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A B S T R A C T
In this study, the Schiff base ligand 4-bromo-2-((pyridine-2-ylimino) 
methyl) phenol (HL) was prepared by refluxing 2-aminopyridine 
with 5-bromosalicylaldehyde. The new heteroleptic complexes of 
HL with copper, [Cu(L)(8HQ)] as complex one and [Cu(L)(phen)
Br] as complex two, were synthesized using the liquid-assisted 
grinding (LAG) method, where 8-Hydroxyquinoline (8HQ) and 
1,10-Phenanthroline (phen) served as co-ligands. IR, HRMS, 
and UV-visible spectroscopy techniques were used to analyze and 
characterize HL and copper complexes. The copper complexes 
have a lower HOMO-LUMO energy gap than HL. The Pearson 
correlation coefficient (r) and P-value indicate that the chosen level 
of theory is suitable for DFT-based calculations. Molecular docking 
of acetylcholinesterase (AChE) from Drosophila melanogaster (fruit 
flies) indicated that HL has the potential to bind at the enzyme’s 
catalytic triad site. The in-silico toxicological study of HL and copper 
complexes revealed that HL and both complexes are non-AMES toxic 
and non-carcinogenic. The in vitro analysis results show that HL and 
complexes are biologically active against Drosophila melanogaster.
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1. Introduction
The Schiff base metal complexes are biologically 
active against fungi, bacteria, and insects [1]. The 
Schiff bases and their metal complexes showed 
antinemic activity against the root-knot nematode 
[2]. Schiff base metal complexes exhibit antioxidant, 
antibiotic, antifertility properties in insects, 
antimicrobial properties, and enzyme inhibition 
capabilities [3,4]. The copper complexes with 
heterocyclic ligands have insecticidal properties 
and are highly toxic at the larval phase [5]. The 
copper complexes have antifungal activity in 

insects [6]. The microcapsule formulation of copper 
complex has plant growth regulation properties 
[7]. The Schiff base metal complexes exhibited 
enzyme-inhibiting properties against glutathione 
S-transferase (GST), acetylcholinesterase 
(AChE), and butyrylcholinesterase (BChE) 
enzymes [8]. In insects, acetylcholinesterase 
(AChE) is the target site for several naturally 
occurring and synthetic insecticides [9]. 
Most commercially essential insecticides are 
neurotoxins that inhibit acetylcholinesterase 
(AChE), including organophosphates, carbamates, 
spinosad, and neonicotinoid insecticides [10]. 

The organophosphates and carbamates bind to 
serine in the active site of the enzyme and inhibit 
acetylcholinesterases (AChE) [11]. Neonicotinoids 
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mimic the action of neurotransmitter 
acetylcholine (ACh) and work as agonists for 
acetylcholinesterase (AChE) of the insect brain 
[12]. Spinosad is primarily an allosteric agonist 
of insect acetylcholinesterase (AChE) [13].  
Pyridine is a critical structural unit of many 
neonicotinoid insecticides, such as imidacloprid 
and acetamiprid [14]. The organophosphate 
insecticide chlorpyrifos contained a substituted 
pyridine ring in the main framework structure 
[15]. The insecticides flonicamid and pymetrozine 
also contain a pyridine ring [16].  The pyridine-
based derivatives have insecticidal, herbicidal, 
plant growth regulator, fungicidal, nematocides, 
and insect repellent properties [17]. Thus, the 
pyridine-based compounds have great potential 
for insecticidal properties. Mechanochemistry is 
currently recognized as an innovative technology 
that facilitates the practical and sustainable 
preparation of organic and inorganic compounds 
[18]. Mechanochemical methods of synthesis 
reduce the need for bulk solvents and minimize 
waste production [19]. The mechanochemical 
techniques proved successful, whereas solvent-
based methods failed due to the poor solubility of 
the reactants [20]. Liquid-assisted grinding (LAG), 
also known as the solvent-drop grinding method, 
is a technique that utilizes a small amount of liquid 
to enhance or control reactivity. Liquid-assisted 
grinding (LAG) can produce products with higher 
crystallinity than those obtained through neat 
grinding. Mechanochemical methods have been 
successfully employed for the synthesis of metal-
organic frameworks (MOFs) and other metal-
organic materials using LAG. Mechanochemical 
methods have been used to prepare mononuclear 
and multinuclear coordination complexes [21]. 
In the present study, a pyridine-based Schiff base 
ligand (HL) and heteroleptic copper complexes with 
HL and 8-hydroxyquinoline or 1,10-phenanthroline 
have been synthesized. The DFT calculations were 
performed for ligands and complexes to optimize 
geometries, generate IR spectra, electronic 
spectra, and electron density maps. To the best of 
our knowledge, there is no literature available on 

the molecular docking of pyridine-based Schiff 
base ligands and their copper complexes with 
acetylcholinesterase (AChE) from Drosophila 
melanogaster (fruit flies). We have investigated the 
insecticidal properties of the ligand (HL) and its 
copper complexes on acetylcholinesterase (AChE) 
from Drosophila melanogaster (fruit flies) using 
the molecular docking method. The docked results 
are compared with those of the commercially 
popular acetamiprid insecticide. The in-vitro study 
for insecticidal bio-efficacy and toxicity was also 
performed on Drosophila melanogaster.

