigate the bind-
ing modes of these complexes with target fungal protein, shedding light on their 
potential as antifungal agents. 

Thus we report herein the geometry optimization, quantum chemical analysis, 
weak interactions and antifungal activities studies of 1,4-benzodioxane-6-carbox-
aldehyde thiosemicarbazone (B1), (a derivative of two scaffolds 1,4-benzodiox-
ane-6-carboxaldehyde and thiosemicarbazide) and its metal (II) complexes.  

2. Materials and Methods  
2.1. Materials and Physical Measurements 

Thiosemicarbazide, 1,4-benzodioxane-6-carboxaldehyde, NiCl2.6H2O, MnCl2∙4H2O, 
CuCl2∙2H2O and ZnCl2 (Analar reagents) and solvents were obtained commer-
cially from sigma Aldrich and used without further purification. The elemental 
analyses (e.g., carbon, hydrogen, nitrogen and oxygen) were collected at the State 
key Laboratory of Coordination Chemistry, Nanjing University, China, by a Per-
kin-Elmer CHNS/O 2400 series II Elemental Analyzer. The metal contents were 
determined gravimetrically by converting the compounds to its corresponding 
stable oxides. The chloride ions were gravimetrically determined using a standard 
method and the data reflect the high conformity with that theoretically proposed. 
The molar conductivities of freshly prepared 10−3 mol/cm3 dimethylformamide 
(DMF) solutions were measured for the soluble complexes using Jenway 4010 
conductivity meter. The infrared spectra, as KBr discs, were recorded on a Bruker 
FT-IR Spectrophotometer (4000 - 400 cm−1) at State key Laboratory of Coordina-
tion Chemistry, Nanjing University, China. The electronic and 1H-NMR (400 
MHz) spectra were recorded on Varian Gemini Spectrophotometers at State key 
Laboratory of Coordination Chemistry, Nanjing University, China. The thermal 
studies were carried out on a Shimadzu thermo gravimetric analyzer at a heating 
rate of 10˚C min−1 under nitrogen till 800˚C in State key Laboratory of Coordination 
Chemistry, Nanjing University, China. The UV-vis spectrophotometer JASCO type 
V-550 was used to measure the diffused reflectance of the powder samples and to 
record the electronic spectra of 10−3 M in solid complexes, and DMF used as sol-
vent. 
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2.2. Experimental Procedure  
2.2.1. Syntheses of the Ligand  

1) Synthesis of 1,4-benzodioxane-6-carboxaldehyde thiosemicarbazone (B1) 
1,4-benzodioxane-6-carboxaldehyde (2.703 g, 0.019 mol) dissolved in 15 mL 

ethanol was, added to thiosemicarbazide (1.5 g, 0.0165 mol) in 15 mL of ethanolic 
solution with 3 drops of glacial acetic acid as catalyst. The resulting mixture was 
refluxed for 6 hours at a temperature of 80˚C. The product was left overnight to 
cool, collected by vacuum filtration and the precipitate washed several times with 
methanol and dried in a desiccator. A brown powder was obtained (Scheme 1). 
Yield = 80%, Mp: 209.4˚C, C10H11N3O2S, Elemental Analysis; Found; C, 50.60; H, 
4.62; N, 17.69; O, 13.50, Calculated: C, 50.62; H, 4.67; N, 17.71; O, 13.49; IR (KBr) 
(υ, cm−1): 3125.07 (NH), 3378.78 (NH2), 1562.29 (C=N), 1439.29 (C=S), 1500.22 
(C=C), 1062.57 (N-N); 1H-NMR (400 MHz, DMSO-d6 ppm) δ: 7.20 (m, 1H, NH), 
7.10 (s, 2H, NH2), 7.68 (s, 1H, CH), 4.30 (s, 4H, OCH2-CH2O), 9.12 (NH-CS). 
 

 
Scheme 1. Structure of 1,4-benzodioxane-6-carboxaldehydethiosemicarbazone 
(B1). 

2.1.2. Synthesis of the Metal Complexes  
1) Synthesis of zinc (II) complex 
Zinc(II)chloride (0.2 g, 1.0 mmol) was added to 1,4-benzodioxane-6-carboxal-

dehyde thiosemicarbazone (0.704 g, 2.0 mmol) in a 25 mL ethanolic solution. The 
resulting mixture was refluxed for 4 hours at a temperature of 80˚C with contin-
uous stirring using magnetic stirrer. The greenish solution obtained was allowed 
to cool, the precipitate removed by filtration, washed several times with ethanol 
and stored in desiccator. Mp: 216.8˚C, C20H22Cl2N6O4S2Zn, Elemental Analysis; 
Found: C, 39.36; H, 13.80; N, 13.73; O, 10.46, Calculated; C, 39.33; H, 3.63; N, 
13.76; O, 10.48; IR (KBr) (υ, cm−1): 2960.07 (NH), 3433.60 (NH2), 1624.38 (C=N), 
1460.29 (C=S), 1562.29 (C=C), 1010.27 (N-N), 625.07 (M-N), 507.35 (M-S), 
460.45 (M-Cl); 1H-NMR (400 MHz, DMSO-d6 ppm) δ: 7.02 (m, 1H, NH), 7.23 (s, 
2H, NH2), 7.62 (s, 1H, CH), 4.63 (s, 4H, OCH2-CH2O), 9.84 (NH-CS). 

2) Synthesis of copper (II) complex 
Copper (II) chloride dihydrate (0.2 g, 1.0 mmol) was added to 1, 4-benzodioxane-

6-carboxaldehyde thiosemicarbazone (0.704 g, 2.0 mmol) in a 25 mL ethanolic so-
lution. The resulting mixture was refluxed for 4 hours at a temperature of 80˚C with 
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continuous stirring using magnetic stirrer. The greenish solution obtained was al-
lowed overnight to cool, the precipitate removed by filtration, washed with ethanol 
and stored in desiccator. Yield: 82%, Mp: 218.6˚C, C20H22Cl2N6O4S2Cu, Elemental 
Analysis; Found; C, 39.46; H, 3.67; N, 13.82; O, 10.55, Calculated: C, 39.44; H, 
3.64; N, 13.80; O, 10.51; IR (KBr) (υ, cm−1): 3141.34 (NH), 3420.51 (NH2), 1602.41 
(C=N), 1430.11 (C=S), 1503.16 (C=C), 1061.16 (N-N), 611.86 (M-N), 533.79 (M-S), 
460.56 (M-Cl); 1H-NMR (400 MHz, DMSO-d6 ppm) δ: 6.89 - 7.48 (m, 1H, NH), 
8.00 (s, 2H, NH2), 8.63 (s, 1H, CH), 4.28 (s, 4H, OCH2-CH2O), 11.78 (NH-CS). 

