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2.2.2. Synthesis of the BZ ligand

2-(1H-benzimidazol-2-yl)phenol (BZ) co-ligand, was prepared as previously reported 

[1-3]: A mixture of o-phenylene-diamine (50.0 mmol, 5.4 g) and salicylic acid (50.0 mmol, 

6.9 g) was refluxed for 8.0 h in presence of hydrochloric acid (4.0 N, 10.0 mL) on a water 

bath at 70 0C. Then, the reaction mixture was cooled and neutralized with potassium 

bicarbonate until the end of the effervescence. The obtained precipitate was collected by 

filtration and recrystallized from ethanol, Scheme (S.1).

BZ co-ligand: 2-(1H-benzimidazol-2-yl)phenol: Color: buff solid, yield: 60 %. 1H-NMR, 

(DMSO-d6) (δ, ppm): 15.40 (s, 1H, Ar-OH): 10.12 (s, 1H, -NH): 7.96-7.11 (m, 8H, Ar-H). 

FT-IR, (υ, cm-1): Ar-OH (3311), -NH (3194), -C=N (1574). UV-vis. (λmax, nm): 235 (π→π*) 

and 320 (n→π*).
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Scheme (S.1): synthesis of BZ ligand
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2.2.3. Synthesis of the IM ligand

The 2‐(4,5‐diphenyl‐1H‐imidazol‐2‐yl)phenol (IM) co-ligand was prepared as 

previously reported [1-3]: a 100.0 mL single neck round bottomed flask was charged with a 

mixture of the 2‐hydroxybenzaldhyde (10.0 mmol, 2.44 g), benzil (10.0 mmol, 1.22 g), and 

ammonium acetate (50.0 mmol, 3.85 g) in 10.0 mL of glacial acetic acid. A reflux condenser 

was set up and this solution was kept under reflux for 8 h. Afterwards, the mixture was 

poured to ice‐cold de‐ionized water, forcing the precipitation of the ligand: the crude product 

was collected by filtration, washed with ethanol, and finally re‐crystallized from ethanol 

(Scheme 1). Detailed information is given in the Supporting Information Scheme (S.2).

IM ligand: 2‐(4,5‐diphenyl‐1H‐imidazol‐2‐yl)phenol: Color: Pale yellow solid, m.p. 

210 0C, yield: 65 %. 1H-NMR, (DMSO-d6) (δ, ppm): 12.97, 12.93 (2H, -NH group and 

intramolecular hydrogen bond [-C=N.....H-O-]), 8.06-6.93 (m, 14H, Aromatic protons). FT-

IR, (υ, cm-1): C=N.....H-O- (3191, 3141), -C=N (1588). UV-vis. (λmax, nm): 210 (π→π*) and 

315 (n→π*).
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Scheme (S.2): synthesis of IM ligand
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3.1.2. Structure elucidation of BZ ligand

The 1H-NMR spectrum of BZ showed characteristic signal at 15.40 ppm (s, 1H) 

which was attributed to the Ar-OH.  Moreover, the -NH proton, was observed at ≈ 10.12 ppm 

(s, 1H). While the aromatic protons had appeared at ≈ 7.96-7.11 ppm (m, 8H), -), Fig. (S.1). 

FT-IR spectra showed characteristic band corresponding to Ar-OH group at ≈ 3303 cm-1. The 

-NH group appeared at 3200 cm-1, Fig. (S.1). UV-Vis. spectra showed absorption bands at 

λmax ≈ 235 nm (π→π*) and 320 nm (n→π*), Fig. (S.1).

3.1.3. Structure elucidation of IM ligand

The 1H NMR spectrum, Fig. (S.2), showed –NH groups of the imidazole ring and 

phenolic –OH together at ca. 12.97, 12,53 ppm (2H), which confirm the presence of 

intramolecular hydrogen bonds (–C=N···H–O–), as in the enol isomeric form (I) [4], Scheme 

(S.3). The aromatic protons appeared as multiplet signals in the range of 8.06–6.93 ppm 

(14H). Both, IR and 1H NMR spectra confirmed the formation of IM ligand with the presence 

of intramolecular hydrogen bond. The quantum chemical calculations suggested that isomer I 

has higher stability than the other isomers (II and III). This revealed that only isomer I is 

stable under the experimental conditions [5]. The FT-IR spectra of the HI co-ligand, Fig. 