2. Experimental
2.1. Material and Instrumentation
All the chemicals used in the synthesis were 
AR-grade. The chemicals 2-aminopyridine 
(purity > 99%), 5-Bromosalicyaldehyde (purity 
> 99%), 8-Hydroxyquinoline (purity > 99%), 
1,10-Phenanthroline monohydrate (purity > 99%), 
and copper acetate monohydrate (purity > 95%) 
were purchased from TCI and used without further 
purification. Spectroscopic-grade ethanol (purity 
≥ 95.0%) and methanol (purity ≥ 99.7%) from 
CDH Fine Chemical were used during preparation. 
The  EuroVector EA3000 Series was used for 
elemental detection, with detection limits ranging 
from 0.1 to 1.0 µg. The sample was weighed in an 
aluminium container of known weight. The sample 
was injected into a high-temperature (1000°C) 
furnace and combusted with pure oxygen, where 
carbon was converted to carbon dioxide, hydrogen 
to water, and nitrogen to nitrogen gas/ oxides 
of nitrogen. A variety of absorbents were used 
to remove any additional combustion products. 
The Oxygen content was determined on the same 
instrument in pyrolysis mode. For the quantification 
of elements, the high-purity micro-analytical 
standard nicotinamide was used. Copper residues 
remained as the ash in an aluminium container. 
The remaining Bromine content was found by 
mathematical calculation. A PerkinElmer FT-IR 
spectrophotometer, with a resolution of 0.5 cm-1 
to 64 cm-1 and five scan accumulations, was used 
for the IR spectroscopic analysis. The IR spectra 
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were obtained in the range from 4000 cm-1 to 650 
cm-1. The absorption spectrum in the UV-visible 
range was obtained using a Varian Cary-5 UV-
visible spectrophotometer. High-resolution mass 
spectrometry (HRMS) analysis was performed 
using a Waters Alliance e2695 (Separations 
Module, an integrated solvent system).

2.2.  Synthesis study 
2.2.1.Synthesis of Schiff base ligand (HL)
4-bromo-2-((pyridine-2-ylimino) methyl) phenol 
(HL) was prepared by refluxing 2.0 mmol 
(0.189 g) of 2-Aminopyridine with 2.0 mmol of 
5-Bromosalicyaldehyde (0.408 g) in ethanol (25ml). 
The refluxing continued for 3 hours, and orange 
colour precipitates were formed upon cooling. The 
precipitates were filtered and washed with ethanol: 
water (3:7). Ethanol was used for recrystallization. 
The weight of the dried orange powder was 
recorded. Yield: 0.493 g (89%), colour: Orange, 
Elemental analysis found (%):C, 51.98; H, 3.25; N, 
10.08; O, 5.74; Br, 28.80.  C12H9N2OBr: C, 52.01; 
H, 3.28; N, 10.11; O: 5.77; Br, 28.83. Selected IR 
data (KBr, cm-1): 1181.66 (s) ν(C-O),1462.18 (s) 
ν(C=C),1587.57 (s) ν(C=N), 1610.73 (m) ν(C=N), 
3421.73 (s) ν(OH). UV-Vis data in methanol λmax 
(nm):309 nm (π→ π∗ due to C=C), 359 nm (n→ π∗ 
due to C=N)

2.2.2.Synthesis of complex one (1)
The (N-(4-bromo-2-((pyridine-2-ylimino)methyl)
phenolate)) (8-hydroxyquinolate)-copper (II), as 
complex one, was prepared by the LAG method. 
1.0 mmol (0.195 g) of Cu (OAc)2.H20 was ground 
manually with 1.0 mmol (0.281 g) of HL and 1.0 
mmol (0.147 g) of 8-Hydroxyquinoline in a china 
dish with a pestle using two drops of methanol.  The 
grinding was continued for 10 minutes, and then 
the reaction mixture was heated up to 50 ℃ for a 
few seconds with continuous grinding. After that, 
the heat was removed, and grinding was continued 
for 20 minutes to ensure the reaction was complete. 
The blue-coloured powder was transferred to filter 
paper and washed with chloroform to remove the 
unreacted starting materials. Methanol was used for 

recrystallization. The weight of the dried powder 
was recorded. Yield: 0.406 g (84%), colour: blue, 
Elemental analysis found (%): Cu, 13.11; C, 52.10; 
H, 2.88; N, 8.65; O, 6.66; Br, 16.51, C21H14N3O2CuBr 
calcd.: Cu, 13.13; C, 52.13; H, 2.91; N, 8.68; O, 
6.62; Br, 16.53. Selected IR data (KBr, cm-1): 
1295.42 (s) ν(C-O), 1469.40 (s) ν(C=C), 1542.09 
(s) ν(C=N), 1578.69 (s) ν(C=N). UV-Vis data in 
methanol λmax (nm):585 (d-d transition).

2.2.3.Synthesis of complex two (2)
The Bromo-(N-(4-bromo-2-((pyridine-2-ylimino)
methyl)phenolate)) (1,10-phenanthroline)-copper 
(II), as complex two, was prepared by the LAG 
method. In preparation, 1.0 mmol (0.197 g) of 
Cu (OAc)2.H20 was ground manually with 1.0 
mmol (0.277 g) of HL, 1.0 mmol (0.196 g) of 
1,10-Phenanthroline monohydrate, and 1.0 mmol 
(0.121g) of KBr in a China dish with a pestle using 
2.0 drops of methanol.  The grinding was continued 
for 10 minutes and then the reaction mixture was 
heated up to 50 ℃ for a few seconds with continuous 
grinding. After that, the heat was removed, and 
grinding was continued for 20 minutes to ensure 
the reaction was complete. The blue-coloured 
powder was transferred to filter paper and washed 
with chloroform to remove the unreacted starting 
materials. Methanol was used for recrystallization. 
The dried powder weight was recorded. Yield: 
0.485 g (81%), colour: blue, Elemental analysis 
found (%): Cu, 10.57; C, 48.04; H, 2.66; N, 9.32; O, 
2.65; Br, 26.63, C24H16N4OCuBr2 calcd.: Cu, 10.59; 
C, 48.07; H, 2.68; N, 9.35; O, 2.67: Br, 26.64. 
Selected IR data (KBr, cm-1): 1250.82 (s) ν(C-O), 
1468.98(s) ν(C=C),1559.72 (s) ν(C=N),1642.56 
ν(C=N). UV-Vis data in methanol λmax (nm): 402 
(charge transfer band), 599 (d-d transition)