3) Synthesis of nickel (II) complex 
Nickel (II) chloride hexahydrate (0.2 g, 1.0 mmol) was added to 1, 4-benzodiox-

ane-6-carboxaldehyde thiosemicarbazone (0.396 g, 2.0 mmol) in a 25 mL ethanolic 
solution. The resulting mixture was refluxed for 4 hours at a temperature of 80˚C 
with continuous stirring using magnetic stirrer. The colourless solution obtained 
was allowed overnight to cool, the precipitate removed by filtration, washed with 
ethanol and stored in desiccator. Yield: 75%, Mp: 214.6˚C, C20H22Cl2N6O4S2Ni, Ele-
mental Analysis; Found: C, 39.78; H, 3.66; N, 13.87; O, 10.73, Calculated: C, 39.76; 
H, 3.67; N, 13.91; O, 10.59; IR (KBr) (υ, cm−1): 3155.14 (NH), 3430.29 (NH2), 
1563.99 (C=N), 1455.70 (C=S), 1539.68 (C=C), 1060.90 (N-N), 624.28 (M-N), 
541.04 (M-S), 450.13 (M-Cl); 1H-NMR (400 MHz, DMSO-d6 ppm) δ: 6.86 - 7.41 
(m, 1H, NH), 7.92 (s, 2H, NH2), 8.09 (s, 1H, CH), 4.28 (s, 4H, OCH2-CH2O), 11.30 
(NH-CS). 

4) Synthesis of manganese (II) complex 
Manganese (II) chloride tetrahydrate (0.2 g, 1.0 mmol) was added to 1,4-ben-

zodioxane-6-carboxaldehyde thiosemicarbazone (0.756 g, 2.0 mmol) in a 25 mL 
ethanolic solution. The resulting mixture was refluxed for 4 hours at a temper-
ature of 80˚C with continuous stirring using magnetic stirrer. The colourless 
solution obtained was allowed overnight to cool, the precipitate removed by fil-
tration, washed with ethanol and stored in desiccator. Yield: 85%, Mp: 221.8˚C, 
C20H22Cl2N6O4S2Mn, Elemental Analysis; Found: C, 40.03; H, 3.69; N, 14.07; O, 
10.73, Calculated: C, 40.02; H, 3.67; N, 14.05; O, 10.66; IR (KBr) (υ, cm−1): 3151.37 
(NH), 3406.94 (NH2), 1584.96 (C=N), 1456.20 (C=S), 1539.73 (C=C), 1057.22 (N-
N), 577.58 (M-N), 541.04 (M-S), 450.13 (M-Cl); 1H-NMR (400 MHz, DMSO-d6 
ppm) δ: 6.86 - 7.42 (m, 1H, NH), 7.90 (s, 2H, NH2), 8.09 (s, 1H, CH),4.25 (s, 4H, 
OCH2-CH2O), 11.30 (NH-CS). 

2.3. Computational Studies 

Theoretical calculations were conducted using Density Functional Theory (DFT) 
within the WB97XD functional, employing the 6-311++G (d,p) basis set. The op-
timization of the ligand and metal (II) complexes and additional calculations 
based on DFT were performed [29]. To account for dispersion interactions, the 
empirical dispersion def2tzvp was integrated [30]. To verify the accuracy of opti-
mized results as local energy minima, frequency optimizations were conducted, 
ensuring the absence of imaginary frequencies. The optimization processes were 
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executed utilizing the Gaussian 16 software. For determining atomic charges, or-
bital configurations, and orbital contributions to charge transfer and stabilization 
energies, a computational assessment was carried out using Natural Bond Orbital 
(NBO) analysis with NBO version 3.1, integrated into Gaussian 16 software [31]. 
The electronic characteristics of the ligand and its metal (II) complexes, such as 
the Highest Occupied Molecular Orbital (HOMO), Lowest Unoccupied Molecu-
lar Orbital (LUMO), and Density of States (DOS), were visualized using Chem-
craft and Origin software [32]. An analysis of noncovalent interactions (NCI) was 
undertaken to comprehend the interaction nature within the studied complexes, 
employing Multiwfn. Moreover, the interaction strength was confirmed by exam-
ining key topological parameters, including electron density (p), Laplacian (∇2ρ), 
and total electron energy density (H(r)), localized at bond critical points (BCP). 
These BCPs were obtained through Quantum Theory of Atoms in Molecules 
(QTAIM) analysis. 

2.4. Molecular Docking Studies 

Molecular docking with a pivotal role in the domain of structure-based drug de-
sign, was employed to evaluate the interaction of the investigated compounds with 
the virulent proteins of Candida albicans Rai1. The selected protein structures, 
obtained from the Protein Data Bank (https://www.rcsb.org/) with PDB files 
(5BTH), were prepared using Discovery Studio. 

The protein 5BTH was chosen as target receptor because it represents the N-
terminal region of the Rai1 protein, an intriguing molecule found in Saccharomy-
ces cerevisiae, which is a common yeast species. Rai1, which stands for “regulator 
of axon regeneration 1”, is a multifunctional enzyme with roles spanning from 
RNA metabolism, processing, and quality control [33]. It is associated with a va-
riety of cellular functions that influence gene expression and RNA surveillance. In 
the context of Saccharomyces cerevisiae, Rai1 has been linked to the regulation of 
RNA decay and surveillance pathways, playing a crucial role in maintaining the 
integrity and stability of the cellular RNA pool [34]. It participates in the removal 
of aberrant or misprocessed RNAs, contributing to the overall quality control 
mechanisms of the cell. Investigating this region can shed light on the molecular 
mechanisms underlying RNA processing, decay, and surveillance in yeast cells. 
Such insights have broader implications, as they may provide valuable clues about 
conserved RNA quality control mechanisms in other organisms, including higher 
eukaryotes. The utilization of this protein structure (5BTH) in molecular docking 
studies suggests an interest in understanding how small molecules or ligands in-
teract with the Rai1 protein. These interactions could potentially modulate Rai1’s 
RNA-related functions, offering potential avenues for therapeutic intervention or 
further elucidating its cellular roles. 

2.4.1. Protein and Ligand Preparation 
The preparation of the protein was carried out utilizing Biovia Discovery Studio 
21 [35]. The initial step involved removing water molecules and native ligands 
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from the protein. Following this, polar hydrogen atoms were introduced to im-
prove binding compatibility. Subsequently, the compounds and target proteins 
were input into the PyRx virtual screening program [36]. 

2.4.2. Docking Process 
In the docking process, the target proteins were converted into a macromolecular 
format, and the docking parameters were configured. The grid box was precisely 
positioned at the active site of the protein, aligned with the crystal structures. The 
grid box settings were adjusted as follows: center x = −22.9760, center y = 49.3510, 
and center y = 31.2970 for the protein. The assessment of docking outcomes re-
volved around binding affinity. The conformational arrangements exhibiting spe-
cific interactions with active-site residues were comprehensively scrutinized using 
Discovery Studio and PyMOL. Emphasizing on the result credibility, a meticulous 
examination was conducted to elucidate the interactions formed between the 
compounds and the target proteins. The discovery Studio played a pivotal role in 
delving into interaction intricacies, encompassing hydrogen bonds, halogen 
bonds, alkyl interactions, and van der Waals forces. Notably, hydrogen bonds, a 
prevailing force in biological systems, assumed a significant role [37]. The stability 
of protein-ligand interactions was evaluated through the hydrogen bonds lengths; 
shorter bond lengths indicated robust connections between the protein and the 
ligand [38]. 

