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ABSTRACT 

In the present work, a competent and eco-friendly route for the synthesis of N-((2-

hydroxynaphthalen-1-yl) (4-nitrophenyl) methyl)-N-methyl acetamide (HNMA) catalyzed 

by trichloroacetic acid and also using montmorillonite K10 clay under solvent free condition 

have been described. Thus, synthesized HNMA was characterized for its structure using 

spectroscopic tools such as UV-Visible, FT-IR, 1H NMR, 13C NMR and QTOF analyses. 

Under in vitro conditions, HNMA was found to exhibit potential antibacterial property against 

Escherichia coli and Staphylococcus aureus bacteria. In addition to the above, it exhibits 

excellent antioxidant property which was examined using DPPH radical scavenging capacity 

assay. Further, computational studies such as the electronic property along with its stability 

were studied by analyzed HOMO-LUMO gap.  To understand charge distribution around 

HNMA molecule, Molecular Electrostatic Potential (MEP) study was performed which reveal 

that it has strong interaction with nucleophiles. Theoretical UV-Visible spectral analysis, 

infers that it has a quite higher optical band gap of 3.51 eV suggesting that HNMA primarily 

absorb ultraviolet light and appear transparent to visible light. Further structural and 

electronic properties of HNMA was investigated using infrared spectral study which conclude 

that it exhibit a strong intramolecular hydrogen bonding. Raman spectra of HNMA was 

simulated using density functional theory at the B3LYP/6-311G (d,p) level, which support its 

structure. The experimental 1H and 13C chemical shifts are in excellent agreement with the 

calculated values. The nonlinear optical (NLO) calculations indicate that it has higher dipole 

moment and hyperpolarizability. To further understand the nature of intra and intermolecular 

interactions between atoms and groups, quantum theory of atoms in molecules (QTAIM) 

analysis was also studied which indicate that the interactions are non-covalent in nature. 

Finally, docking study was performed to analyze its therapeutic activity against the target 

protein 1PVG, which is associated with HIV-1. 
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1. INTRODUCTION 

In recent years, one-pot multicomponent reactions (MCRs) have gained recognition as a useful technique 

for the synthesis of biologically active organic compounds as the product can be generated in a single step 

with better yield and purity1. There has been remarkable development in MCRs over the past few decades 

involving three or four components2-4. However, considerable efforts have been made in recent years to 

further develop new MCRs5. The chemical transformation using MCRs is highly preferred due to its easy 

handling of reactants, better yield efficiency, no need for excess separation steps and also as it evades the 

formation of environmental pollutants. One of the catalysts used for the present study is trichloro acetic acid, 

as it is inexpensive, readily available, requires lesser reaction time, can be conveniently be handled and 

removed instantly from the reaction mixture after synthesis under solvent-free conditions6-11. Another notable 

catalyst, Montmorillonite K10, is also highly effective due to its stability, eco-sustainability, ease of handling 

and simple recovery under solvent-free conditions12-15. Thus, the remarkable catalytic activities together with 

their operational simplicity make them the most suitable catalysts for this synthesis16-19 in contrast to 

conventional methods which require costly reagents, use of organic solvents, and prolonged reaction 

durations. These characteristics, along with their significant catalytic activity and simplicity of use, make 

them ideal catalysts for the synthesis of N-((2-hydroxynaphthalen-1-yl) (4-nitrophenyl) methyl)-N-methyl 

acetamide from 2-naphthol, nitro benzaldehyde and N-Methyl acetamide (HNMA). 

After synthesizing HNMA, it was characterized using suitable spectroscopic tools to confirm their 

structure and purity.  The antibacterial activity of the above compounds was screened against Escherichia 

coli and Staphylococcus aureus bacteria under in vitro conditions. In recent years, molecules that exhibit 

both antibacterial and antioxidant activities are attractive candidates to develop new drugs20,21. Hence, in 

addition to antibacterial property, its antioxidant property was also analyzed using DPPH radical scavenging 

capacity assay.  

Recently, the computational work on chemical molecules has exceedingly drawn a lot of attention 

among researchers and scientists as a means of understanding its complete information about its structure21. 

The intention of computational work in the present study is to investigate the molecular structural 

information. The study has been complemented by natural bond orbital (NBO) calculations with an analysis 

of the electron charge transfer through the intramolecular contacts.  In addition, the molecular electrostatic 

potential (MEP), frontier molecular orbital analysis properties were investigated using theoretical 

calculations.  All the calculations done in this work are obtained by DFT/B3LYP method with 6-31G(d,p) 

basis set. 

