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A B S T R A C T   

The current research divulges the synthesis of two new Schiff base (SB) (LNAPH/LO-VAN) derived 
from 8-aminoquinoline (8-AMQ) in the presence of 2-hydroxy naphthaldehyde (NAPH) and 
ortho-vanillin (O-VAN) in CH3OH solvent. They are structurally characterized by spectroscopic 
methods (IR/Raman/UV–vis/DRS/NMR) and SEM-EDX. SB compounds have a biologically active 
avenue of azomethine/imine group (H–C=N) that can donate N e’s to Mn + ions, showing 
coordinating flexibility. The –OH and imine (H–C=N) groups are stable in air, light, and alkalis 
but undergo acidic environments hydrolysis, separating –NH2 and carbonyl compounds. More-
over, buffer solutions with a pH range of 4–6 release aldehyde. Molecular electrostatic potential 
(MEP), Frontier molecular orbitals (FMO), Fukui function, and Non-linear optical (NLO) were 
conducted to elucidate SBs chemical potency, optoelectronic significance, and corrosion inhibitor. 
Accordingly, the calculated ΔE of FMO for LNAPH and LO-VAN is 3.82 and 4.08 eV, ensuring potent 
biological function. DFT supported the experimental and theoretical IR spectral correlation to 
enrich better structural insights. NLO-based polarizability (α) and hyperpolarizability (β) factors 
successfully explore the potential optoelectronic significance. Molecular docking experiments 
were simulated against DNA, anti-COVID-19, and E. coli. The potential microbiological activity 
was screened against the bacterial strains E. coli, Klebsiella, Bacillus, and Pseudomonas sp. based 
on zone of inhibition and MIC values. These experiments also explored the fact that LNAPH and LO- 

VAN discourage microbial cell biofilms and corrosion. We extensively covered the as-prepared 
compounds’ pH-dependent bacterial effects.   

1. Introduction 

Contemporary research on coordination chemistry is hugely beneficial in modern times, particularly in understanding the 
multifaceted role of Schiff base (SB) [1,2]. Due to SB’s modular synthesis and bridging capabilities, denticity, steric, and electronic 
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properties are now called "privileged ligands" [3]. Hugo Schiff first developed the SB synthetic platforms in 1864 [1,2] and constituted 
a diverse group of substances containing an azomethine or imine group (H–C=N-) [4]. Generally, a nucleophilic (Nu) reaction 
involving a primary amine and an R-substituted carbonyl group characterizes the synthetic results of SB (Schem S1) [5–8]. The R group 
improved the number of SB functional activities. Concerning the synthetic aspect, a few promising candidates for the novel synthesis of 
SBs are 8-aminoquinoline (8-AMQ), 2-hydroxy naphthaldehyde (NAPH), and ortho-vanillin (O-VAN). These blocking ligands are not 
encountered in today’s literature [9–11]. Scientists’ efforts on synthesis and outcomes related to SB have notably increased. Despite its 
limitless potential, research is thoroughly explored in numerous areas. The imine group (H–C=N-) is employed to ascertain the 
mechanism of racemization reaction transformation in biological systems [12–15]. Due to the active imine functional group, certain 
bioactive SBs exhibit anticancer, antibacterial, antifungal, herbicidal, and other properties in biological systems. They are significant 
in medicinal chemistry [16] (Scheme S2). SBs exhibit thermochromic, photochromic, and thermochromic properties in the solid state 
[17]. The strong antiviral, antifungal, and antibacterial qualities make SB derivatives valuable medicinal products [16,18,19]. They 
are also commonly used as model substances to understand the structure-activity relationship (SAR) between pharmaceuticals and 
biomolecules [20–22]. Sriram et al. [23] have shown that antiviral prodrugs modified with SBs are incredibly effective against mouse 
hepatitis viruses at inadequate doses (EC50 of 1.6 μM). Several recent studies have investigated the function of SB bacteria. Some germs 
cause disease by damaging tissues, while others use toxins [17]. S. aureus is one of the most prevalent pathogens of infectious agents 
obtained from hospitals and the community [17]. However, researchers should pay little attention to SB chemistry in DFT in-
vestigations, including FMO, MEP, corrosion activities, NLO, Fukui function, and molecular docking against DNA binding, 
anti-COVID-19, and E. coli [2,24,25]. Research on experimental and theoretical correlation in the DFT has recently established SB’s 
distinctive biological properties [26–29]. Meanwhile over the past few years, DFT has offered valuable insights into the study of 
chemical and biological systems [30–40]. NLO materials can be used in telecom through intramolecular charge transfer, electron 
delocalisation, and optical communication technology [41–43]. A corrosion-fighting electroactive imine group helps SBs adsorb onto 
substrate metals. Aromaticity/multiple bonds and hetero atoms/functional groups can boost this effectiveness by enhancing electrical 
contact with Fe’s d-orbital. Therefore, Schiff bases work as corrosion inhibitors [44]. 

Considering all the precedence significance of the SBs, our research attempts to comprehend compound (LNAPH/LO-VAN) DFT-based 
reactivity and establish antibacterial properties. Spectroscopic methods and SEM-EDX have characterized the synthesized compounds. 
The quantum chemical parameters were evaluated using DFT to determine the correlation between the compounds’ biological activity 
and molecular structures. The ligand’s reactivity was checked using FMO, MEP, Fukui function, and NLO properties based on α and β 
values. The correlation between experimental and theoretical IR provides improved structural insights for SB. Molecular docking 
investigation against DNA, E. coli, and anti-COVID-19 confirmed biological potency. Docking aimed to explore the potential broad- 
spectrum efficacy of SB’s diverse biological targets. SB ligands inhibit biofilm development and microbial-induced corrosion. We 
also investigated pH-dependent bacterial impacts on the synthesized ligands. 

2. Experimental 

2.1. Materials and instrumentation 

The chemicals used in the research, such as CH3OH, ortho-vanillin (O-VAN), 8-aminoquinoline (8-AMQ), and 2-hydroxy naph-
thaldehyde (NAPH), are of reagent grade (RG) quality. The PerkinElmer instrument measures the elemental C, H, and N. PerkinElmer 
Spectrum, specifically the RX 1 instrument, analyses IR spectra. The Bruker RFS 27 model obtains Raman spectra in KBr pellets (4000- 
50 cm− 1). NMR spectra in DMSO‑d6 have been received using a Bruker FT-NMR spectrometer (75.45 MHz–400 MHz). The Oxford XMX 
N model collected EDX spectrum data, while the JEOL (JSM-6390LV) and BRUKER AXS visualized the SEM figures. U-3501 spec-
trophotometer model is used to analyse UV–visible absorption spectra. We used the PerkinElmer Lambda 365 model for diffuse 
reflectance spectroscopy (DRS), with a DRS integrating sphere (50 mm diameter, 8◦ angle). 