3. Results and Discussion 
3.1. Physiochemical Properties 

The elemental analyses for C, H, N and O revealed that the calculated values for 
the ligand L are in agreement with the experimental values, thus confirming the 
proposed molecular formula C10H11N3O2S for the ligand. The agreement between 
the calculated and experimental elemental analyses values for the metal complexes 
revealed a 1:2 (metal-ligand) stoichiometry, thus confirming their suggested for-
mulae. These results further confirmed the high purity of the Schiff base and its 
metal (II) complexes which were very soluble in DMSO and less soluble in meth-
anol. The ligand B1 melted at the temperature of 209.4˚C while its zinc, copper, 
nickel and manganese complexes melted with decomposition at the temperatures 
of 216.8˚C, 218.9˚C, 214.6˚C and 221.3˚C respectively. 

3.2. Conductivity Measurements 

The molar conductivity studies of the prepared compounds were evaluated to 
ascertain their electrolytic nature. They were first dissolved in DMF at room 
temperature at a concentration of 1.0 × 10−3 M. The molar conductivity of 
ZnB1, CuB1, NiB1 and MnB1 were found to be 12.22, 17.33, 16.79 and 18.72 
Ω−1∙cm2∙mol−1 respectively, which are low molar conductance values and could be 
attributed to their non-electrolytic nature [39]. The molar conductance values 
provides useful information on the metal to ligand stoichiometry. It has been 
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observed that metal complexes with 1:2 metal to ligand stoichiometry have lower 
molar conductance values as compared to those with 1:1 metal-ligand stoichiom-
etry [40]. 

3.3. Infrared Spectroscopic Analysis 

The infrared spectra of the ligand B1 and its metal (II) complexes were recorded 
within the 4000 cm−1 - 400 cm−1 region. The spectra can be seen in Figures S1-
S5. The infrared spectral bands, most useful for determining the coordination 
mode of the ligand (B1) were the v(C=N), v(N-N) and v(C=S) vibrations. The 
v(C=N) band in the free ligand is 1562 cm−1, while in the complexes ZnB1, 
CuB1, NiB1 and MnB1, the band experiences a shift to 1624 cm−1, 1602.48, 
1563.99 and 1584.96 cm−1 respectively, as compared to that of the ligand, indi-
cating a clearly the coordination of the metal ions via the imine nitrogen atom 
[41] [42]. In the ligand B1, a band at 1439 cm−1 is assigned to v(C=S) whereas in 
its complexes, the band shifted to 1460 cm−1 in ZnB1, 1430.11 cm−1 in CuB1, 
1455.7 cm−1 NiB1 and to 1356 cm−1 in MnB1 indicating the coordination of thi-
oamide sulphur atom to the metal ions [43]. The increase in the vibrational fre-
quency of v(N-N) band of B1 in the spectra of complexes which is attributed to 
the increase in bond strength, further confirms the coordination via the imine 
nitrogen [44]. Bands in the region 533 - 635 cm−1 and 448 - 577 cm−1 are proba-
bly due to M-N and M-S bonds respectively. The M-Cl vibrational bands fall in 
the region 416 - 490 cm−1 [44] [45]. 

3.4. Proton NMR Spectra Studies 

The 1H-NMR spectroscopic data for B1 and its complexes in DMSO-d6 are re-
ported in the experimental section, while their spectrum are in Figures S6-S10. 
These data are in close agreement with previously reported work [46]. The spec-
trum of the free B1 (Figure 1 for numbering scheme) exhibited the following sig-
nals δ 7.20 for (1H, NH), δ 7.10 for (2H, NH2), δ 7.68 (1H, CH) and δ 4.30 ppm 
for –OCH2-CH2O-. The band at δ 912 ppm in B1 is attributed to NHCS. 

In the 1H-NMR spectrum of the ZnB1 complex, it showed a signal at δ 7.02 
attributed to the azomethine proton (HC=N), an upfield shift compared to that of 
the free ligand B1. The signal at δ 9.84 was attributed to the thioamide proton 
(NHC=S). While that at δ 7.23 assigned to the amine protons (2H, NH2) [46]-[48]. 

The 1H-NMR spectrum of CuB1 complex showed signals at δ 6.89 - 7.48, δ 11.28 
and δ 8.00ppm attributed to the (HC=N), (NHC=S) and (2H, NH2) protons re-
spectively [48]. 

The 1H-NMR spectrum of the NiB1 complex, exhibited bands associated with 
the azomethine proton (HC=N) at δ 6.86 - 7.41 ppm, 11.30 for the thioamide pro-
ton (NHC=S) and δ 7.92 for the amine nitrogen (2H, NH2) respectively. On the 
other hand, the MnB1 complex exhibited signals at δ 6.86 - 7.42 ppm for the azo-
methine proton (HC=N), δ 11.30 ppm for the thioamide (NHC=S) protons and δ 
7.90 ppm for the amine (2H, NH2) protons. Therefore based on the proton NMR 
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assignments of the complexes, it is evident that the metal ions coordinated to the 
ligand B1, through the azomethine nitrogen and thioamide sulphur atoms. 

3.5. Electronic Spectra Studies 

The electronic absorption spectroscopic technique was used in this investigation 
to ascertain the coordination geometry and estimates the intra-ligand, ligand–
metal, and d–d electronic transitions of the prepared compounds. The UV-visible 
spectra of the metal complexes are presented in Figure 1. The spectral data of BI 
exhibited absorption bands at 270, 296, 316, 345, and 410 nm with the higher en-
ergy bands (345, 410 nm) assigned to π→π* transitions within aromatic rings [49] 
[50], and the lower energy bands (270 - 316 nm) assigned to n→π* transitions 
within C=O and C=N groups respectively [51]-[53]. In the metal complexes, the 
π→π* and n→π* transitions changed thus revealing the coordination between the 
metal ions and the B1 ligand. The ligand-metal charge transfer (LMCT) transi-
tions were observed in the range of 415 - 451 nm [54]. Generally the metal com-
plexes exhibited absorption bands in the range 580 - 660 nm, attributed to d-d 
transitions [55].  

The zinc complex showed absorption bands at 288, 318 and 415 nm (Figure 1) 
that could be attributed to the π→π*, n→π*and charge transfer transitions respec-
tively. The electronic spectrum of the ZnB1 complex did not however include any 
specific evidence of the stereochemistry but an octahedral geometry was proposed 
based on the analytical, thermal, infrared and proton NMR spectral data available. 

For the CuB1 complex, it showed a broad band in the visible region at 580 nm 
(Figure 1). This band is assigned to 2Eg→2T2g transition in the distorted octahedral 
around the copper complex [56] [57]. However, the low symmetry of the environ-
ment around the d9 copper (II) ion and the Jahn-Teller distortion, made the com-
plete interpretation of the electronic spectra of CuB1 complex a little complicated 
[58].  