The knowledge gained from this study can provide information about the design of new molecules with 

tailored optical and electronic properties. Future studies could focus on introducing other electron-

withdrawing or electron-donating substituents to understand their impact comprehensively. Additionally, 

experimental validation of the simulated spectra is essential to confirm the theoretical predictions and assess 

the practical applicability of such compound in real-world scenarios, such as their use as UV-absorbing 

materials and in various biological applications. 

 

2. EXPERIMENTAL SECTION 

2.1 Synthesis of HNMA using Trichloroacetic acid  

(Method A). 

A mixture of 2-naphthol (1 mmol), p-nitrobenzaldehyde (1 mmol), N-methyl acetamide (1.5 mmol), and 

trichloroacetic acid were stirred at 405 K for 64 minutes without the use of any solvent medium. The yield 

of HNMA thus synthesized was observed to be 80%. Thin-layer chromatography (TLC) was employed to 
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monitor the progress of reaction in a solvent system of 2:8 ethyl acetate to n-hexane. After completion of 

reaction, the product was cooled to room temperature, followed by a water wash, and column 

chromatography assists in obtaining pure product. 

2.2 Synthesis of HNMA using Montmorillonite K10 (Method B). 

The mixture of N-methyl acetamide (1.5 mmol), p-nitrobenzaldehyde (1 mmol), 2-naphthol (1 mmol), 

and montmorillonite K10 clay (0.25 g) were combined and agitated at 405 K for 100 min without the use of 

any solvent medium as in method A. The yield of HNMA thus synthesized was observed to be 61%. The 

progress of the reaction was tracked using thin-layer chromatography with a 2:8 ethyl acetate and n-hexane 

solvent system. Following completion, the mixture was allowed to cool to room temperature, washed with 

water, and column chromatography was used to separate the finished product into pure component.  

2.3. Spectral data of HNMA.  

Calculated for C20H18N2O4: C=68.56%, H=5.18%, N=8.00%, O=18.27%; UV-Visible: 332.5 nm ¹H 

NMR (400 MHz, CDCl₃): δ 2.05 (3H, s), 2.87 (3H, s), 6.28 (1H, s), 7.06 (1H, dd, J = 8.8Hz), 7.29-7.54 (5H, 

m), 7.82 (1H, d) J = 7.9Hz), 7.95-8.08 (3H, d, J = 8.6 Hz). 13C NMR: δ 21.07, 29.7, 111.9, 116.4, 124.2, 

125.0, 126.4, 126.5, 127.6, 128.5, 128.5, 128.5, 132.7, 133.8, 135.3, 137.9, 164.4, 168.8; FT-IR (KBr): 3446 

cm⁻¹ (O-H, aromatic stretching), 3074 cm⁻¹ (C-H, aromatic stretching), 1697 cm⁻¹ (C=O, amide stretching), 

1602–1467 cm⁻¹ (C=C, aromatic stretching), 1526 (N-O stretching) 1228 cm⁻¹ (C-O/C-N stretching), 825 

cm⁻¹ (C-H, aromatic, out-of-plane bending); Molecular weight (quadrupole time of flight (QTOF) method): 

350.2132 u.  

2.4 Antibacterial Study -Using Agar disc diffusion method 

In vitro antibacterial activities of HNMA was screened against pathogenic bacteria (Escherichia coli and 

Staphylococcus aureus) using ampicillin (20µL/disc) as a standard, employing the agar disk diffusion 

method22-24. Stock cultures were maintained on nutrient agar slants at 277 K. In order to begin active cultures 

for experimental purposes, a loopful of the stock culture was transferred into test tubes filled with nutrient 

broth, and the tubes were then incubated at 310 K for 24 hours. Muller Hinton agar (MHA) plates were 

prepared by pouring the medium into Petri dishes, which were then inoculated with bacterial strains at a 

concentration of 10⁸ CFU. For 3 hours, the plates were incubated at 310 K to promote bacterial growth. After 

the medium solidified, a sterile swab moistened with the bacterial suspension was used to evenly spread the 

suspension across the agar surface. Sterile discs were placed on the MHA plates, and 20 µL of each sample, 

at concentrations of 1000, 750, and 500 µg/mL, was applied to the discs. Ampicillin, which served as the 

standard control, was made using nutrient agar tubes with double-distilled water. The inhibition zone around 

the discs was measured after incubating at 310 K for 18 to 24 hours. The diameter of these inhibition zones 

was used to evaluate the antibacterial activity. 