2.2. Broth dilution: Bacterial cultures 

The efficiency of LNAPH, LO-VAN, NAPH, 8-AMQ, and O-VAN against four clinical pathogens, namely E. coli, P. aeruginosa, Klebsiella 
sp., and Bacillus sp. was analysed based on the BDT (Broth dilution technique). All bacterial strains for research are maintained at REVA 
University’s Department of Biotechnology in Bengaluru. Microbial cultures grown overnight and pathogenic were utilized for the 
experimental analysis. The broth dilution technique determines the antibacterial effect of the samples and optimizes their concen-
tration. The above test would also help assess the samples’ capacity to avoid MIC (microbial-induced corrosion). The pathogens were 
mixed with L-B M (Luria-Bertani medium) and suspended. It was then incubated with compounds under shaking conditions for 24 h. 
OD (optical density) was measured with an ELISA reader to check bacterial growth inhibition after incubation (Biotek-elx800). The 
inhibition of pathogenic strains by the components is correlated with the efficacy of avoiding microbial-induced corrosion. A bacterial 
suspension was kept without the addition of any antibacterial material as a control. The OD of the control was compared to that of the 
test samples to calculate the bacterial inhibition percentage (%). An antibacterial assay was done thrice (n = 3), and the mean and SD 
presented the reported experimental data [45]. The abovementioned experiment was conducted at pH 4, pH 7, and pH 9 to analyse the 
impact of pH on the study. 
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2.3. Synthesis of ligands 

Schiff bases (LNAPH and LO-VAN) have been synthesized following the literature-based method (Scheme 1) [46]. For in a mortar, the 
solid 2-hydroxy naphthaldehyde (NAPH) (0.173 g,1 mmol) is thoroughly mixed with 8-aminoquinoline (8-AMQ) (0.144 g,1 mmol) 
after grinding. Then, the mixture was poured in 30 mL methanol. At this moment, the yellow colour of the solution is generated. Then, 
the overall mixture is refluxed for 4 h at 75 ◦C. The reaction’s progress is tracked using thin-layer chromatography (TLC). After 
removing the solvent under a rotary vacuum, the solution was cooled to isolate a yellow solid product (LNAPH). We consider the 
synthesis of LO-VAN a similar experimental procedure by taking ortho-vanillin (0.152 g, 1 mmol) instead of 2-hydroxy naphthaldehyde. 
Here, the ligand solution colour is deep red. The SB products are light and air-stable, and both compounds are collected in a tight 
air-dried desiccator. LNAPH: Yield: 91 % Anal. Calc. for C20H14NO: C, 84.48; H, 4.96; N, 4.93 % Found: C, 85.01; H, 5.00; N, 4.59 %. IR 
(KBr cm− 1) selected bands: ν(C꞊N), 1629 s, ν(C-Ophenolic) 1215 s, ν(O–H) 3456 s, ν(C꞊C), 1469 s, ν(C–H), 3058 s, Raman (cm− 1) bands: 
ν(C꞊N), 1601 s, ν(C-Ophenolic) 1237 m, ν(O–H) 3076 s, ν(C꞊C), 1421–1500 s, 1H NMR (DMSO‑d6, 400 MHz): δ (ppm): 6.73–7.87 (m, H), 
8.39–8.41 (m, 1H), 15.87 (m,1H), 13C NMR (DMSO‑d6, 75.45 MHz): δ (ppm):108.67–147.76 (Arom-C),150.69 (C–OH), 181.92 
(CH=N), UV–Vis (λmax CH3OH): 243, and 475 nm, DRS: 283, 369, and 720 nm. LO-VAN: Yield: 89 % Anal. Calc. for C17H14N2O2: C, 
73.37; H, 5.07; N, 10.07 Found: C, 74.00; H, 5.10; N, 10.08 %. IR (KBr cm− 1) selected bands: ν(C꞊N), 1615 vs, ν(C-Ophenolic) 1255 s, 
ν(O–H) 3620 s, ν(C꞊C), 1465 m, ν(C–H), 3065 s, ν(O–CH3), 2962 m, Raman (cm− 1) bands: ν(C꞊N), 1617 s, ν(C-Ophenolic) 1210 s, ν(O–H) 
2835–3019 m, ν(C꞊C), 1462–1542 s, ν(C–H), 3089 s, 1H NMR (DMSO‑d6, 400 MHz): δ (ppm): 3.84 (s, H), 6.87–7.12 (m, 1H), 9.84 (m, 
H), 12.91 (m, H),13C NMR (DMSO‑d6, 75.45 MHz): δ (ppm): 56.20 (O–CH3),114.66–151.50 (Arom-C),163.56 (C–OH), 196.69 
(CH=N), UV–Vis (λmax CH3OH): 219, 264, and 345 nm, DRS:278, 367, and 758 nm. 

2.4. DFT methodology 

The DFT method optimized synthesized compounds’ geometry (LNAPH/LO-VAN) at the B3LYP functional level (gas phase). The 
Gaussian 09W program [47] and Gauss View 6.0 performed DFT calculations on ground-state geometries. C, H, N, and O have been 
optimized using a 6–311++g (d, p) basis set. Regarding their purpose, (LNAPH/LO-VAN) structures had the absolute minimum of 
necessary components. Concurrent frequency calculations and geometry optimization were carried out to generate theoretical IR 
spectra. Different quantum properties, like FMO (HOMO-LUMO), MEP, and quantum chemical reactivity parameters, were studied 
using DFT. Based on molecular docking, both compounds were simulated for potential DNA binding and antimicrobial against E. coli. 
Furthermore, research on combating anti-COVID-19 also involves conducting molecular docking experiments. Tools like Auto Dock 
4.2 [48] and Auto Dock Tools 1.5.6 [49] were used to find the best binding energy between compounds and macromolecules. The DNA 
3D structure (PDB ID: 453D) and SARS-CoV-2 virus receptor protein (PDB ID: 6LU7) were received from the website www.rcsb.org/ 
pdb (a Protein Data Bank) for molecular docking purposes. The synthesized compounds’ optimized structure was converted to pdb 
format and used as input in Auto Dock Tools software for docking simulation. Gasteiger and Kollman charges were added to the 
primary structures of DNA and the receptor protein of SARS-CoV-2, respectively. The resolution of 453D [50], 2VF5 [51], and 6LU7 
[51] structures was 1.80, 2.90, and 2.16 Å, respectively. Polar hydrogens were then added to these structures. The crystal structures 