The spectra of octahedral Ni(II) complexes are always associated with three bands 
assigned to 3A1g(F)→3T2g(F), 3A2g(F)→3T1g(F) and 3A2g(F)→3T1g(P) transitions. The 
first transition 3A1g(F)→3T2g(F), was not observed as it lies in the near infrared which 
was out of range of the machine used. The spectrum of the NiB1 complex Figure 1 
revealed a broad band at 585 nm attributed to the 3A2g(F)→3T1g(F) transition that 
favors octahedral geometry. 

For the MnB1 complex, it revealed that, the complex has an octahedral geome-
try. The electronic transition which can be explained using the Tanabe-Sugano 
diagram revealed that octahedral manganese (II) complexes spectra usually con-
tain three bands [59]. The first band which is ascribed to 6A1g(F)→4T1g(4G) transi-
tion, was not detected due to the fact that, it lies in the near infrared region and 
out of the range of instrument used. In the current work, only one broad band was 
observed in the visible region (660 nm) which may be due may be due to the 
6A1g→4Eg(4D) transition in an octahedral geometry.  
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Figure 1. UV-Vis spectra of transition the metal (II) complexes in DMF solvent. 

3.6. Thermal Studies 

The TGA analysis of the synthesized compounds offers valuable details on the 
stability of the complexes. The thermal degradation steps of the ligand and its 
metal (II) complexes are presented in Table 1. The TGA curve of the ligand B1, 
decomposed in two stages over a temperature range of 30˚C - 800˚C. The first step 
occurred in the temperature range of 120˚C - 250˚C with a percentage weight loss 
16.02% attributed to the loss of methylamine (CH3NH2). The second step of deg-
radation falls in the temperature range of 251˚C - 755˚C with weight loss of 64.0% 
which is due to loss of an aromatic nitrogenous group C7H6N2O. 

The thermal decomposition of ZnB1 complex took place in three steps. The first 
step occurred in the temperature range of 50˚C - 260˚C with weight loss of 8.27% 
corresponding to the loss of two water molecules and EtOH. The second step of 
decomposition which occurred in the temperature range of 260˚C - 395˚C with 
weight loss of 45.27% has been assigned to the loss of chlorinated phenyl plus 
SO2NH including diazine. The third decomposition step which occurred in the 
temperature change of 395˚C - 770˚C with percentage weight loss of 18.54% 
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corresponds to the loss of the remaining C/N fragment plus HCl. 
The CuB1 complex proceeded with three degradation steps, with the first step 

in the temperature range of 30˚C - 230˚C having weight loss of 8.27% assigned to 
the loss of 1.4 equivalent of HCl. 

The second step was in the temperature range of 231˚C - 410˚C, with percent-
age weight loss of 45.95% due to the loss of C10H11ClN3O2S. The third decomposi-
tion step occurred within the temperature range of 411˚C - 620˚C with 29.6% 
weight loss attributed to the loss of remaining C/N/O fragment. 

The thermal decomposition of NiB1 complex proceeds with three degradation 
steps. The first step in the temperature range of 50.45˚C - 199˚C experienced a 
mass loss of 5.30% assigned to the elimination of CH3CN. The second step was in 
the temperature range of 200˚C - 361˚C with weight loss of 65.13% attributed to 
the loss of Chlorinated-phenyl ring and SO2NH. The third step decomposition of 
nickel was within the temperature range of 360˚C - 670˚C having weight loss of 
33.20% that has been assigned to the elimination of HCl, SO2 and the residual 
aromatic fragment. 

Finally the manganese complex MnB1 underwent three step thermal decompo-
sition. The first step decomposition took place in the temperature range of 30.7˚C 
- 180˚C with weight loss of 6.61% attributed to the loss of CH3CN, 2H2O and Eth-
anol. On the other hand, the second step decomposition was within the tempera-
ture range of 180˚C - 290˚C with weight loss of 68.10% attributed to the elimina-
tion of Cl-C4H4, SO2NH and diazine. Furthermore, the third step of decomposi-
tion was in the temperature range of 291˚C - 440˚C with the weight loss of 25.16% 
attributed to the loss of HCl, SO2 and residual aromatic fragment. 
 

Table 1. Thermal analysis of the ligand and its metal (II) complexes.  

Compound Temperature Range ˚C 
%Total loss in weight Found 
(Calc.) 

Fragment lost 

B1 
120 - 250 16.02 (16.02) CH2NH2 

251 - 755 64.00 (64.00) C7H6N2O 

ZnB1 

50 - 260 8.27 (8.27) H2O + EtOH 

260 - 395 45.27 (45.32) C6H6Cl 

395 - 770 18.54 (18.56) Remaining N/O/S fragment 

CuB1 

30.9 - 230 8.27 (8.29) 1.4 equv. HCl 

230 - 410 45.95 (45.91) C10H11ClN3O2S 

410 - 620 29.6 (29.60) Remaining N/O/S fragment 

NiB1 

50.45 - 199 5.30 (5.30) CH3CN 

200 - 360 65.13 (65.13) Cl-phenyl ring + SO2NH 

360 - 670 33.20 (33.20) HCl + SO2 + Residual aromatic fragment 

MnB1 

30.7 - 180 6.61 (6.61) CH3CN +2H2O, Ethanol 

180 - 290 68.10 (68.10) Cl-C4H4 +SO2NH+ diazine HCl+SO2 + Residual 

290 - 440 25.16 (25.16) Aromatic fragment 

https://doi.org/10.4236/cc.2025.134004


R. B. Enongene et al. 
 

 

DOI: 10.4236/cc.2025.134004 80 Computational Chemistry 
 

3.7. Geometry Optimization 

The structures B1, CuB1, MnB1, NiB1 and ZnB1 were optimized using the DFT 
method and the WB97XD functional. The geometric parameters analyzed include 
bond length and bond angles. The optimized geometries of the proposed struc-
tures of ZnB1, CuB1, NiB1 and MnB1 complexes are presented in Figure 2, while 
the bond lengths and bond angles of the optimized structures of the ligand B1 and 
its metal (II) complexes are presented in Table 2.  

For B1, the C23-S27, N20-N21, and N20-C18 bond lengths are 1.6643, 1.3617 and 
1.2802 Å respectively. These values are in agreement with previously reported re-
sults with similar ligands [60]. The N20-N21 bond length of all the metal complexes 
are within the 1.3560 - 1.4002 Å range, though with slight deviation from that of 
the ligand B1, further confirming coordination of the imine nitrogen. The metal-
nitrogen (M-N) bond lengths of all the complexes are in the range of 1.9434 Å - 
3.4067 Å, the metal-sulphur bond lengths of the complexes falling within the range 
of 2.1550 - 2.3422 Å. These observed bond lengths are all in agreement with pre-
vious works [60]. In the optimized structure of B1, the N21-C23-S27 bond angle is 
119.74 Å, while the Cl54-Cu57-S55, Cl54-Cu57-N21 in CuB1 are 87.40 and 41.62 Å re-
spectively. In MnB1, The Cl54-Mn57-S55 and Cl54-Mn57-N21 are 92.38 and 103.70 Å 
respectively. On the other hand, in the NiB1 complex, the Cl54-Ni57-S55 and Cl54-
Ni57-N21 bond angles are 88.83 and 119.50 Å. Similarly for the ZnB1 complex, the 
Cl54-Zn57-S55 and Cl54-Zn57-N21 bond angles are 98.20 and 83.28 Å respectively. 
 