2.3.  Computational Studies
The ORCA version 4.2.1, MOPAC2016, and 
Multiwfn 3.8 quantum chemistry programs packages 
were used for DFT-based theoretical calculations 
[22]. The optimized geometries, FMOs, IR spectra, 
electronic spectra, and electron density maps of the 
ligand and copper complexes were computed by 
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DFT-based calculations. The Becke ‘88 exchange 
and Perdew ’86 correlation function (BP86) with the 
basis set def2-SVP was used to obtain FMOs in ORCA 
software [23]. The FMOs are crucial for predicting the 
stability of the complexes. The essential parameters 
related to the FMOs were calculated by using the 
following relations [24]. The theoretical IR spectra 
were calculated by the MOPAC2016 software using 
the RHF method [25]. The Electron Localization 
(ELF) and Localized Orbital Locator (LOL) plots 
were computed by the Multiwfn 3.8 wave function 
analyzer software (Eq.1). The accuracy of the basis 
set at the given level of function in theoretical 
calculations for IR spectra was checked by using the 
pearson correlation coefficient (r) with the P-value 
(Eq.2). The correlation coefficient (r) and the P-value 
are used to compare the experimental results with the 
theoretical results [26]. The theoretical HRMS of the 
ligand was obtained using CFM-ID 4.0 software, 
and the file was input in SMILES format to obtain 
the result. 

(Eq.1)

(Eq.2)

Ionization energy I = - EHOMO, electron affinity A = 
-ELUMO, energy gap (ΔE) = ELUMO - EHOMO, chemical 
softness (σ) =  Also, chemical potential (μ) = -χ 
and chemical hardness calculated by (η) =  The 
electrophilicity index and the electronegativity 
are (ω) and (χ), respectively, and are calculated in 
Equation 1. Additionally, the correlation coefficient 
(r) was calculated using Equation 2. The correlation 
coefficient (r) is shown below for the relevant 
parameters. 

 = values of the x-variables in the experimental result
= mean of the values of the x-variable
 = values of the y-variable in the theoretical result
 = mean of the values of the y-variables.

2.4.  Molecular docking and pharmacokinetic 
studies
The AutoDock Vina software was used for 
target-specific molecular docking to simulate the 
interaction of the ligand and complexes with the 
protein of acetylcholinesterase from Drosophila 
melanogaster (PDB: 6XYS) [27]. The Siwss-Pdb 
Viewer software was used to remove the bonded 
organic molecules at the active site of the protein 
[28]. The target-specific docking was performed 
at the pocket containing catalytic triad residues 
(Glu367/His480/Ser238) along with residues of 
the peripheral site (Trp321), acyl-binding pocket 
(Trp271), and choline-binding pocket (Trp83). 
Discovery Studio Visualizer software was used to 
visualize the docking results [29,30]. An in-silico 
study of physicochemical parameters and toxicity 
in HL and copper complexes was conducted using 
the SwissADME software and AdmetSAR software 
[31].

2.5.  In-vitro test for insecticidal bio-efficacy and 
toxicity
 For the determination of LD50 values of HL 
and metal complexes, 150 adults of Drosophila 
melanogaster were divided into fifteen groups. 
Each group consisted of ten male/female flies at 
the age of 2-3 days. All flies were fed with standard 
food before the mortality assay testing. Drosophila 
melanogaster was exposed to various concentrations 
of HL and metal complexes prepared in methanol 
along with the diet. After 24 hours of treatment, 
mortality was recorded, and LD50 values were 
calculated using the arithmetic Karber method, as 
described in Equation 3 [32].

(Eq.3)

LD50 = Median lethal dose
LD100 = The least dose required to kill 100%
a = dose difference
b = mean mortality
n = group population
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3. Result and Discussion
3.1.  Synthesis and Characterization
The synthesis of complexes is shown in Scheme 1. 
The refluxing method is preferred for the formation 
of heterocyclic Schiff base compared to a general 
acid-catalysed reaction because acid catalysis can 
deactivate the heterocyclic ring [33]. In liquid-
assisted grinding (LAG), the small amount of 
liquid facilitates the formation of co-crystals and 
enhances the reaction rate. The heating of the 
reaction mixture in the LAG method helped in the 
formation of pure coordination complexes [34].