Scheme 1. The synthetic outline for LNAPH and LO-VAN.  
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were purged of water molecules and other ligands. Utilizing the Auto Dock Tools 1.5.6 package, we define binding sites with grid 
centers of X = 15.117, Y = 20.789, and Z = 8.718 (for PDB ID: 453D), X = 26.638, Y = 22.694, and Z = 8.036 (for PDB ID: 2VF5), and X 
= − 26.283, Y = 12.599, and Z = 58.965 (for PDB ID: 6LU7). Furthermore, the grid size for 453D, 2VF5, and 6LU7 targets was selected 
at 50 × 40 × 60, 80 × 80 × 80, and 90 × 80 × 90 Å, respectively, with 0.375 Å spacing. The Lamarckian genetic algorithm (LGA) and 
default docking parameters initiated the docking simulation [52]. Docking interactions and binding affinities of compounds were 
computed using Discovery Studio Visualizer 4.1 software. The corrosion inhibitor, Fukui function, and NLO calculations were done at 
DFT’s B3LYP, HF, and M06-2X levels of theory [53–55]. Fukui function calculations determine the electrophilic (E) and nucleophilic 
(Nu) attacking areas of SB compounds. 

3. Results and discussion 

3.1. Research perspective 

Ligands were obtained using the literature-based method [46]. After conducting multiple synthetic experiments, we are unsuc-
cessful to synthesize them into crystal products. The ligands are available in crystalline powder and highly stable towards air and light. 
The products obtained through these practices yield satisfactory results, producing yellow and red amorphous crystalline powders. 
Both compounds are soluble in CH3OH, including all the common organic solvents (Scheme 1). They are structurally characterized 
using various spectroscopic (IR/Raman/NMR) and elemental techniques, including SEM-EDX and DFT-conducted theoretical IR. The 
experimental and theoretical IR study provides conclusive evidence for aromatic C/imines C-atoms (H–C=N) and other significant 
C-atoms, including the –OH group in their structural framework. An extensive literature survey on these ligands has been unveiled, 
especially for DFT studies, corrosion inhibitors, antibacterial/pH-dependent antibacterial studies, and molecular docking research 
with DNA binding, anti-COVID-19, and E. coli. However, ligands’ versatile complexing activities are explored in the literature [9,46]. 
We are divulging ligand activities based on DFT, antibacterial/pH-dependent antibacterial studies, and molecular docking experiments 
for the first time. Our article’s exciting research potential includes global reactivity parameters, theoretical corrosion inhibitor, FMO 
(HOMO-LUMO) reactivity, Fukui function, NLO, and MEP, docking experiments with DNA binding, anti-COVID-19, and E. coli, and 
finally, antibacterial/pH-dependent properties. 

3.2. Characterization 

3.2.1. Experimental and theoretical IR 
IR spectroscopy uses molecular vibrations to identify functional groups and predict the molecular structure of synthesized com-

pounds (LNAPH/LO-VAN). Here, the structural frameworks highlighted that two SBs encompass functional groups, notably imines 
ν(C=N), ν(C-Ophenolic), free ν(O–H), ν(C=C), and ν(C–H) (Scheme 1,Fig.S1-Fig.S2). Therefore, the IR study identifies ν(C=N), ν(C- 
Ophenolic), free ν(O–H), ν(C=C), and ν(C–H) stretching values (cm− 1) in the ligand’s structural frameworks. The IR stretching values are 
1629, 1215, 3456, 1469, and 3058 cm− 1 (LNAPH), and 1615, 1255, 3620, 1465, and 3065 cm− 1 (LO-VAN), respectively [56,57]. Apart 
from that, in LO-VAN, the O–CH3 IR peak value was observed at 2962 cm− 1 [57]. Concerning the analysis, the experimental IR spectral 
values are correlated to the theoretical IR evaluated by DFT. The B3LYP/6–311++g (d, p) method (gas phase) computed the theo-
retical IR (cm− 1). The significant experimental and theoretical IR bands for LNAPH/LO-VAN correlate with Fig. 1(L–R)/Table S1 [24]. 
Herein, the following theoretical IR peaks were observed and assigned and correlated with experimental values (cm− 1): ν(C=N), 

Fig. 1. (L–R). Experimental and DFT computed FT-IR plot of LNAPH (L) and LO-VAN (R).  
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ν(C-Ophenolic), free ν(O–H), ν(C=C), and ν(C–H). The group ν(C=N) IR was experimentally observed in both compounds at 1629-1615 
cm− 1, deviating from the theoretical value range of 1690–1700 cm− 1. The free-OH IR stretching fell within the theoretical range of 
3445–3550 cm− 1, while the experimental value is 3456–3620 cm− 1. The C-Ophenolic stretching was identified at 1215 and 1255 cm− 1, 
while the DFT computed values are 1258–1260 cm− 1. Further, the experimental ν(C=C) and ν(C–H) values are 1469-1465 cm− 1, and 
3058-3065 cm− 1 whereas theoretical values are correlated with 1421–1580 cm− 1 and 3055-3070 cm− 1. The ligands’ structure can be 
confirmed by comparing the experimental and theoretical IR spectra. 

3.2.2. Raman spectra 
We have also structurally characterized the as-prepared compounds based on the Raman spectral study. Raman’s study assigned the 

stretching (cm− 1) mainly ν(C=N), ν(C–O), free ν(O–H), ν(C=C), and ν(C–H) in the ligand’s structural frameworks. The reference peak 
values are 1601, 1237, 3076, and 1421-1500 cm− 1 for LNAPH. In contrast, the observed peak values for LO-VAN are assigned 1617, 1210, 
2835–3019, 1462–1542, and 3089 cm− 1, respectively (Fig.S3-Fig.S4). 