 
Figure 2. Optimized geometries of the proposed structures of ZnB1, CuB1, NiB1 and MnB1 complexes. 
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Table 2. Geometry bond distance of the ligand and it metal complex derivatives. 

System Bonds  Bond length (Å) Atoms Bond angle (˚) 

B1 

C23-S27 1.6643 N21-C23-S27 119.74 

N20-N21 1.3617 C18-N20-N21 120.96 

N20-C18 1.2802 N20-C18-H19 122.50 

CuB1 

N20-N21 1.4002 N20-N21-Cu57 86.70 

Cu57-N47 1.9434 Cu57-N47-H48 87.79 

Cu57-S55 2.1102 Cl54-Cu57-S55 87.40 

Cu57-Cl53 2.1510 Cl54-Cu57-Cl53 174.09 

Cu57-Cl54 2.1601 Cl54-Cu57-N21 41.62 

MnB1 

N20-N21 1.3669 N20-N21-Mn57 133.84 

Mn57-N47 2.7656 Mn57-N47-H48 72.57 

Mn57-S55 2.5118 Cl54-Mn57-S55 92.38 

Mn57-Cl53 2.3587 Cl54-Mn57-Cl53 178.28 

Mn57-Cl54 2.3099 Cl54-Mn57-N21 103.75 

NiB1 

N20-N21 1.3560 N20-N21-Ni57 147.57 

Ni57-N47 3.4067 Ni57-N47-H48 49.02 

Ni57-S55 2.2992 Cl54-Ni57-S55 88.83 

Ni57-Cl53 2.2482 Cl54-Ni57-Cl53 162.75 

Ni57-Cl54 2.2090 Cl54-Ni57-N21 119.50 

ZnB1 

N20-N21 1.3587 N20-N21-Zn57 118.82 

Zn57-N47 3.1984 Zn57-N47-H48 57.46 

Zn57-S55 2.5232 Cl54-Zn57-S55 98.20 

Zn57-Cl53 2.3422 Cl54-Zn57-Cl53 111.60 

Zn57-Cl54 2.2814 Cl54-Zn57-N21 83.28 

3.7.1. Electronic Properties  
1) HOMO-LUMO & Quantum descriptors studies 
The HOMO and LUMO values of molecules play crucial roles in determining 

their electron-donating and electron-accepting abilities. These values are very es-
sential in providing vital information on some properties of the molecules, includ-
ing their photochemical reactions, luminescence, UV-vis spectroscopy, quantum 
chemistry, and pharmaceutical applications. Moreover, understanding the HOMO 
and LUMO values can shed light on the biological mechanisms and interactions 
of the molecules within living systems [61] [62]. The HOMO-LUMO and quan-
tum descriptors of the studied compounds are presented in Table 3, while the iso-
surface of the HOMO and LUMO orbitals of the complexes are depicted in Figure 
3. In Table 3, it is observed that B1 has large positive energy gap (7.43 ev) indi-
cating that it is a strong electron donor. This implies that it is a soft molecule and 
likely to be involved in chemical reaction, where it serves as an electron donor. 
CuB1 had an energy gap of 5.27 eV, also likely to be involved in chemical reactions 
where it accepts electrons and a weaker electron acceptor compared to NiB1 with 
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an energy gap of 7.23 eV which is the highest. ZnB1 and MnB1 are also electron 
acceptors with the following energy gap of 7.08 eV and 5.83 eV respectively. Other 
analyses of the studied molecule’s chemical reactivity parameters, such as chemi-
cal softness (S), chemical potential (μ), electrophilicity index (ω), and chemical 
hardness (η), were also carried out with the assistance of the energies from the 
HOMO-LUMO, using Equations (2)-(6). The result of the calculated parameters 
of the electronic properties are given in Table 3.  

 gap HOMO LUMOE E E= −  (1) 

 ( ) ( )LUMO HOMO 
Chemical potential

2
ε ε

µ
+

≈  (2) 

 ( )HOMO LUMOE E
Chemical hardness

2
η

−
=  (3) 

 ( )
2

Electrophilicity index
2
µω
η

=  (4) 

 ( )1 chemical softnessσ
η

=  (5) 

 ( )IP EA electronegativity
2

χ µ +
= − =  (6) 

The electrophilicity index which is a measure of the tendency of an atom or 
molecule to attract electrons, was as follows for the prepared compounds: B1 = 
1.95 eV, CuB1 = 1.44 eV, NiB1 = −1.80 eV, ZnB = 2.34 eV, MnB1 = 1.84 eV. The 
values showed that, ZnB1 with the electrophilicity index of 2.34 eV has a strong 
ability to act as an electrophile. As for the chemical potential values of the com-
pounds, there are as follows; B1 = −3.81 eV, CuB1 = 2.87 eV, NiB1 = −3.61 eV, 
ZnB1 = 4.07 eV, and MnB1 = 3.28 eV. These chemical values indicate that B1 and 
NiB1 have a high chemical potential by virtue of their inclination to interact or 
react with their environment. Furthermore a lower or more negative chemical po-
tential value generally indicates higher reactivity as compared to a higher or more 
positive value. CuB1, ZnB1, and MnB1 all have positive values, which point to the 
compounds' relative stability and low likelihood of undergoing reactions or ex-
changes. The chemical hardness values show that B1 requires 3.72 eV of energy to 
either add or remove an electron, while CuB1, NiB1, ZnB1 and MnB1 have nega-
tive values; −2.64 eV, −3.62 eV, −3.54 eV and −2.94 eV respectively, indicating 
that they are more reactive and can readily undergo chemical conformations. 
 

Table 3. The HOMO, LUMO band gap energy and quantum descriptor of the ligand and its metal complexes. 

Compound EHOMO/ev ELUMO/ev Eg (eV) μ (eV) η (eV) ω (eV) χ (eV) σ 
B1 7.529 0.099 7.43 −3.81 3.72 1.95 3.81 0.27 

CuB1 −5.503 − 0.233 5.27 2.87 −2.64 1.44 −2.87 −0.38 

NiB1 −7.735 −0.507 7.23 −3.61 −3.62 −1.80 3.61 −0.28 

ZnB1 −7.605 −0.528 7.08 4.07 −3.54 2.34 −3.54 −0.28 

MnB1 −6.194 −0.3610 5.83 3.28 −2.92 1.84 −2.92 −0.34 

https://doi.org/10.4236/cc.2025.134004


R. B. Enongene et al. 
 

 

DOI: 10.4236/cc.2025.134004 83 Computational Chemistry 
 

 
Figure 3. The iso-surface of the HOMO-LUMO orbital of the complexes. 