3.2.  IR spectral studies
The IR spectrum of ligand HL is shown in Schema 2. 
The wavenumbers 1181.66 cm-1, 1276.09 cm-1, 
1345.67 cm-1 represent bending vibration modes of 
aromatic rings in HL, and wavenumbers 1462.18 
cm-1, 1587.57 cm-1 show the stretching vibration 
modes of C=C and C=N of aromatic rings in 
HL, respectively [35]. The imine bond stretching 
occurred at 1610.73 cm-1, and the O-H bond 
stretching vibration occurred at 3421.73 cm-1 in the 
spectra [36]. IR spectra of the copper complexes 

are shown in Schemes 3 and 4. The O-H stretching 
vibration is absent in the copper complexes’ 
spectra, which confirms the bonding through 
the phenolic side of the ligand. The imine bond 
stretching occurred at 1578.69 cm-1 in complex 
one and at 1559.72 cm-1in complex two. There is a 
decrease in the imine stretching vibration in copper 
complexes compared to the ligand. This indicates 
coordination through the N side of the imine bond, 
which lowers the force constant value for C=N 
[37]. For the complex one, the aromatic stretching 
vibration ν(C=N) in 8-Hydroxyquinoline occurred 
at 1542.09 cm-1, and in complex two, the aromatic 
stretching vibration ν(C=N) in 1,10-Phenanthroline 
occurred at 1642.56 cm-1. These values indicate the 
coordination through the N atom of the heterocyclic 
co-ligands [38]. In HL, the C-O stretching of 
the aromatic ring appeared at 1181.66 cm-1. The 
coordination with the metal ion shifted the C-O 
stretching frequency towards higher wave numbers. 
The C-O stretching in complex one is at 1295.42 
cm-1 and in complex two is at 1250.82 cm-1, which is 
higher than the ligand and confirms Cu-O bonding 
in the complexes [39]. 

Scheme 1. Synthesis of HL, [Cu(L)(8HQ)] complex one and [Cu(L)(phen)Br] complex two

Anal. Methods Environ. Chem. J. 8 (3) (2025) 182-204
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3.3.  UV-Visible spectral studies
The metal complexes are shown in Figure 1a, and the 
UV-Visible spectra of the HL are shown in Figure 1b.  
The spectra of HL exhibit a broad, split peak with two 
maxima at 309 nm and 359 nm, extending up to 450 
nm in the visible region. The peaks are due to π→ 
π∗ transition in C=C of the phenyl ring and n→ π∗ 
transition in C=N of the HL. The copper complexes 
have absorption in the visible region. The absorption 
maxima for complex one and complex two are 585 

nm and 599 nm, respectively. The experimental 
absorption spectra of the complexes in solution 
exhibit a single broad and weak absorption band due 
to the d-d transition [40]. The d-d transitions in metal 
complexes required less energy for transitions, and 
absorption bands appeared at higher wavelengths 
of the visible region. The MLCT absorption bands 
appeared at a lower wavelength in the visible region. 
The intensities of MLCT bands are higher than those 
of d-d transitions [41].

Schema 2.  Experimental IR spectrum of ligand HL

Schema 3. Experimental IR spectra of complex one

Schema 4. Experimental IR spectra of complex two

Spectroscopy analysis and computational chemistry of HL            Ruchika Jaryal et al
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3.4.  Mass spectral analysis
HRMS data of the ligand HL is shown in Figure 
2. The presence of a molecular ion peak at m/z 
277.32 confirmed the formation of HL. The 
molecular peak cluster in the brominated HL 
reflects the relative abundance of the bromine 
isotopes.  The HRMS data of complex one and 

complex two are depicted in Figures 3 and 4, 
respectively. The base peak in complex one is at 
m/z 479.51, and in complex two is at m/z 181.1, 
representing the ion with the highest abundance. 
The presence of molecular ion peaks in the mass 
data of complexes confirmed the formation of the 
complexes [42].

Fig. 1a. Spectra of Cu complexes in methanol                      Fig. 1b. UV- visible spectra of HL

Fig. 2. HRMS of ligand HL

Fig. 3. HRMS of complex one

Anal. Methods Environ. Chem. J. 8 (3) (2025) 182-204
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3.5.  Computational results
3.5.1.Optimized structures and frontier 
molecular orbitals
The optimised structure of HL is represented in 
Figure 5a. The optimised structures of copper 
complexes are shown in Figure 5b and 5c. 
Theoretical calculations were performed on the 
optimised geometries of HL and complexes.  
The bond lengths in the optimised structure of 
HL are C=N 1.292 Å, C=C 1.35 Å to 1.399 Å, 
C-C 1.401 Å to 1.415 Å, C-O 1.371 Å, and C-Br 
1.893 Å. The bond lengths in optimised structures 
matched the previously reported values of bond 
lengths.43 In the optimized structure of complex 
one, Cu-N bond lengths are 1.988 Å, 2.062 Å, 
and Cu-O bond lengths are 1.981 Å, 2.004 Å, and 
for complex two, Cu-N bond lengths are 2.023 
Å, 2.038 Å, 2.052 Å, Cu-Br bond length is 2.426 

Å, and Cu-O bond length is 1.914 Å. The bond 
lengths in optimised structures of complexes 
matched the previously reported values of bond 
lengths. Thus, the optimized structures of HL and 
its complexes represent the geometry with the 
minimum energy and maximum stability. FMOs 
of HL and complexes are shown in Figure 6. The 
copper complexes have a lower HOMO-LUMO 
energy gap compared to HL. The reduction of 
the energy gap between HOMO and LUMO after 
complexation with the metal ion indicates the 
possibility of charge transfer in the complexes.44 

Theoretical calculated quantum chemical 
parameters of HL and copper complexes are given 
in Table 1. The chemical softness (S) and chemical 
hardness (η) values showed that complex two is 
more reactive and less stable compared to complex 
one [45].