(S.2), exhibited characteristic bands at ca. 1588 cm–1 due to –C=N of the imidazole ring. 

However, the appearance of two weak bands at 3191 and 3141 cm–1 proposed the presence of 

intramolecular hydrogen bonding [6] (–N···H–O–), between the phenolic (–OH) and the 

imidazole nitrogen (–C=N), led to form either enol‐isomers (I, II) or keto‐isomer, (III) [7], 

Scheme (S.2). UV-Vis spectra of HI, Fig. (S.2), showed two absorption bands at 210 and 315 

nm. The former is due to the π→π* transition, whereas the later corresponds to the 

non‐bonding electron pairs of the –C=N chromophore.
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Scheme (S.3): The enol‐isomers (I: II) and keto‐isomer (I) of HI ligand.

3.2. Characterization

The elemental analyses (C, H, and N) were performed using a Perkin-Elmer 2408 

analyzer. The %M was determined using Atomic Absorption Spectroscopy (AAS) using 

Perkin- Elmer 2380 atomic absorption spectrometer. On a BRUKER FT-IR model 8101, IR 

spectra were measured. The Jasco V-750 UV-Vis spectrophotometer was used to detect UV-

Vis spectra. Mass spectra were carried out using Direct Inlet part to the mass analyzer in 

Thermo Scientific GCMS model ISQ. The thermal degradation of the named compounds 

(TGA and DTA) was measured using a Shimaduz analyzer model 60 H at a heating rate of 10 

oC min-1. JENWAY conductivity meter model 4320 was used to measure molar conductance 

(of 10-3 mol/L DMF solution). The Bartington Susceptibility instrument model 4320 was 

used to test the molar magnetic susceptibility of powdered samples. The spectrophotometric 

contentious variation method [1] was used to calculate the stoichiometry of the metal 

complexes. 
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Stoichiometry of the synthesized mixed-ligand complexes

The continuous variation method was used to establish the composition of the ternary 

M : IM: BZ) complexes [8, 9]. The molar fractions of two of the components were varied 

continuously, keeping their total concentration constant in the presence of a large excess of 

the third component. Under these conditions, the ternary system was modified to a pseudo-

binary system [8, 9]. 

Firstly, for determination of the stoichiometry of M : IM in the presence of BZ as 

mixed ligands. A series of solutions containing different ratios of M: IM, were prepared (in 

the presence of an excess of BZ), keeping the total concentration of both M ion and IM 

constant. The ratio of M: IM, was determined from the relationship between absorbance 

(Abs) (at the λmax of the target complex) and mole fraction of IM (IM /( IM +M)). 

Secondly, the ratio of M: BZ was determined as described above in the presence of 

excess (IM). A series of solutions containing different ratios of M: BZ, were prepared (in the 

presence of an excess of IM), keeping the total concentration of both M ion and BZ constant. 

The ratio of M: BZ, was determined from the relationship between absorbance (Abs) (at the 

λmax of the target complex) and mole fraction of BZ (BZ /( BZ +M)).

The results proved the 1:1:1 (M: IM: BZ.) ternary complexes were formed for 

FeBZIM, and NiBZIM complexes. 
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S.3. DFT calculations of reactivity descriptors

The optimized BZ, IM, and their corresponding FeBZIM and NiBZIM complexes 

were analyzed through optimization with the help of DFT/B3LYP combined with the 6-

311G(d, p) basis set for C, H, N, O, and Cl atoms and [10-12] basis set for metal atoms. The 

reactivity descriptors, electron affinity (A), ionization potential (I), energy gap (ΔE), 

electronegativity (χ), electronic chemical potential (CP), chemical hardness (η), softness (𝜎), 

electrophilicity index (𝜔), and nucleophilicity (Nu), were computed based on equations (S.1-

S.9).