 
2) Natural Bond Orbital (NBO) studies 
NBO analysis is an important procedure to indicate the most possible natural 

Lewis structure picture of orbitals [63]. The compounds were subjected to NBO 
analysis to show the intra and inter molecular interaction between the orbitals, 
being a measure of hyperconjugation or intramolecular delocalization. Table 4 
depicts the second order perturbation theory analysis of fock matrix on NBO 
basis for B1, CuB1, NiB1, ZnB1, and MnB1. In NiB1 significant interaction was 
very much evident due to the interaction of the donor, with the acceptor orbital 
π* (C29-C33)→π* (C34-C35) with resonance energy of 457.71 kcal/mol, ZnB1 − 
π* (C2-C3)→π* (C6-C9) with resonance energy of 369.37 kcal/mol, B1 − π* (C2-
C3)→π* (C6-C9) having an energy of 357.95 kcal/mol, and CuB1 − π* (C2-C3)→π* 
(C6-C9) with 180.51 kcal/mol as its resonance energy. This shows that NiB1 ex-
hibits the most significant hyperconjugative interaction with the highest reso-
nance energy, indicating strong stabilization due to the interaction between donor 
and acceptor orbitals. ZnB1 and B1 share the same pair of donor and acceptor 
orbitals, suggesting similar electronic characteristics. The CuB1 complex showed 
a relatively weaker hyperconjugative interaction compared to the other com-
pounds. 
 

Table 4. Second-order perturbation theory analysis of Fock matrix on NBO basis of the ligand and its metal (II) complexes. 

Compound Donor orbital Occ. Acceptor orbital Occupancy E(2) kcal/mol E(j)-E(i) a.u. F(i,j) a.u. 

B1 π* C2-C3 0.40821 π* C6-C9 0.39046 357.95 0.01 0.101 

 π* C2-C3 0.40821 π* C7-C8 0.31940 190.97 0.02 0.099 

 πC2-C3 1.64036 π* C6-C9 0.39046 35.18 0.41 0.108 

 πC2-C3 1.64036 π* C7-C8 0.31940 32.23 0.42 0.105 

CuB1 π* C2-C3 0.20785 π* C6-C9 0.19863 180.51 0.01 0.102 

 π* C2-C3 0.20785 π* C7-C8 0.16699 110.69 0.02 0.101 

 π* C18-N20 0.12926 π* C6-C9 0.19863 35.27 0.03 0.071 

 LP (1) N24 0.90936 π* C23-S55 0.11225 20.72 0.42 0.119 
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Continued 

NiB1 π* C29-C33 0.02713 π* C34-C35 0.38565 457.71 0.01 0.104 

 π* C28-C32 0.37837 π* C34-C35 0.38565 407.37 0.01 0.104 

 π* C2-C3 0.42169 π* C6-C9 0.39750 309.81 0.02 0.102 

 π* C2-C3 0.42169 π* C7-C8 0.33601 196.74 0.02 0.101 

ZnB1 π* C2-C3 0.40891 π* C6-C9 0.39186 369.37 0.01 0.102 

 π* C2- C3 0.40891 π* C7-C8 0.32410 207.45 0.02 0.100 

 LP(1)N24 1.79743 π* C23-S55 0.26505 49.38 0.41 0.129 

 πC7-C8 1.66904 π* C2-C3 0.40891 36.08 0.37 0.106 

MnB1 π* C2-C3 0.20949 π* C6-C9 0.19814 161.64 0.02 0.102 

 π* C28-C29 0.21041 π* C32-C35 0.19844 154.73 0.02 0.102 

 π* C28-C29 0.21041 π* C33-C34 0.16769 98.66 0.02 0.101 

 π* C2-C3 0.20949 π* C7-C8 0.16666 97.93 0.02 0.100 

 
4) Density of State (DOS) studies 
The significance of the density of states (DOS) concept becomes is that, it serves 

as a powerful tool for unraveling intricate details about specific molecular orbitals. 
Moreover, the DOS approach unveils the distinct pattern exhibited by the Highest 
Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital 
(LUMO) [64]. To corroborate and solidify the outcomes derived from the frontier 
molecular orbital (FMO) analysis, which pertains to the biological reactivity of the 
investigated complexes and their potential to effectively interact with a receptor 
protein, a density of states (DOS) analysis was conducted [65]. At an energy level 
corresponding to the Fermi level of −0.1 eV, a detailed analysis of the electronic 
structure within MnB1 revealed an intriguing insight. The carbon fragment ex-
hibited a pronounced peak within the valence orbital, highlighting its substantial 
contribution to the electronic arrangement. Concurrently, a significant peak 
emerges from the hydrogen fragment, contributing further complexity to the elec-
tronic landscape. However, a deeper examination reveals that the carbon fragment 
not only manifest a remarkable peak but also holds the highest charge density 
contribution closest to the valence level that aligns with the Fermi energy. This 
underscores the intricate balance of charge dynamics. In this context, the Mn frag-
ment’s electronic influence becomes evident, characterized by a conspicuous peak 
at 0.5 eV, corresponding to a transition into the conduction band. This peak's 
prominence underscores the material’s electronic behavior as it crosses into the 
conduction band. For NiB1, a different narrative unfolds. Here, the Ni fragment 
exerts its dominance over the Highest Occupied Molecular Orbital (HOMO), 
whereas the role of the carbon atom shifts to that of the Lowest Unoccupied Mo-
lecular Orbital (LUMO). This contrast signifies a notable redistribution of charge 
density within this complex, unlike the pattern observed in MnB1. This intriguing 
observation hints at the occurrence of back bonding interactions within the NiB1 
complex, pointing towards a distinct electronic communication pathway. Intri-
guingly, a similar pattern emerges in the ZnB1 complex, wherein the metal atom 
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(Zn), in this case engages in interaction with the carbon atom. This recurrent ob-
servation underscores a consistent theme of charge density distribution occurring 
between the carbon-metal interactions, showcasing a recurring hotspot of elec-
tronic interplay. Collectively, these results converge to reveal a pivotal finding the 
active site for potential ligand-protein interactions. This charge-dense domain, 
situated at the juncture of carbon-metal interactions, emerges as a focal point, 
hinting at its classification as a prospective interacting site—a vital insight for fur-
ther understanding the intricate molecular interactions within these complexes. 