Fig. 4. HRMS of complex two

Fig. 5. Optimized geometry of a) HL, b) complex one, c) complex two
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3.5.2.Electron density map
Localized Orbital Locator (LOL) and Electron 
Localization Function (ELF) maps are utilized to 
classify covalent bond analysis and charge shifts 
within the bonds. These maps are designed in the 
range of 0–1.0, where the region from 0.5-1.0 

represents the bonding and non-bonding localized 
electrons, whereas the region below 0.5 means 
the delocalization of electrons [46]. LOL and 
ELF maps of HL are depicted in Figure 7. In LOL 
maps, the values are less than 0.5 for aromatic ring 
structure, and the electrons are delocalized in the 

Table 1. Theoretically calculated quantum chemical parameters of HL and complexes
Quantum parameters                                      Ligand HL Complex one Complex two

EHOMO (eV)                                                           -8.519 -7.496 -6.791

ELUMO (eV)                                                            1.271 1.448 0.442

EGAP1 (eV)                                                              9.790 8.944 7.233

Ionization Energy (I)                                              8.519 7.496 6.791

Electron Affinity (A)                                              -1.271 -1.448 -0.442

Electronegativity (χ)                                               3.624 3.024 3.174

Chemical Potential (μ)                                          -3.624 -3.024 -3.174

Chemical Hardness (η)                                           4.895 4.472 3.616

Chemical Softness (S)                                            0.204 0.224 0.276

Electrophilicity Index (ω)                                     1.341 1.022 1.393

Fig. 6. FMOs of HL and complexes

Anal. Methods Environ. Chem. J. 8 (3) (2025) 182-204
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Fig. 7. LOL and ELF maps of ligand HL

Fig. 8a. LOL and ELF maps of complex one

Fig. 8b. LOL and ELF maps of complex two

rings. A similar pattern of delocalization is observed 
in the ELF plot, with values less than 0.5, which 
is represented by green coloration on the aromatic 
ring. The electron density maps (LOL & ELF) of 
copper complexes are shown in Figure 8a and 8b.

The electron density maps show the green 
colouration on ligands bonded to the central 
metal ion in the complexes. This indicates the 
delocalization of the π-electrons and the possibility 
of MLCT in the complexes [47].

Spectroscopy analysis and computational chemistry of HL            Ruchika Jaryal et al
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3.5.3.Computational IR Spectra 
Theoretical calculated IR spectra of HL and 
complexes are shown in Figures 9a -c. Ligand 
(HL) has a CS point group with 69 normal 
vibrational modes, complex one has a C1 point 
group with 120 normal vibrational modes, and 
complex two has a C1 point group with 138 normal 
vibrational modes. The selected calculated 
IR vibrational frequencies of HL are given in 
Table 2a, and values for copper complexes 
are shown in Tables 2b and 2c. The IR spectra 
exhibit only positive modes of vibration for HL 
and its complexes [48]. The negative imaginary 
mode of vibrations is absent in theoretical IR 
calculations for HL and its complexes, indicating 
that the stationary points correspond to minima 
of the potential energy surfaces in the optimized 
structure. In HL, aromatic C–H in-plane bending 
vibrations occur in the region 1250.8–1154.3 
cm-1, and C–H out-of-plane bending vibrations 
appear in the region 968.9–600 cm-1. The 
stretching vibrations νs(C=C) and νs(C=N) 
of heterocyclic aromatic rings are observed, 
particularly in the regions 1400-1600 cm-1. These 
values closely match the experimental values, 
where νs(C=C) is 1462.18 cm-1 and νs(C=N) is 
1587.57 cm-1. The stretching vibrations νs(C=N) 
of the imine bond occurred at 1627.4 cm-1, which 
is very close to the experimentally obtained 

value (1610.73 cm-1 [49]. In the HL, the C-O 
vibrational mode of the aromatic ring appeared 
at 1192.2 cm-1 (experimental 1181.66 cm-1). The 
C-O vibrational mode in complex one is at 1289.7 
cm-1(experimental 1295.42 cm-1) and in complex 
two is at 1298.9 cm-1(experimental 1250.82 cm-

1). Complexes have higher C-O stretching values 
than the ligand, and the same pattern is observed 
in experimental IR analysis. Similarly, imine 
bond C=N vibrational frequencies of complex (1) 
is 1532.1 cm-1 (experimental 1578.69 cm-1) and 
complex (2) is 1569.2 cm-1 (experimental 1559.72 
cm-1). The vibrational frequencies of the imine 
bonds in the complexes are within the expected 
range. Furthermore, to verify the accuracy of the 
theoretical calculations, the Pearson correlation 
coefficient (r) and P-value were calculated for 
the IR results. The comparative experimental 
and theoretical calculated modes of vibration 
in the HL are given in Table 3a. The correlation 
coefficient (r) is 0.994, and the P-value is 0.000 
for the HL. The correlation coefficient (r) is 
0.995 for complex one and 0.987 for complex 
two, and the P-value is 0.000 for both complexes 
(Tables 3b and 3c). The statistical results showed 
that the theoretical results are comparable to the 
experimental results. The correlation coefficient 
(r) and P-value indicated that the selected level of 
theory is appropriate for theoretical calculations.