3.2.3. UV–visible, and DRS 
The absorption spectra of the prepared ligands were analysed using a CH3OH solvent. The assigned UV absorption band values were 

226 nm, 475 nm, (LNAPH) 219 nm, 264 nm, and 345 nm (LO-VAN) (Fig.S5-Fig.S6). The provided data validates that the ligands display 
optical shifts of the π→π*/n→π* nature, which occur within the aromatic rings [24]. The spectral data mentioned are unequivocally 
identical to the previously reported ligands [58,59]. We also investigated diffuse reflectance spectroscopy (DRS) for ligands to check 
for any shoulder peak. In this observation, slightly shifted bands are seen along with a shoulder. The assigned bands for the ligands are 
283 and 369 nm, and 278 and 367 nm correspond to the intra-ligand π→π* or n→ π* transitions. A completely new shoulder peak is 
identified at 720 and 758 nm (LNAPH/LO-VAN), respectively (Fig.S7-Fig.S8). 

3.2.4. NMR study 
The two SB ligands are formed when 2-hydroxy naphthaldehyde and ortho-vanillin react with 8-aminoquinoline. NMR study 

ensures the ligand’s aromatic ring structure, imine (H–C=N), and free-OH groups. 1H NMR identifies all protons’ environments, while 
13C characterizes the C-atoms in the ligand structure (Fig.S9-Fig.S12). In LNAPH, the aromatic, imine (H–C=N) and –OH proton NMR 
peak appears at δ 6.73–7.87, δ 8.39–8.41, and δ 15.87 ppm, while for LO-VAN, such protons appear at δ 6.87–7.12, δ 9.84 and δ 12.91 
ppm, respectively. The 1H NMR study has effectively verified the imine bond formation and the existence of an unbound –OH group. 
Notably, the O–CH3 proton appears at δ 3.84 ppm in LO-VAN. Further, a13C NMR study in both ligands confirmed the C-nature in Arom- 
C, C–OH, and CH=N. Therefore, the 13C NMR study δ (ppm) value for LNAPH appears at 108.67–147.76, 150.69, and 181.92 ppm, while 
for LO-VAN, 114.66–151.50, 114.66–151.50, and 114.66–151.50 ppm respectively. The methoxy C-atoms δ (ppm) in LO-VAN is 56.20 
ppm [24]. Thus, 13C NMR confirms that both SBs included Aro-C, C–OH, and imine-C, and the LO-VAN structure includes an O–CH3 
group. 

3.2.5. EDX-SEM 
EDX analysis is becoming increasingly influential in synthetic chemistry. It provides accurate insight into the elemental compo-

sition of the synthesized compounds (LNAPH/LO-VAN), making it a valuable tool for researchers. Using the EDX tool, we identify the 
primary elements in the ligands as C, N, and O. This information is valuable and informative (Table S2/Fig. S13). In addition, the 
scanning electron microscope (SEM) technique is utilized to examine the surface morphological characteristics of the current ligands. 
Our solid crystalline powder compounds underwent an SEM experiment (Fig. S14). SEM micrographs indicate that the morphology is 

Fig. 2. (L–R). DFT optimized geometry of the compounds LNAPH (L) and LO-VAN (R).  
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beautifully distributed in ice-type sheets, resembling other Schiff base compounds. 

4. DFT profiles 

4.1. Optimized geometric parameters 

The DFT concept will give an overview of geometry for LNAPH/LO-VAN. The compounds’ structural parameters, which include BL 
(bond lengths) (Å) and BA (bond angles (◦), were seen using the Gauss View 6.0 visualization package. The optimized geometries of the 
compounds are demonstrated in Fig. 2(L–R). In the geometry of LNAPH, the estimated bond lengths of N1–C2, N1–C4, N2–C3, and 
O1–C6 are found to be 1.393, 1.275, 1.358, and 1.354 Å, respectively. In contrast, these parameters for LO-VAN geometry are observed 
at 1.393, 1.273, 1.358, and 1.347 Å. The calculated bond angles of N2–C3–C2, C3–C2–N1, C2–N1–C4, and O1–C6–C5 for LNAPH are 

Fig. 3. (L–R). MEP surface of the compounds LNAPH (L) and LO-VAN (R). The isodensity values for LNAPH (L) and LO-VAN (R) are in the range of − 1.06 
a.u. (red) to +1.06 a.u. (blue) and − 1.15 a.u. (red) to +1.15 a.u. (blue), respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 4. (L–R). HOMO and LUMO contour plots for LNAPH (L) and LO-VAN (R).  
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118.618, 118.921, 119.798, and 119.755◦, respectively, whereas these values for LO-VAN are determined at 118.611, 119.054, 
119.914, and 121.717◦, respectively. Furthermore, the most stable geometries of LNAPH and LO-VAN are illustrated by the minimum 
energies of − 955.507 and − 916.391 Hartree, respectively. 

4.2. MEP surface 

The MEP surface visualizes the reactive sites and H bonding forces in a compound’s structure [60]. The regions with electrophilic 
(E) and nucleophilic (Nu) tendencies can be identified by examining the molecular electrostatic potential (MEP) surface. The mole-
cule’s reactive sites can be identified by analysing areas with the highest negative (-ve) and positive (+ve) electrostatic potential. 
Furthermore, electrostatic potential surfaces reflect molecular shape and size, making them a beneficial tool for investigating the 
correlation between the molecular geometry of bioactive compounds and their physiochemical capabilities [61]. The MEP surface with 
the highest negative electrostatic potential, or red-coloured area, shows the relative abundance of electrons and is fit for the elec-
trophilic attack. The MEP surface with the highest positive electrostatic potential, or blue-coloured area, demonstrates the relative 
absence of electrons and is ideal for nucleophilic attack [62]. On the other hand, the green-coloured area is related to the neutral zone 
with zero electrostatic potential. The predicted MEP surfaces of LNAPH and LO-VAN compounds are displayed in Fig. 3(L–R). MEP 
findings for LNAPH and LO-VAN indicate that red-coloured surfaces appear around the N1, N2, and O1 atoms, which suggests these areas 
are ideal targets for electrophilic attack. In the MEP surface of LNAPH, hydrogen attached to the O1 atom possesses the highest positive 
electrostatic potential, illustrating that this atom is suitable for nucleophilic attack. 