3.8. Visual Studies 
3.8.1. Quantum Theory of Atom-in-Molecule (QTAIM) 
The quantum theory of atoms in molecules employs a topological analysis to in-
vestigate the interactions between atoms within a molecular system, based on the 
distribution of electron densities [66]. This analysis centers on bond critical points 
(BCPs). A bond critical point (BCP) is designated as (3, −1) and is considered 
indicative of a bonding relationship between two atoms. This is due to its distinc-
tive features: two negative curvatures (maximum) and one positive curvature 
(minimum) [67]. The investigation was conducted computationally, focusing on 
various topological parameters such as electron density ρ(r), Lagrangian kinetic 
energy G(r), Hamiltonian kinetic energy K(r), potential energy density V(r), en-
ergy density H(r), electron (EFL), and the Laplacian of the electron density V2ρ(r). 
From Table 5 all the systems B1, CuB1, MnB1, and ZnB1 possess positive Lapla-
cian of electron density (∇2ρ(r)), suggesting closed-shell interactions (non-cova-
lent) and average hydrogen bonding in all these systems. Furthermore, it is note-
worthy that the nature of the bond H(r) is predominantly positive, indicating 
ionic bonds in all cases except for ZnB1 (S55-Zn57 and S56-Zn57), where there is a 
negative energy density in H(r), signifying a covalent bond. Additionally, the ob-
served elliplicity (ε) values for these bonds in the systems are less than 0.5, indi-
cating stability.  
 

Table 5. The topological parameter of the Ligand and its metal (II) complexes. 

Compound Bond ρ (r) ∇2ρ(r) G(r) V(r) H(r) G(r)/|V(r)| ε 

B1 N24-C18 0.1177 0.6375 0.1236 −0.8788 0.3574 −0.1406 0.9110 

CuB1 S56-Cu57 0.5637 0.4934 0.1027 −0.8194 0.2071 −0.1253 0.0707 

 Cl53-Cu57 0.4635 0.4397 0.8826 −0.6659 0.2166 −1.3254 0.0300 

 N47-Cu57 0.5287 0.5898 0.1138 −0.8023 0.3361 −0.1418 0.0073 

 S55-Cu57 0.5635 0.4919 0.1022 −0.8151 0.2073 −0.1253 0.0549 

 CI54-Cu57 0.4627 0.4404  0.8797 −0.6583 0.2214 −1.3363 0.0693 

 N21-Cu57 0.5311 0.5938 0.1145 −0.8069 0.3389 −0.1419 0.0081 

MnB1 S56-Mn57 0.3430 0.1386 0.3159 −0.2853 0.3063 −1.1073 0.0368 

 CI53-Mn57 0.4262 0.2430 0.5245 −0.4415 0.8298 −1.1879 0.0167 

 S55-Mn57 0.3499 0.1427 0.3252 −0.2934 0.3176 −1.1083 0.0392 

 CI54-Mn57 0.4704 0.2805 0.6068 −0.5126 0.9431 1.1837 0.0045 
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ZnB1 CI54-Zn57 0.4359 0.2438 0.5586 −0.5077 0.5087 −1.1003 0.03202 

 CI53-Zn57 0.4032 0.1839 0.4503 −0.4408 0.9458 −1.0216 0.03236 

 S55-Zn57 0.4217 0.2490 0.2093 −0.3564 −0.1470 −0.5872 0.09224 

 S56-Zn57 0.4271 0.1087 0.3422 −0.4128 −0.7054 −0.8289 0.02496 

 

 
Figure 4. Graphical representation of the aim featuring the CP interactions present in the metal (II) 
complexes. 

3.8.2. Non-Covalent Interaction (NCI) 
The analysis of the non-covalent interaction index (NCI) based on the electron 
density and its gradient can be used to effectively distinguish and characterize 
these interactions in real space [68]. This method could be employed to investigate 
the type and intensity of interactions that occur between different species. Ad-
dressing this challenge, researchers have employed reduced density gradient 
(RDG) iso-surface studies to visually depict intramolecular interactions within the 
framework of NCI theory [69]. The simulated NCI result is presented in an RDG 
plot and the product of the second eigenvalue of the hessian matrix (λ2) with the 
electron density sign (λ2) ρ are reported in Figure 4. In CuB1, the central region 
of the two structures exhibited a combination of steric, van der Waals, and hydro-
gen interactions. This is due to the high electronegativity of the metal and chlorine 
atoms present in this region. Additionally, steric interactions are observed at the 
center of the benzene rings in this structure, which is attributed to the carbon 
atoms. MnB1 and ZnB1 exhibit similar interactions as observed in CuB1, except 
for NiB1 where a considerable amount of van der Waals interactions are noticea-
ble. This shows that NiB1 plays a crucial role in determining the specificity and 
affinity of the interaction with biological system. 
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Figure 5. Pictorial representation of the 2D plots of the non-covalent interaction studied interac-
tion. 

3.9. Löwdin Charge Analysis 

The Löwdin charge analysis, also known as Löwdin population analysis, is a fun-
damental tool within computational chemistry. It plays a crucial role in breaking 
down the overall electron density of a molecule into distinct contributions that 
originate from specific atoms or atom groups [70]. The outcomes of the Löwdin 
charge analysis from this investigation have been presented in Table 6. The table 
encompasses details like d-orbital degeneracy, d-orbital population, and the over-
all net charge of the studied system. The interaction between the studied com-
plexes and their ligands resulted in the removal of degeneracy, giving rise to a 
phenomenon known as crystal field splitting. This phenomenon causes the d-or-
bitals to separate into distinct energy levels, thus generating a lower-energy orbital 
set (t2g) and a higher-energy orbital set (eg). The analysis involves the d-orbital 
occupancies and net charges (QNet) for each system, along with separate results 
for spin-up (↑) and spin-down (↓) electrons. In CuB1, the net charge for the tran-
sition metal (TM) in this system is essentially zero (0.00001). The d-orbital occu-
pancy values calculated is 6.952 and the d-orbital occupancy values for the spin-
up, spin-down state are given for each of the d orbitals. Similar interpretations can 
be made for the remaining systems (MnB1, NiB1, ZnB1). The key points to con-
sider are the orbital occupancies and the net charge on the transition metal. The 
differences in d-orbital occupancies between spin-up and spin-down states sug-
gest differences in electronic configurations due to spin polarization. The net 
charge (QNet) values represent the difference between the total number of elec-
trons associated with the transition metal and its expected valence electron count. 
In most cases, the net charge should be close to zero, indicating that the system is 
electrically neutral. Also, the net Löwdin charges provide a consistent observation 
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that the transition metals maintain approximately neutral charges within these 
complexes, suggesting that they are participating in typical coordination interac-
tions without substantial electron transfer. The observed differences in d-orbital 
occupancy patterns can provide insights into the electronic structure and reactiv-
ity of these transition metal complexes. These differences might lead to varied 
magnetic behavior, redox properties, and catalytic activities. The consistent neu-
trality of the transition metal charges suggests that these systems are likely to en-
gage in coordination chemistry without extreme electron transfer, which is essen-
tial for their roles in catalysis and other chemical processes. 
 

Table 6. Degeneracy of the d-orbital, occupancy and the total net charge of the studied interactions.  