Fig. 9a. Computational IR spectra of ligand (HL)

Anal. Methods Environ. Chem. J. 8 (3) (2025) 182-204
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Fig. 9b. Computational IR spectra of complex one

Fig. 9c. Computational IR spectra of complex two

Table 2a. The calculated IR wavenumbers (cm-1) with their relative intensities of ligand HL
Mode Frequency(cm-1) Force Constant Assignments

24 671.1 0.9058 τ CCCC + τ HCCC
27 813.0 0.2091 τ CCCC + τ HCCC + τ NCCC
31 883.4 0.3378 ꝩ NCCC+ τ CCCC
35 968.9 0.6003 τ HCCC + ꝩCCCC + τ CCCC
39 1086.5 0.6371 νb CCC
42 1192.2 0.3704 νsCO
46 1250.8 0.2276 νs CN + νs CH+ νb CO
49 1316.5 0.4805 νs CC + νs CN
51 1406.5 0.6136 νs CC+ νs CH
53 1459.1 1.7836 νs CC
58 1627.4 2.0449 νs CN
63 2745.6 1.7783 νas CH

[νs: symmetric stretching; νas: asymmetric stretching; νb: bending; τ: torsional motion; ꝩ: out-of-plane motion]
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Table 2b. The calculated IR wavenumbers (cm-1) with their relative intensities of the complex one
Mode Frequency(cm-1) Force Constant Assignments

41 619.9 0.4874 τ CCCC + τ HCCC
44 704.0 0.5621 τ CCCC + τ HCCC + τ NCCC
46 772.0 0.6860 ꝩ NCCC+ τ CCCC
50 834.2 0.3991 τ HCCC + ꝩCCCC + τ CCCC
56 935.8 0.4530 τ HCCC+ ꝩNCCC + τ CCCC
63 1028.0 0.6288 νb CCH+ νb CCC
70 1173.0 0.4249 νb CCC+ νb CCH + νb CCBr
74 1205.5 0.3674 νb NCC + νb HCC
80 1289.7 0.2976 νsCO
86 1400.0 0.8477 νs CC + νs CH
91 1479.9 1.4177 νs CC
95 1532.1 2.5339 νs CN
101 1694.5 2.8293 νs CN
115 2759.9 1.9721 νasCH

[νs: symmetric stretching; νas: asymmetric stretching; νb: bending; τ: torsional motion; ꝩ: out-of-plane motion

Table 2c. The calculated IR wavenumbers (cm-1) with their relative intensities of the complex two
Mode Frequency(cm-1) Force Constant Assignments

48 631.5 0.3954 τ CCCC + τ HCCC

51 710.6 0.3139 τ CCCC + τ HCCC + τ NCCC
57 830.2 0.0545 ꝩ HCCC+ τ CCCC
69 985.7 0.2197 τ HCCC+ ꝩNCCC+ τ CCCC
78 1111.7 0.9298 νb CCC+ νb CCH νb

92 1298.9 0.1458 νsCO
105 1493.6 1.1293 νs CC
110 1569.2 2.9736 νsCN
116 1696.8 3.1413 νsCN
121 1748.0 2.9957 νasCO + νasCN + νasCC
124 2683.8 3.9307 νasCH + νasCN + νasCC
133 2752.0 1.1622 νasCH

[νs: symmetric stretching; νas: asymmetric stretching; νb: bending; τ: torsional motion; ꝩ: out-of-plane motion]

Table 3. a) The IR wavenumbers (cm-1) of HL, b) complex one, c) complex two

**r of experimental and theoretical wavelength = 0.99,   P-Value = 0.000
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3.5.4.Computational Electronic Spectra 
The computational UV-visible spectra of HL and 
copper complexes are shown in Figure 10. The 
absorption peaks at 260.7 nm (fosc 0.138826932), 
282.8 nm (fosc 0.164941980), and 313.8 nm (fosc 
0.347646555) are due to the π→ π∗ transitions in 
HL, and the peaks at 388.1 nm (fosc 0.147941030) 
are due to the n→ π∗ transition.  The n→ π∗ 
transition occurred closer to the visible region and 
is responsible for the characteristic colour of HL. 
The absorption region in computational spectra 
of HL is the same as observed in the experimental 
spectra. However, the absorption maxima values 
cannot be compared because, according to the 
Beer-Lambert law, absorption is concentration-
dependent, which causes changes in the shape 
and position of absorption bands. In the metal 
complexes, the computational UV-visible spectrum 
of the complex one exhibits peaks with absorption 

maxima at 812.75 nm (fosc 0.025139439, 
2B1g→2Eg) and 610.1 nm (fosc 0.051543107, 
2B1g→2A1g), corresponding to the d-d transitions, 
which require less energy for excitation. The charge 
transfer absorption band maxima in complex one 
is at 414.4 nm (fosc 0.050521191) [50]. Similarly, 
complex two has peaks due to d-d transitions with 
absorption maxima at 674.1 nm (fosc 0.012868192, 

2B1→
2A1), 642.1 nm (fosc 0.026937661, 2B1→

2B2),  
and 600.0 nm (fosc 0.021139092, 2B1→

2E). The 
charge transfer band in complex two is observed at 
465.5 nm (fosc = 0.011944701) and 475.8 nm (fosc 
= 0.011818970). 

3.5.5.Computational HRMS analysis
The Predicted Ligand HRMS spectrum obtained at 
20V. The fragmentation pattern of HL is depicted 
in Figure 11. The predicted HRMS spectra of HL 
followed the same fragmentation pattern as shown in 

Fig. 10. Computational electronic spectra of HL, complex one, and two
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the experimental spectra, with the highest intensity 
peak corresponding to the molecular ion. The 
isotopic abundances of elements in coordination 
compounds pose a significant challenge to 
computational HRMS investigations, as they can 
form broad clusters through multiple fragmentation 
pathways, resulting in complex spectral patterns. 
So, the computational HRMS for complexes could 
not be predicted by the software [51].