4.3. FMO analysis 

The HOMO-LUMO energies for the compounds (LNAPH/LO-VAN) were determined using the DFT/B3LYP/6–311++g (d, p) level 
method. The FMO parameters and its energy gap (Eg = ELUMO-EHOMO) are popular quantum mechanical parameters that play a crucial 
role in the compounds’ biological activity, stability, and chemical reactivity [63]. The smaller Eg is related to the high biological 
activity, high chemical reactivity, and lower stability. In contrast, the high energy gap reveals low biological activity, chemical 
reactivity, and stability [64]. Fig. 4(L–R) exhibits the HOMO, LUMO, and Eg of the compounds. We observed the HOMO and LUMO 
electronic clouds of LNAPH and LO-VAN are centered over the whole molecule. The Eg parameter for the compounds LNAPH and LO-VAN is 
calculated at 3.82 and 4.08 eV. These findings indicate that LNAPH possesses a smaller energy gap than LO-VAN, which is associated with 
higher biological activity and chemical reactivity of this compound compared to LO-VAN [65]. 

Additional quantum reactivity factors were developed to expand on the reactivity of the compounds (Table 1). These parameters 
consist of chemical potential (Pi), global electrophilicity (ω), absolute hardness (η), absolute electronegativity (χ), and absolute 
softness (σ), which are obtained from the following equations (1)–(5) for the synthesized compounds at the same level of theory [66]. 

χ= − (EHOMO + ELUMO)

2
(1)  

η= ELUMO − EHOMO

2
(2)  

Pi= − χ (3)  

σ =
1
η (4)  

ω=
Pi2

2η (5) 

It is clear from Table 1 that.  

[1] LO-VAN has a higher hardness value (η = 2.04 eV), indicating that this compound is more rigid with a lower softness than LNAPH. 

Table 1 
Calculated quantum chemical reactivity parameters.  

Quantum chemical parameter LNAPH LO− VAN 

EHOMO − 5.63 − 5.64 
ELUMO − 1.81 − 1.56 
ΔE(LUMO-HOMO) 3.82 4.08 
χ 3.72 3.60 
η 1.91 2.04 
σ 0.52 0.49 
Pi − 3.72 − 3.60 
ω 3.62 3.17  
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[2] The electrophilicity (ω) values, 3.62 eV for LNAPH and 3.17 eV for LO-VAN highlight the robust electrophilic (E) capability of 
LNAPH, making it the more reactive compound in this context.  

[3] Based on the negative values of Pi, both compounds are stable and do not undergo decomposition into the primary elements 
[67].  

[4] LNAPH interacts with macromolecules like protein or DNA more effectively than LO-VAN, based on ω values [68]. 

4.4. Corrosion inhibitor: A true theoretical approach 

We have explored the corrosion inhibitor function of the compounds (LNAPH/LO-VAN) purely from a theoretical background. Based 
on the HOMO-LUMO parameters calculated using different levels of DFT basis sets in the gas phase (Table S3-Table S4), the corrosion 
inhibitor activities of the prepared compounds at protonated w. r. to –OH functional group & non-protonated concepts can be 
explained. It is more appropriate to determine the better corrosion inhibitor based on these calculations [69]. Notably, DFT calcu-
lations were more realistic for an acidic environment; further calculations were made by protonating the most negative atom of the 
compound (Table S4). Based on the HOMO parameter, calculations indicate that LNAPH is a better inhibitor. Therefore, LNAPH is a 
promising inhibitor based on its impressive LUMO parameter value. 

4.5. Fukui function 

Fukui indices reveal a molecule’s propensity to give or take electrons. It also provides crucial information regarding the molecule’s 
atom susceptible to nucleophilic (Nu) or electrophilic (E) attacks. The Fukui functions (condensed/atomic) corresponding to the jth 
atomic domain can be defined using the formulas presented in ESI (Equation S1). The formulas (ESI) represent an E attack f −j (r) or a Nu 
attack f+j (r) on the synthesized molecule’s atoms (C/H). The symbol qj (Mulliken population analysis, electrostatic derived charge) 
represents the N, N+1, or N–1 atomic charge. The ESI equations provide a binary descriptor, Δf(r), distinguishing E and Nu Fukui 
functions [70,71]. Generally, an area is chosen for a Nu attack zone if the parameter Δf(r) > 0, and for an E attack if the Δf(r) value < 0. 
Δf(r) defines E and Nu assault at a given site concerning the binary identifier. Consequently, they offer a +ve value for Nu attack-prone 
atoms and a -ve value for E attack-prone atoms [72]. We successfully have computed the Fukui function for LNAPH and LO-VAN based on 
the atom numbering in Fig. 5(Top-Bottom). For the Fukui function calculations in LNAPH, the Nu zone is 5C if (Δf(r) > 0), where the 
maximum is +0.12. Similarly, the E zone is 4C if(Δf(r) < 0), where the lowest is − 0.44. In LO-VAN, the Nu zone (Δf(r) > 0) is 30C, and, 
here, the maximum is +1.54 atoms. Similarly, the E region (Δf(r) < 0) is 5C and the lowest is − 0.12 atoms. Table S5 provides all 
calculated Fukui function values. The behavior of a molecule during an E and Nu attack is determined by its local behavior. The Fukui 
function analysis’s numerical values and the MEP computations’ outcomes were in excellent agreement [73]. 

Fig. 5. (Top-Bottom). Fukui atom representation in LNAPH (Top) and LO-VAN (Bottom).  
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4.6. NLO characteristics 

The NLO activities of LNAPH and LO-VAN were evaluated and presented in Table 2. For NLO purposes, versatile parameters have been 
computed. The NLO operations and other advanced optical technologies are essential for optical modulation/memory. Each calculated 
parameters measure yields necessary information about the as-prepared compounds. Non-linear optical (NLO) activities of a newly 
synthesized material can be explored through experimental parameters polarizability (α) and hyperpolarizability (β). Two essential 
terms, α and β, comprise the molecular dipole moment (μ). The NLO properties can be calculated using the following ESI (Equation S2). 
Herein, the hyperpolarizability and polarizability values of the compounds have been calculated. The conversion of estimated 

Table 2 
NLO calculated parameters.   