I=−𝐸HOMO equation (S.1)

A=−𝐸LUMO equation (S.2)

ΔE = I - A equation (S.3)

𝑋=−[𝐸LUMO+𝐸HOMO]/2 equation (S.4)

CP=(𝐸HOMO+𝐸LUMO)/2 equation (S.5)

𝜂=−[𝐸LUMO−𝐸HOMO]/2 equation (S.6)

𝜎=1/𝜂 equation (S.7)

𝜔=𝜇2/2𝜂 equation (S.8)

Nu=1/𝜔 equation (S.9)
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Biological assay

In Vitro antimicrobial activity

In Vitro Antibacterial activity

The in vitro antibacterial activities of IM and BZ ligands, along with their FeBZIM 

and NiBZIM complexes were evaluated against two  Gram-positive bacterial strains (B. 

Subtilis, and S. Aureu), and two Gram-negative bacteria strains (E. coli, and k. pneumonia) 

using the disk diffusion method [13]. A 100 μL suspension of each bacterium, containing 

approximately 0.5 × 10⁶ CFU, was evenly spread onto Muller Hinton Agar plates using a 

sterile swab. The compounds were dissolved in DMSO at a concentration of 1.5 mg/mL, and 

sterile discs (6 mm in diameter) were impregnated with the solutions and placed on the 

inoculated agar surface. The plates were inverted and incubated at 37 °C for 24 hours. As the 

samples diffused, bacterial growth was inhibited around the discs. After incubation, the 

antibacterial efficacy was assessed by measuring the diameter of the inhibition zones in 

millimeters. DMSO, serving as the solvent, showed no effect on bacterial growth and was 

used as a negative control.

In Vitro Aantifungal activity

The antifungal activity screening was conducted using the disk diffusion method. The 

antifungal properties of the ligand and its complexes were tested against two fungal strains, 

Candida albicans, and Aspergillusniger. In this procedure, discs were soaked in compound 

solutions at a concentration of 1.5 mg/mL in DMSO and placed at various positions on 

Sabouraud Dextrose Agar plates inoculated with fungal spore suspensions (10⁵ CFU/mL) 

[14]. The plates with Candida albicans, and Aspergillusniger were incubated at 32 °C for 24 

hours and 37 °C for 7 days, respectively. Following incubation, the inhibition zones 

(measured in millimeters) formed around each disc was recorded to assess the antifungal 

activity of the compounds.
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Activity Index (%)

The effectiveness of the antibiotic amoxicillin and the antifungal agent clotrimazole 

was also evaluated using the same methods to determine their efficacy as standard 

antibacterial and antifungal agents against the tested microorganisms. The % Activity Index 

was calculated by dividing the inhibition zone (IZ) of the test compound by the IZ of the 

standard drug and multiplying by 100 [15]. This comparison provided a comprehensive 

assessment of the antibacterial and antifungal activities of the compounds in relation to the 

standard drugs, amoxicillin and clotrimazole.

Minimum inhibitory concentration (MIC)

The Minimum Inhibitory Concentrations (MICs) were determined using the broth 

dilution method. In this procedure, each sample was dissolved in DMSO at various 

concentrations ranging from 10.0 to 200 μM under sterile conditions. To each tube containing 

the sample, 650 μL of Muller Hinton Broth and 100 μL of the tested microorganism were 

added. The tubes were then incubated at 37 °C for 24 hours. The MIC was defined as the 

lowest concentration of the antibacterial sample that inhibited visible microbial growth, as 

indicated by the absence of turbidity in the mixture [16].

Anti-inflammatory activity 

In an in vitro study, the anti-inflammatory effectiveness of the title products was 

assessed via evaluating their ability to reduce the denaturation of egg albumin (protein) [17, 

18]. To conduct the experiment, a reaction mixture of five milliliters was organized via 

combining 0.2 milliliter of egg albumin solution (derived from fresh hen’s eggs), 2 milliliters 

of the title components (or the standard drug Ibuprofen) at varying concentrations, and 2.8 

milliliter of phosphate-buffered saline (pH 7.4). The final concentrations of the title 

components were adjusted to 10, 50, 100, 250, and 500 µM. As a control, a separate mixture 

of five milliliters was created via mixing 0.2 milliliters of egg albumin solution, two milliliter 

of bi-distilled water, and 2.8 milliliter of phosphate-buffered saline. Both sets of mixtures 
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were incubated at thirty-seven °C for thirty minutes and then heated in a water bath at 

seventy °C for fifteen minutes. After cooling, the absorbance of each mixture was measured 

at 660 nm using a UV-Vis spectrophotometer, with bi-distilled water serving as the blank. 