Compound xyd  xzd  yzd  2 2x y
d

−
 2z

d  d-occupancy ( )NetQ TM  

CuB1 --- --- --- --- --- 6.95202 0.00001 

Spin up ( ↑ ) 0.52615 0.89440 0.64831 1.17885 0.04196 --- --- 

Spin down ( ↓ ) 0.49058 0.49027 0.48417 0.49027 0.51217 --- --- 

MnB1 --- --- --- --- --- 6.06872 0.00000014 

Spin up ( ↑ ) 1.02316 1.33762 0.64314 0.23880 0.73807 --- --- 

Spin down ( ↓ ) 0.50328 0.49810 0.50235 0.25752 0.32668 --- --- 

NiB1 --- --- --- --- --- 8.7633 0.00000013 

Spin up ( ↑ ) 0.98036 1.10303 1.29762 1.43353 1.46890 --- --- 

Spin down ( ↓ ) 0.49558 0.49652 0.48435 0.49837 0.50501 --- --- 

ZnB1 --- --- --- --- --- 10.0342 0.00000016 

Spin up ( ↑ ) 1.60834 1.60984 1.61104 1.61271 1.61029 --- --- 

Spin down ( ↓ ) 0.39513 0.39495 0.39679 0.39903 0.39608 --- --- 

3.10. Molecular Docking Studies 

An essential computational method in the field of molecular biology, molecular 
docking supports drug design in particular [71]. Predicting how a complex will 
interact with a known protein structure is the primary goal of protein-ligand dock-
ing. In order to obtain insight into a synthesized compounds’ potential as an anti-
fungal medication against candidiasis, virtual screening was done using molecular 
docking. The over-the-counter medication fluconazole (access code DB00196) was 
used as a benchmark for comparison because, it has a variety of side effects, in-
cluding skin rashes, allergic reactions, diarrhea, and constipation. Inspired by the 
search for a new antifungal substance, binding affinities, which reflect the strength 
of interactions between the protein and ligand and so determine stability and re-
activity, were at the center of the investigation. As shown in Table 7, the binding 
affinities for NIB1, CuB1, ZnB1, MnB1, and B1 are, −8.2 kcal/mol, −8.1 kcal/mol, 
−8 kcal/mol, −7.9 kcal/mol, and −7.1 kcal/mol respectively. Notably, B1 showed 
the poorest connection, followed by CuB1, ZnB, and MnB1, with NiB1 showing 
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the greatest affinity. Fluconazole, on the other hand, showed a theoretical binding 
affinity of −8.2 kcal/mol. The impressive result demonstrated the protein receptor 
(5BTH) and our compounds’ stronger binding capacity. It’s interesting to note 
that, FLUC and NiB1 had the same binding affinities of −8.2 kcal/mol, highlight-
ing NiB1’s potential. Additionally, the mean binding affinities of our examined 
complexes; NiB1, CuB1, ZnB1, and MnB1 were noticeably higher of −7.93 
kcal/mol, −7.77 kcal/mol, −7.54 kcal/mol, and −7.68 kcal/mol, respectively, an in-
dication of the reactive and stable nature of the metal complexes. From this it was 
clear that hydrogen bonds played a critical role in molecular interactions and 
complex integrity. With the proteins 5BTH (LYS A: 134, LYS A: 134), CuB1 (LEU 
A: 122), ZnB1 (THR A:360), and B1 (LEU A:350), MnB1 consistently established 
hydrogen bonds. Surprisingly, the number of hydrogen bonds formed between 
fluconazole and protein 5BTH were somewhat higher (SER A: 41, ILE A: 224, 
GLU A: 174). As show in Figure 4 and Figure 5, small bond distances were pro-
foundly significant because, they indicated strong non-covalent interactions in-
cluding hydrogen bonds, ionic interactions, and van der Waals forces. The pro-
tein-ligand complex’s stability and specificity were strengthened by these interac-
tions. This understanding was significant when calculating the average hydrogen 
bond distances, with B1 and CuB1 exhibiting increased reactivity at an average 
bond distance of 1.73 and MnB1 coming in second, at 1.86. The usual medication, 
in contrast, showed a distance of 2.38 kcal/mol. The conclusion that emerged 
when mean binding affinities, binding affinity, and bond distance values were 
taken into account was that, the prepared compounds demonstrated more pro-
nounced biological activity and reactivity in their interactions with the 5BTH pro-
tein than fluconazole. 
 

Table 7. Amino acid residue and binding affinities of protein-ligand interaction. 

Compound Amino acid residue 
Binding affinity 
(kcal/mol) 

Bon distances 
(Å) 

Mean binding affinity 
(kcal/mol) 

B1 + 5BTH LEU A: 350 −7.1 1.73 −6.48 

CuB1 + 5BTH LEU A: 122 −8.1 1.73 −7.77 

MnB1 + 5BTH LYSA: 134, ARG A: 349 −7.9 1.86, 2.83 −7.68 

NiB1 + 5BTH ARG A: 349 −8.2 2.15 −7.93 

ZnB1 + 5BTH THR A: 360 −8 1.82 −7.54 

FLUC + 5BTH 
SER A: 41, 
ILEA: 224, GLU A: 174 

−8.2 2.38, 2.68, 2.54 −7.03 

4. Conclusions 

In this paper, a new ligand 1, 4-benzodioxane-6-carboxaldehyde thiosemicarba-
zone (B1) and its Zn(II), Cu(II), Ni(II) and Mn(II) complexes were synthesized 
and characterized by various spectroscopic techniques (Figure 6). The ligand and 
its metal complexes were theoretically investigated for their biological activity 
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against Candida albicans using Density Functional Theory (DFT) at the WB97XD 
functional, employing the 6-311++G (d,p) basis set. The ligand 1, 4-benzodiox-
ane-6-carboxaldehyde thiosemicarbazone (B1) and its metal complexes exhibit 
promising activity against Candida albicans as compared to the drug Fluconazole. 
It is interesting to note that Fluconazole, the standard drug and Ni(II) complex 
had the same binding affinity value of −8.2 kcal/mol, highlighting NiB1’s poten-
tial. Additionally, compared to standard drug Fluconazole, the results demon-
strated that the protein receptor (5BTH) and the nickel complex had a strong 
binding capacity. 
 

 
Figure 6. Visualization of the interaction of Fluconazole (FLUC) with 7P3R and 1,4-ben-
zodioxane-6-carboxaldehyde thiosemicarbazone (B1) interactions with 7P3R and 1XTC. 
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Supplementary Data 

 
Figure S1. FT-IR spectrum of B1. 

 

 
Figure S2. FT-IR spectrum of MnB1. 
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Figure S3. FT-IR spectrum of NiB1. 

 

 
Figure S4. FT-IR spectrum of CuB1. 
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Figure S5. FT-IR spectrum of ZnB1. 

 

 
Figure S6. 1H-NMR spectrum of B1. 
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Figure S7. 1H-NMR spectrum of MnB1. 

 

 
Figure S8. 1H-NMR spectrum of NiB1. 
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Figure S9. 1H-NMR spectrum of MnB1. 

 

 
Figure S10. 1H-NMR spectrum of ZnB1. 
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