LNAPH LO− VAN  LNAPH LO− VAN 

a.u. esu a.u. esu  a.u. esu a.u. esu 

αxx 296.817 4.39 10− 23 287.735 4.25 10− 23 βxxx 31.240 2.70 10− 28 − 1084.909 − 9.37 10− 27 

αxy 4.238 6.27 10− 25 − 6.090 − 9.01 10− 25 βyyy − 118.841 − 1.02 10− 27 79.401 6.86 10− 28 

αyy 193.133 2.85 10− 23 170.419 2.52 10− 23 βzzz 142.375 1.23 10− 27 27.677 2.39 10− 28 

αxz − 15.026 − 2.22 10− 24 24.955 3.69 10− 24 βxyy − 61.914 − 5.35 10− 28 136.6594 − 1.18 10− 27 

αyz 4.226 6.25 10− 25 − 4.441 − 6.57 10− 25 βxxy 90.195 7.79 10− 28 − 141.186 − 1.22 10− 27 

αzz 161.745 2.39 10− 23 122.892 1.81 10− 23 βxxz − 53.110 − 4.58 10− 28 2.259 1.95 10− 29 

Δα 296.817 4.39 10− 23 150.688 2.23 10− 23 βxzz 2.377 2.05 10− 29 6.141 5.30 10− 29 

μx 1.240 1.83 10− 25 2.157 3.19 10− 25 βyzz − 0.829 − 7.16 10− 30 − 47.743 − 4.12 10− 28 

μy 0.077 1.14 10− 26 − 0.444 − 6.57 10− 26 βyyz 4.065 3.51 10− 29 − 2.179 − 1.88 10− 29 

μz 0.219 3.24 10− 26 − 0.838 − 1.24 10− 25 βtotal 101.882 8.80 10− 28 1220.668 1.05 10− 26 

μg 1.261  2.356        

Fig. 6. (L–R). Docking of LNAPH (L), LO-VAN (R), and DAPI (as standard DNA-groove binder) during the interaction with DNA (PDB ID: 453D).  
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parameters into electrostatic units (esu) involves multiplication by constant values of the atomic unit (a.u) (Equation S3). The 
characteristics of NLOs increase with the magnitude of the parameters such as μ, α, and β. 

5. Molecular docking 

Molecular docking simulations can be used to evaluate the synthesized compounds (LNAPH and LO-VAN) for their potential to bind to 
DNA and inhibit the activity of E. coli and COVID-19. We explain all the docking simulations as follows. 

5.1. DNA binding 

The docking simulation of synthesized compounds and DAPI (4′,6-diamidino-2-phenylindole, as standard DNA-groove binder) 
against DNA (PDB ID: 453D) was first conducted to investigate the best binding poses and interactions involved in these binding 
systems. Fig. 6 (L-R) exhibits the docking viewpoint of LNAPH, LO-VAN, and DAPI with DNA and their interactions. The best compound- 
DNA binding affinity for LNAPH, LO-VAN, and DAPI is calculated at − 5.07, − 4.29, and − 4.18 kcal/mol, respectively. This result sug-
gested that LNAPH has a more robust interaction with DNA compared with LO-VAN and DAPI. On the other hand, the synthesized 
compounds interact with DNA through groove binding (Fig. 6(L–R)). The binding of LNAPH with DNA involves three hydrophobic 
interactions with DT B:19 and DA B:17, two H bonds with DA A:5, and two electrostatic attractions with DG A:4 base pair. 
Furthermore, LO-VAN creates five hydrophobic interactions with DT B:19, DA B:18, DA A:5, and DA A:6, and four hydrogen bonds with 

Fig. 7. (L–R). Docking of LNAPH (L), LO-VAN (R), and Favipiravir (as standard anti-COVID-19 drug) during the interaction with SARS-CoV-2 virus 
receptor protein (PDB ID: 6LU7). 
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base pairs of DA B:18, DA A:6, and DT A:7. The binding of DAPI with DNA involves four H bonds with DA A:6, DT B:20, DT A:7, and DC 
A:9 base pairs. As a result, DNA docking simulation indicates that LNAPH and LO-VAN bind to DNA through groove binding, mainly by H 
bonding and hydrophobic interactions. Docking protocol was validated by re-docking (Fig. S15) LNAPH and LO-VAN against DNA and 
calculating root mean square deviation (RMSD). RMSD values of 0.6 (for LNAPH) and 0.8 Å (for LO-VAN) between the docked con-
formations of each compound depicted the accuracy of the docking protocol. The re-docking process indicated that the new conformers 
bind to the same binding site as the previous conformers on DNA. 

5.1.1. Anti-COVID-19 
The compounds LNAPH and LO-VAN were tested for anti-COVID-19 activity against the virus receptor protein specified as SARS-CoV- 

2 (PDB ID: 6LU7). The overall docking findings are presented in Fig. 7(L–R). The best binding poses of interaction between LNAPH, LO- 

VAN, and Favipiravir (as standard anti-COVID-19 drug) and SARS-CoV-2 virus receptor protein have a binding affinity of − 5.22, − 4.94, 
and − 3.69 kcal/mol, respectively, indicating LNAPH possesses a more substantial effect on the active site of this protein compared to LO- 

VAN and Favipiravir. Furthermore, LNAPH and LO-VAN demonstrated higher binding affinity to the active site of the protein target than 
Favipiravir. LNAPH establishes four hydrophobic interactions with PRO A:108, HIS A:246, and VAL A:202, three H bonds with GLN 
A:107, GLY A:109, and GLN A:110, and two electrostatic attractions with GLU A:240 amino acid residue. LO-VAN demonstrates robust 
interaction with the amino acid residues in protein structure PDB ID 6LU7. It forms three HI (hydrophobic interactions) with VAL 
A:104, ILE A:106, and PHE A:294 and three H bonds with THR A:111, GLN A:110, and ASP A:295. Favipiravir establishes one hy-
drophobic interaction with ARG A:105, two H bonds with ASN A:180 and ARG A:105, and one halogen interaction with ARG A:105 

Fig. 8. (L–R). Docking of LNAPH (L), LO-VAN (R), and Ampicillin (as standard antibacterial drug) during the interaction E. coli (PDB ID: 2VF5).  
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amino acid residue. H bonding and HI (hydrophobic interactions) are essential in interacting with the title compounds for docking 
receptor proteins. Docking simulation of LNAPH and LO-VAN versus SARS-CoV-2 virus makes them potential candidates for future 
coronavirus therapeutic research. Molecular docking simulations demonstrate that compound LNAPH interacts effectively with DNA 
and SARS-CoV-2 receptor proteins. The docking result is consistent with the DFT data, precisely the global electrophilicity values. 