3.5.6.Molecular docking results
Molecular docking was performed at the active site 
of acetylcholinesterase (AChE) from Drosophila 
Melanogaster (fruit flies). Docking was also 
performed with the already known pyridine-based 
insecticide acetamiprid. The interaction at the 
binding site of AChE with HL is shown in Figure 
12, and with acetamiprid is shown in Figure 13. The 
binding energy value for HL is -8.2 kcal mol-1, and 
for acetamiprid is -6.8 kcal mol-1. The interaction 
at the binding site of AChE with complex one is 
shown in Figure 14, and with complex two is shown 
in Figure 15. The binding energy value for complex 
one is -7.9 kcal mol-1, and complex two is -6.2 kcal 
mol-1. The negative values of the binding energy 
indicated that HL, acetamiprid, and the complexes 
have a favourable binding with the AChE enzyme 
[52]. The meaningful non-covalent interactions 
and their corresponding distances are tabulated 
in Table 4. The HL has a stacking interaction with 

HIS:480 amino acid, which is one of the amino 
acids of the catalytic triad (Glu367/His480/Ser238). 
Besides this, HL has interaction with the peripheral 
residue TYR:83 of the choline-binding pocket 
(Trp83). These interactions assure the binding of 
HL with the active site of AChE. The Hydrogen 
bond interaction played a vital role in holding HL 
in the binding site of the AChE. The HL formed 
two hydrogen bonds, one with TYR:71 (1.85 Å) 
and another with GLY:150 (2.37 Å).  The distances 
of hydrogen bonds are in the specified range of 
real docking (≤ 3.5 Å) [53]. Acetamiprid and HL 
interact with the identical amino acid residues in 
the target site of docking. Acetamiprid formed 
hydrogen bonds with HIS:480 (2.28 Å). These 
interactions showed that HL is a potential candidate 
for insecticidal properties.  The complex one has 
stacking interaction with the peripheral site residue 
TYR:321 and ionic interactions with ASP:375. The 
copper complexes have a larger surface area 
compared to the ligands. The size of the binding 
pocket in the catalytic triad site of AChE is small, 
so the copper complexes did not fit at the active site 
and interacted with the peripheral site residues. The 
complex two has ionic interactions with LYS:278 
and LYS:403, as well as hydrophobic interactions 
with LYS:403 and PRO:270. The binding energy 
values also suggested that HL has a higher binding 
potential with acetylcholinesterase (AChE) 
compared to copper complexes and acetamiprid.

Fig. 11. Predicted mass spectrum of ligand (HL)
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Fig.12. Interaction of HL with the active site of acetylcholinesterase (AChE)
from Drosophila melanogaster (fruit flies)

Fig. 13. Interaction of acetamiprid with the active site of acetylcholinesterase (AChE)
from Drosophila melanogaster (fruit flies)

Fig. 14. Interaction of complex one with the acetylcholinesterase (AChE)

Fig. 15. Interaction of complex two with the acetylcholinesterase (AChE)
from   Drosophila Melanogaster (fruit flies)
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3.5.7.Physico-chemical Parameters and Toxicity 
Results
The physicochemical properties and toxicity of HL 
and its metal complexes are obtained using the in-
silico method and are listed in Table 5. The log Po/w 
(the octanol-water partition coefficient) for HL and 
copper complexes is in the acceptable range (-0.4–
5.6). The log Po/w represents the aqueous solubility, 
which measures the tendency of the molecule to 
penetrate the biological membrane. The TPSA (Total 
polar surface area) for HL and copper complexes is in 
the acceptable ranges (≤ 140) [54]. The toxicological 
study of the HL and copper complexes showed that 
HL and both complexes are non-AMES toxic and 
non-carcinogens. HL and copper complexes exhibit 
low toxicity to honeybees but high toxicity to 
Tetrahymena pyriformis. HL has low fish toxicity, 
but copper complexes have higher fish toxicity. The 
LD50 of acute toxicity in the rat is the amount of 
dose that causes 50% mortality within 24 hours of 
administration. The lethal dose (LD50) value for HL 
is 2.5014 mol Kg-1, for complex (1) is 2.6031 mol 
Kg-1, and for complex two is 2.6659 mol Kg-1. HL 
and complexes are not readily biodegradable.

3.5.8.  Insecticidal Bio-efficacy and Toxicity (in 
vitro)
The 20 mg L-1 (0.024  g L-1 for HL, 0.022 g L-1 for 
complex one (1), and 0.026 g L-1 for complex two) 
stock solutions of HL and complexes were diluted 
to prepare 500 mL of 10 mg L-1 solution. Solutions 
of HL and its complexes at concentrations of 50 
mL of 4000 µg L-1, 3000 µg L-1, 2000 µg L-1, 
1000 µg L-1, and 500 µg L-1 are prepared by 
further dilution of 20 mg L-1 or 10  mg L-1. The 
five groups of Drosophila melanogaster (each 
containing 10 adults) were used to determine 
the LD50 value of HL. The results obtained are 
presented in Table 6. The LD50 value for HL is 
1800 µg L-1. Similarly, the obtained toxicological 
data for complex one are presented in Table 7, 
and those for complex two are presented in Table 
8. The LD50 value for complex one is 2325 µg 
L-1, and complex two (2) is 2175 µg L-1. The 
in vitro analysis results indicate that HL and 
its complexes are biologically active against 
Drosophila melanogaster. The LD50 value of HL 
is less than that of complexes, which indicates 
HL is more toxic than complexes [55].
	

Table 4. Intermolecular interactions at the binding site of AChE with HL and copper complexes.