The percentage inhibition of protein denaturation was calculated using the formula: 

, where at represents the absorbance of the test sample and Ac 100 × 
A

A - A = inhibition %
c

tc

represents the absorbance of the control. The experiments were conducted in triplicate, with 

ibuprofen serving as the standard component. Additionally, the concentration of the title 

components or the standard drug that caused 50% inhibition (IC50) was determined using 

https://www.aatbio.com/tools/ic50-calculator. 

https://www.aatbio.com/tools/ic50-calculator
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Fig. (S.1): (a): 1H-NMR and (b): FT-IR of BZ ligand
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Fig. (S.2): (a): 1H-NMR and (b): FT-IR of IM ligand
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Fig. (S.3): FT-IR spectra of the FeBZIM and NiBZIM complexes
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Fig. (S.4): stoichiometry of the M:IM:BZ in the FeBZIM and NiBZIM complexes 
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Fig. (S.6): pH stability of the prepared FeBZIM and NiBZIM complexes
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Fig. (S.7): HOMO, LUMO, and MEP distribution of BZ and IM
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Table (S.1): The calculated structural parameters of the FeBZIM and NiBZIM complexes

FeBZIM NiBZIM
bond length (Å) bond length (Å)
Fe-OBZ 2.01 Ni-OBZ 1.95
Fe-NBZ 2.07 Ni-NBZ 2.01
Fe-OIM 2.02 Ni-OIM 1.95
Fe-NIM 2.05 Ni-NIM 1.99
bond angle bond angle
NIM-Fe-OIM 86.33 NIM-Ni-OIM 91.16
NIM-Fe-OH2O 89.52 NIM-Ni-OH2O 89.97
NIM-Fe-Cl 98.09 NIM-Ni-OH2O 90.23
NIM-Fe-OBZ 83.94 NIM-Ni-OBZ 88.83
NIM-Fe-NBZ 167.79 NIM-Ni-NBZ 179.48
OBZ-Fe-NBZ 95.23 OBZ-Ni-NBZ 90.77
OBZ-Fe-Cl 83.35 OBZ-Ni-OH2O 92.62
OBZ-Fe-OH2O 152.70 OBZ-Ni-OH2O 178.92
OBZ-Fe-OIM 101.80 OBZ-Ni-OIM 87.56
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Table (S.2): Antibacterial activity as diameter of zone inhibition in mm
 Diameter of zone inhibition in mm
 Gram-positive bacteria Gram-negative bacteria
 Bacillus Subtilis Staph. Aureus Escherichia coli k. pneumonia
BZ 11 11 12 11
IM 12 12 13 12
FeBZIM 29 29 27 27
NiBZIM 29 28 26 27
chloramphenicol 31 30 28 28

Table (S.3): Antibacterial activity as Activity index (%)
 Activity index (%)
 Gram-positive bacteria Gram-negative bacteria
 Bacillus 

Subtilis
Staph. 
Aureus

Escherichia 
coli

k. 
pneumonia

BZ 35.48 36.67 42.86 39.29
IM 38.71 40.00 46.43 42.86
FeBZIM 93.55 96.67 96.43 96.43
NiBZIM 93.55 93.33 92.86 96.43
chloramphenicol 100 100 100 100
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Table (S.4): Antibacterial activity as Minimum Inhibition Concentration (MIC, μM)
Minimal Inhibitory Concentration (MIC) in μM
Gram-positive 
bacteria

Gram-negative bacteria
Comp. 
No

B. 
Subtilis

S. 
Aureu

E. 
coli

k. pneumonia

BZ 130 120 130 120
IM 130 130 130 120
FeBZIM 90 80 80 90
NiBZIM 90 80 80 90

Table (S.5): Anti-fungal activity as diameter of zone 
inhibition in mm
 Diameter of zone inhibition in mm
Comp. Candida albicans Aspergillus niger
BZ 9 10
IM 11 12
FeBZIM 19 18
NiBZIM 18 18
clotrimazole 22 20