5.1.2. E. coli 
Based on the in-vitro antimicrobial activity results of LNAPH and LO-VAN, we concluded that they significantly impact E. coli’s 

protein. We used molecular docking simulations to verify the antimicrobial activity and highlight the crucial interaction in these 
binding systems. Docking simulations of LNAPH, LO-VAN, and Ampicillin (as standard antibacterial drug) were performed on the active 
site of E. coli (PDB ID:2VF5), and the findings are represented in Fig. 8(L–R). The binding affinity of LNAPH, LO-VAN, and Ampicillin 
against E. coli target is determined at − 6.30, − 5.72, and − 5.57 kcal/mol, respectively. LNAPH demonstrates stronger binding affinity to 
E. coli receptors than LO-VAN and Ampicillin. LNAPH is stabilized by seven hydrophobic interactions with residues of LEU X:480, LEU 
X:484, ALA X:483, ALA X:496 and TYR X:497, one H bond with TYR X:476, and one electrostatic attraction with GLU X:495. LO-VAN 

develops two H bonds with TYR X:476 and nine hydrophobic interactions with residues of LEU X:484, ALA X:496, ALA X:483, LEU 
X:480, TYR X:497, and ALA X:498. Ampicillin forms three hydrophobic interactions with residues of LEU X:509 and HIS X:493, and 
one electrostatic attraction with HIS X:493. As represented via the docking simulation, H bonding and hydrophobic interactions 
significantly affect the active site of E. coli (PDB ID: 2VF5). So, docking simulations validate the antimicrobial activity of the syn-
thesized compounds (LNAPH and LO-VAN) by demonstrating high binding affinities and many interactions. 

5.1.3. Docking objectives 
The primary objective of our research was to explore the potential broad-spectrum efficacy of the studied compounds against 

diverse biological targets, including COVID-19 activity, DNA binding, and antibacterial activity. Here, we provide a detailed expla-
nation for selecting the specific proteins and DNA for docking.  

[1] E. coli Protein: Escherichia coli serves as a model organism for understanding bacterial infections and developing antibacterial 
agents. By targeting E. coli proteins, we aim to investigate the potential of our compounds to inhibit bacterial growth and 
function. This choice is particularly relevant given the rise of antibiotic-resistant strains of bacteria, making the discovery of 
new antibacterial agents a critical area of research.  

[2] COVID-19 Protein: The COVID-19 pandemic has underscored the urgent need for effective antiviral therapies. By including 
SARS-CoV-2 proteins (such as the main protease) in our docking simulations, we aim to identify compounds that may interfere 
with the virus’s ability to infect host cells or replicate. This dual-target approach helps in assessing whether our compounds 
have antiviral properties that could contribute to the fight against COVID-19.  

[3] DNA Receptor: Investigating the interaction of compounds with DNA receptors is crucial for understanding their potential 
effects on genetic material. Such interactions can provide insights into the compound’s ability to act as antitumor agents or 
modulators of gene expression. This aspect of our study helps in assessing the broader pharmacological potential of the com-
pounds, including their ability to bind to and possibly modulate DNA function. 

By examining the binding affinities of our compounds to these varied targets, we aim to demonstrate their potential multi-
functionality, which is highly desirable in drug development. This comprehensive approach not only broadens the scope of potential 
therapeutic applications but also provides a foundation for future studies on the mechanism of action and optimization of these 
compounds. 

Fig. 9. Effect of bacterial species for LNAPH.  
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6. Antibacterial study 

LNAPH (C20H14NO), LO-VAN (C17H14N2O2), NAPH (2-hydroxy naphthaldehyde), O-VAN (ortho vanillin) and 8-AMQ (8-amino-
quinoline) were exposed to antibacterial study against E. coli, Klebsiella, Bacillus and Pseudomonas sp. The last three compounds 
belong to synthetic components. The experimental trials were conducted and observed in triplicates to document the statistically 
significant results, as represented in Figss. 9 and 10 and Fig. S16. The compounds’ antibacterial activity was studied with increasing 
concentrations (0–1 mg/L). The MIC (minimum inhibitory concentrations) of the compounds against the bacterial species are tabu-
lated in Table 3. MIC indicates the least concentration of any antimicrobial compound at which the complete prevention of microbial 
growth is observed [74]. In this study, the range of MIC of the compounds against individual bacterial strains varied within the range of 
0.2–2.5 mg/mL. The values exhibited the minimum concentration at which the growth of E. coli, Klebsiella, Bacillus, and Pseudomonas 
sp. can be hindered. The presence of carbon in the LNAPH and LO-VAN helps exhibit antimicrobial activity, as carbon can cause me-
chanical destruction of the cell wall of the bacterial cells. Mechanical damage further leads to the efflux of cytoplasmic constituents, 
thus resulting in cell death [75]. O-VAN showed the highest inhibition rate against Klebsiella sp., 67.5 %, followed by LO-VAN, which 
showed 64.15 % inhibition against the strain. Both compounds efficiently controlled the growth of Pseudomonas, Bacillus, and E. coli. 
It can be claimed from the antibacterial analyses that these compounds restrict the formation of biofilms of the mentioned microbial 
cells and thus restrict microbial-induced corrosion [76,77]. 

6.1. pH-dependent antibacterial 

pH-dependent studies revealed that the compounds are most effective when exposed to bacterial species at an alkaline pH of 9 
(Figs. 9 and 10) and Fig. S15. The pH of the medium was also observed to increase after the initial phase of the interaction. The gradual 
increase of the pH affects the kinetics of the redox reaction of the bacterial metabolism and further interferes with the microbial 
structures. The high pH weakens the plasma membrane and thereby bursts the bacteria’s membrane, killing the cells. The proteins, 
lipids, and enzymes associated with the bacterial cytoplasmic membrane are highly solubilized in the alkaline environment. The 
denaturation of these microbial components leads to bacterial cell death in the medium [75,78]. 