Molecules Binding energy 
(kcal mol-1)

RSMD
(ub/lb)

Hydrogen bond/ Ionic 
interactions

Hydrophobic 
Interactions

Acetamiprid -6.8 0/0
HIS:480 (2.28 Å)
GLY:150 (2.80 Å)
TYR:370 (2.87Å)

TYR:324 (4.95 Å)
PHE:371 (4.87 Å)
TYR: 71 (4.86 Å)

Ligand (HL) -8.2 0/0
TYR:71(1.85 Å)

GLY:150 (2.37 Å)

TYR:370 (3.98 Å)
TYR: 83 (3.72 Å)
TYR: 71 (4.18 Å)
HIS:480 (4.50 Å)
TYR:370 (3.98 Å)

Complex one -7.9 0/0
ASP:375 (3.89 Å)

PHE:371 (4.13 Å)
TYR:374 (5.18 Å)
TRP:370 (5.08 Å)
TYR:321 (3.66 Å)
ILE: 327 (5.29 Å)

Complex two -6.2 0/0
LYS:278 (3.53 Å)
LYS:403 (3.81 Å)

LYS:403 (3.67 Å)
PRO:270 (5.09 Å)

ub/lb: Indicates the upper and lower bounds of the RMSD calculation
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Table 5. In-silico physicochemical properties and toxicity data of HL and copper complexes

Properties HL Complex one Complex two

Physicochemical

Number of H-bond acceptors 3 3 2

Number of H-bond donors 1 0 0

Lipophilicity (Log Po/w) 2.84 2.77 2.67

Water Solubility Soluble Moderately soluble Moderately soluble

Molar Refractivity 67.66 111.89 123.68

TPSA(Å2) 45.48 38.24 31.84

Aqueous solubility (LogS) -3.4404 -4.1773 -3.9688

Toxicity

AMES Toxicity Non Non Non

Carcinogens Non Non Non

Fish Toxicity Low FHMT High FHMT High FHMT

Honey Bee Toxicity Low HBT Low HBT Low HBT

*TPT High TPT High TPT High TPT

Biodegradation (BD) Not BD II Not BD III Not BD III

Acute Oral Toxicity

Acute Toxicity (LD50, mol Kg-1) 2.5014 2.6031 2.6659

Fish Toxicity (pLC50, mg L-1) 1.3578 1.1453 1.0728

TPT (pIGC50, ug L-1) 1.9460 1.0663 0.9835

Drug likeness

Lipinski Yes Yes Yes

Bioavailability Score 0.55 0.55 0.55

Synthetic accessibility 2.54 4.92 5.03

*TPT: Tetrahymena Pyriformis Toxicity

Table 6. In vitro toxicological data of ligand HL
Dose

(µg L-1)
Test Number

(N)
Dose Difference

(a)
Dead
(N)

Interval mean
(b)

Product
(a×b)

500 10 ----- 0 --- ---

1000 10 500 4 2 1000

2000 10 1000 6 5 5000

3000 10 1000 7 6.5 6500

4000 10 1000 10 9.5 9500

22000

LD50 = 4000 – 22000/10 = 1800 µg L-1 = 1.8 mg L-1
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4. Conclusion
The heterocyclic-based Schiff base (HL) was 
synthesized by the refluxing method, and the 
heteroleptic complexes of HL with copper, 
[Cu(L)(8HQ)] complex one and [Cu(L)(phen)Br] 
complex two, were formed by the liquid-assisted 
grinding (LAG) method. The chemical softness 
(S) and chemical hardness (η) values revealed 
that complex two is more reactive and less stable 
compared to complex one. For IR spectra, the 
correlation coefficient (r) is closer to one, and the 
P value is 0.000 for the HL and copper complexes. 
The correlation coefficient (r) and P value indicated 
that the selected level of theory is appropriate for 
the theoretical calculations. The negative values of 
the binding energy showed that the HL and copper 
complexes have favourable binding with the AChE 
enzyme of Drosophila melanogaster (fruit flies). 
Acetamiprid and HL have an interaction with 
identical amino acid residues in the target site of 
docking. The log Po/w (the octanol-water partition 
coefficient) for the HL and copper complexes is in 
the acceptable range. The HL and copper complexes 

exhibit low toxicity to honey bees but high toxicity 
to Tetrahymena pyriformis. The HL has low fish 
toxicity, but the copper complexes have higher fish 
toxicity. In vitro analysis results indicate that the 
HL and complexes are biologically active against 
Drosophila melanogaster. Thus, the findings of the 
present study elucidate the insecticidal properties 
of pyridine-based Schiff base (HL) and its Cu(II) 
complexes, prompting the insecticidal design 
community to develop new insecticides with novel 
modes of action.
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Table 7. In vitro toxicological data of complex one
Dose
(µg L-1)

Test Number
(N)

Dose Difference
(a)

Dead
(N)

Interval mean
(b)

Product
(a×b)

500 10 ----- 0 --- ---
1000 10 500 1 0.5 250
2000 10 1000 4 2.5 2500
3000 10 1000 7 5.5 5500
4000 10 1000 10 8.5 8500

16750

LD50 = 4000 – 16750/10 = 2325 µg L-1 = 2.325 mg L-1

Table 8. In vitro toxicological data of complex two
Dose
(µg L-1)

Test Number
(N)

Dose Difference
(a)

Dead
(N)

Interval mean
(b)

Product
(a×b)

500 10 ----- 0 --- ---
1000 10 500 1 0.5 250
2000 10 1000 4 3 3000
3000 10 1000 8 6 6000
4000 10 1000 10 9 9000

18250

 LD50 = 4000 – 18250/10 = 2175 µg L-1= 2.175 mg L-1
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as an endangered or threatened species in India’s 
official Red Data Book. It is a common and widely 
distributed species with a large global population 
and a well-established model for research in India. 
Therefore, there are as such no ethical codes to 
conduct research on Drosophila melanogaster in 
India.
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