Table (S.6): Anti-fungal activity as Activity index (%)
 Activity index (%)
Comp. Candida albicans Aspergillus niger
BZ 40.91 50.00
IM 50.00 60.00
FeBZIM 86.36 90.00
NiBZIM 81.82 90.00
clotrimazole 100 100
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Table (S.7): Antifungal activity as Minimum Inhibition Concentration (MIC, μM)
Minimal Inhibitory Concentration (MIC) in μM
Fungi

Comp. No

C. Albicans Aspergillus niger
BZ 140 150
IM 150 150
FeBZIM 90 100
NiBZIM 90 100

Table (S.8): Anti-inflammatory results as Mean percentage inhibition, and IC50.
Percentage of Inhibition (%)

Concentration (μM) IM BZ FeBZIM NiBZIM Standard
10 2.71 4.59 7.27 6.25 19.78
50 4.56 10.66 22.06 21.26 46.86
100 9.71 23.54 38.05 37.59 76.82
250 18.21 31.19 45.62 42.51 81.18
500 22.52 41.49 55.31 54.25 82.28
IC50 µM 150.49 153.97 77.42 80.69 53.47



S20

Table (S.9): Molecular docking interactions of BZ, IM ligands, and their FeBZIM, 

and NiBZIM, with the target 1HNJ and 5IKT proteins

1HNJ Residues distance Interaction Binding energy (kcal/mol)
ASN247 2.94 Hydrogen Bond
ALA246 3.60 Hydrophobic
MET207 5.20 Hydrophobic
VAL212 5.25 Hydrophobic
CYS112 4.95 Hydrophobic
LEU189 5.27 Hydrophobic
VAL212 5.11 Hydrophobic
ALA246 4.20 Hydrophobic

BZ

ILE156 5.29 Hydrophobic

-7.3

ARG249 4.35 Electrostatic
ASN247 2.96 Hydrogen Bond
ALA246 3.65 Hydrophobic
ILE156 5.46 Hydrophobic
MET207 5.38 Hydrophobic

IM

VAL212 5.02 Hydrophobic

-7.9

ARG36 4.11 Electrostatic
ARG151 4.45 Electrostatic
GLY209 3.25 Hydrogen Bond
ASN247 3.18 Hydrogen Bond
PHE213 5.64 Hydrophobic
ARG36 5.39 Hydrophobic
ILE156 5.01 Hydrophobic

FeBZIM

MET207 5.26 Hydrophobic

-9.2

GLU211 4.98 Electrostatic
GLY152 2.23 Hydrogen Bond
ASN210 2.69 Hydrogen Bond
ARG249 3.66 Electrostatic
ARG249 3.92 Electrostatic

NiBZIM

ARG36 5.37 Hydrophobic

-8.9

5IKT Residues distance Interaction Binding energy (kcal/mol)
THR206 2.11 Hydrogen Bond
TRP387 2.73 Hydrogen Bond
HIS207 4.36 Electrostatic
HIS386 4.36 Hydrophobic
HIS207 4.56 Hydrophobic
HIS388 4.33 Hydrophobic
ALA199 5.49 Hydrophobic

BZ

LEU391 5.35 Hydrophobic

-7.4

HIS388 2.62 Hydrogen BondIM
PHE210 2.96 Hydrogen Bond

-7.1
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HIS207 3.52 Electrostatic
HIS207 4.52 Electrostatic
HIS386 3.79 Electrostatic
HIS386 3.91 Hydrophobic
VAL291 4.65 Hydrophobic
LEU294 5.36 Hydrophobic
VAL291 4.68 Hydrophobic
HIS214 2.35 Hydrogen Bond
PHE210 2.02 Hydrogen Bond
HIS207 3.86 Electrostatic
HIS207 4.51 Hydrophobic
VAL291 4.61 Hydrophobic
VAL447 4.69 Hydrophobic
ALA450 4.96 Hydrophobic

FeBZIM

VAL291 4.93 Hydrophobic

-9.5

HIS207 3.09 Hydrogen Bond
HIS207 3.71 Electrostatic
HIS386 4.68 Electrostatic
VAL291 3.97 Hydrophobic
HIS386 5.02 Hydrophobic

NiBZIM

VAL447 4.65 Hydrophobic

-9.4
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