7. Conclusion 

We synthesized two SBs (LNAPH/LO-VAN) with satisfactory yields, characterized using various spectroscopic tools and EDX-SEM. The 
DFT/B3LYP/6–311++g (d, p) basis set was used to optimize the molecular geometry in the gas phase. FMO, MEP, corrosion inhibitors, 
Fukui function, NLO, and global reactivity parameters have been calculated to explain the versatile properties of the ligands. The NLO 
computed α and β parameters suggest that the compounds may have significant optoelectronic applications. Molecular docking was 
conducted to test the biological potency of anti-COVID-19 agents, DNA, and E. coli. Accordingly, results proved the antimicrobial effect 
of compounds by binding to E. coli proteins. The antibacterial was screened against E. coli, Klebsiella, Bacillus, and Pseudomonas sp. 
with increasing concentrations (0–1 mg/L). The investigation relied on the zone of inhibition and MIC values. MIC of the compounds 
against individual bacterial strains varied within the 0.2–2.5 mg/mL range. O-VAN exhibited the highest inhibition rate of 67.5 % 
against Klebsiella sp., while LO-VAN showed an inhibition rate of 64.15 %. The ligand’s impact on bacteria was tested at pH levels (4–9). 
The research provides a new avenue for developing antimicrobial agents and holds the potential to serve as a model for developing new 
drugs. The antibacterial findings are exciting and significant for antimicrobial treatments. The quantum chemical DFT investigation 
explores novel research findings, especially for theoretical community chemists. The NLO study finds ligands industrial applications 
like optical filters, switches, photoelectronic devices, frequency mixing, electro-optic modulators, and photorefractive media. The 
investigation of SB’s corrosion inhibitors further emphasizes its diverse industrial applications. 

Fig. 10. Effect of bacterial species for LO− VAN.  
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Table 3 
Details effect of the compounds on Bacterial Strains.  

Sample Code Name of the Bacterial Strain pH OD Value Percentage of Inhibition (%) MIC (mg/ml) MIC (μM) 

Control Test 

C20H14NO (LNAPH) Klebsiella sp. 4 0.366 0.199 45.6284153 0.303 0.086 
7 0.385 0.218 43.37662338 0.304 0.086 
9 0.304 0.158 48.02631579 0.297 0.084 

Pseudomonas aeruginosa 4 0.581 0.52 10.49913941 0.49 0.139 
7 0.582 0.538 7.560137457 0.569 0.16 
9 0.564 0.516 8.510638298 0.537 0.15 

Bacillus sp. 4 0.315 0.31 1.587301587 2.5 0.71 
7 0.558 0.556 0.36 1.136 0.32 
9 0.487 0.465 4.517453799 0.764 0.22 

Escherichia coli 4 0.492 0.216 56.09756098 0.285 0.080 
7 0.518 0.333 35.71428571 0.322 0.09 
9 0.418 0.284 32.05741627 0.33 0.094 

C17H14N2O2 (L
O-VAN) Klebsiella sp. 4 0.366 0.119 67.4863388 0.27 0.075 

7 0.385 0.138 64.15584416 0.276 0.077 
9 0.304 0.091 70.06578947 0.271 0.075 

Pseudomonas aeruginosa 4 0.581 0.21 63.85542169 0.277 0.077 
7 0.582 0.255 56.18556701 0.285 0.08 
9 0.564 0.237 57.9787234 0.284 0.079 

Bacillus sp. 4 0.315 0.087 72.38095238 0.268 0.074 
7 0.558 0.176 68.45878136 0.272 0.076 
9 0.487 0.092 81.10882957 0.262 0.073 

Escherichia coli 4 0.492 0.1 79.67479675 0.263 0.073 
7 0.518 0.106 79.53667954 0.263 0.073 
9 0.418 0.069 83.49282297 0.26 0.072 

NAPH Klebsiella sp. 4 0.366 0.347 5.191256831 0.699 4.06 
7 0.385 0.353 8.311688312 0.544 3.16 
9 0.304 0.268 11.84210526 0.467 2.71 

Pseudomonas aeruginosa 4 0.581 0.564 2.925989673 1.07 6.21 
7 0.582 0.579 0.515463918 1.742 10.12 
9 0.564 0.541 4.078014184 0.819 4.76 

Bacillus sp. 4 0.315 0.295 6.349206349 0.623 3.62 
7 0.558 0.509 8.781362007 0.53 3.08 
9 0.487 0.319 34.49691992 0.325 1.89 

Escherichia coli 4 0.492 0.395 19.71544715 0.386 2.24 
7 0.518 0.403 22.2007722 0.371 2.15 
9 0.418 0.318 23.92344498 0.362 2.10 

O-VAN Klebsiella sp. 4 0.366 0.116 68.30601093 0.273 1.79 
7 0.385 0.125 67.53246753 0.273 1.79 
9 0.304 0.08 73.68421053 0.268 1.76 

Pseudomonas aeruginosa 4 0.581 0.202 65.232358 0.276 1.81 
7 0.582 0.232 60.13745704 0.281 1.84 
9 0.564 0.219 61.17021277 0.279 1.83 

Bacillus sp. 4 0.315 0.099 68.57142857 0.272 1.78 
7 0.558 0.133 76.16487455 0.266 1.74 
9 0.487 0.128 73.71663244 0.267 1.75 

Escherichia coli 4 0.492 0.085 82.72357724 0.261 1.71 
7 0.518 0.091 82.43243243 0.261 1.71 
9 0.418 0.064 84.68899522 0.259 1.70 

8-AMQ Klebsiella sp. 4 0.366 0.277 24.31693989 0.36 2.5 
7 0.385 0.29 24.67532468 0.359 2.49 
9 0.304 0.19 37.5 0.317 2.19 

Pseudomonas aeruginosa 4 0.581 0.253 56.45438898 0.286 1.98 
7 0.582 0.288 50.51546392 0.294 2.03 
9 0.564 0.256 54.60992908 0.29 2.01 

Bacillus sp. 4 0.315 0.288 8.571428571 0.536 3.71 
7 0.558 0.5 10.39426523 0.492 3.41 
9 0.487 0.41 15.8110883 0.417 2.89 

Escherichia coli 4 0.492 0.454 7.723577236 0.563 3.90 
7 0.518 0.481 7.142857143 0.586 4.06 
9 0.418 0.398 4.784688995 0.736 5.10  
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[27] C.S. Abraham, S. Muthu, J.C. Prasana, B.F. Rizwana, S. Armaković, S.J. Armaković, J. Mol. Struct. 1171 (2018) 733–746. 
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[61] Jǐrí Šponer, P. Hobza, Int. J. Quant. Chem. 57 (5) (1996) 959–970. 
[62] S. Zinatloo-Ajabshir, S. Rakhshani, Z. Mehrabadi, M. Farsadrooh, M. Feizi-Dehnayebi, S. Rakhshani, M. Dušek, V. Eigner, S. Rtimi, T.M. Aminabhavi, J. Environ. 
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