2.5 Antioxidant Study - Using Radical Scavenging Method 

 

The synthesized compound HNMA was assessed using the 2,2-Diphenyl-1-picrylhydrazyl (DPPH) 

radical scavenging method to determine the antioxidant activity25. A DPPH (10⁻⁴ M) methanolic solution 

was made. Each sample was evaluated in duplicate using 1-mL aliquots at doses of 200, 400, 600, 800, and 

1000 µg/mL. To each aliquot, 2 mL of the methanolic DPPH solution was added. DPPH, a stable free radical 
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with delocalized unpaired electrons, maintains a deep violet colour due to its absorption of around 500 nm 

in ethanol. The mixture was incubated in the dark at room temperature for 30 minutes; afterwards, a UV-30 

spectrophotometer was used to detect absorbance at 520 nm (GIORGIO-BORMAC SRL, Carpi, Italy). The 

methanolic DPPH solution was the only one used to prepare the blank. 

 

2.6 Minimum Inhibitory Concentration (MIC) Study 

 

MIC is the lowest concentration of an antibacterial agent expressed in μg/mL at which bacterial growth 

is completely inhibited. 1mg of HNMA was taken and mixed with 1ml of DMSO obtaining the concentration 

of 1mg/ml. The method of successive dilution was adopted to find the MIC values. 1ml of sterile Lysogeny 

broth was distributed for every tube and was submitted to autoclave under constant pressure at the 

temperature of 394 K. After the broth reaches room temperature, 1 ml of diluted sample was added to tube 

1. From tube 1, 1 ml was transferred to tube 2 which was repeated successively until tube 8. 100 μl of bacterial 

cultures were added to all the tubes from 1 to 8. The above was incubated at 310 K for 24 hours. After 

incubation, the turbidity was observed. MIC is the concentration of higher dilution tubes in which the absence 

of bacterial growth has occurred. 

 

2.7. Details of computational analysis 

 

The structural properties of the synthesized compounds were initially optimized using hybrid density 

functional theory (DFT) with the functional B3LYP and a basis set 6-311G (d,p). Following optimization, 

calculations of the lowest unoccupied molecular orbital (LUMO) energy along with highest occupied 

molecular orbital (HOMO) energy and the molecular electrostatic potential (MEPs) were also performed to 

assess the reactivity and band gap of the molecules. All calculations were carried out using Gaussian 09 W 

software,26 with results visualized using GaussView.27 Topological parameters were derived from the 

quantum theory of atoms in molecules (QTAIM) using the Multiwfn package.28,29 To further investigate 

covalent and non-covalent bonding, localized orbital locator (LOL) and electron localization function (ELF) 

iso-surfaces were analyzed.30,31 

3. RESULTS AND DISCUSSION 

3.1 Synthetic Chemistry 

For the reaction of p-nitrobenzaldehyde, 2-naphthol and N-methyl acetamide, the reaction conditions 

were optimized using TCA as catalyst and also using montmorillonite K10 clay. The yield was found to be 

80 % and 61 % for TCA and montmorillonite K10 clay as catalyst respectively. The percentage yield obtained 

revealed that the best conditions was solvent free at 405 K using catalytic amounts (35 mol %) of TCA. A 

little extra of the N-methyl acetamide was found to be advantageous and hence the molar ratio of 2-naphthol 

to N-methyl acetamide was kept at 1:1.5. Thus, HNMA was prepared under the optimized reaction 

conditions. Under the solvent free condition, reaction was carried out using montmorillonite K10 clay instead 

of TCA as a catalyst. It is observed that the % yield was good without any by products; however, the yield 

was not as high as in the case of TCA as catalyst.  The proposed mechanism for the TCA catalyzed synthesis 

of N-((2-hydroxynaphthalen-1-yl) (4-nitrophenyl) methyl)-N-methyl acetamide (HNMA) from the reaction 

of 2-naphthol, p-nitrobenzaldehyde and N-methyl acetamide is shown in Scheme I. Thus, prepared HNMA 

is characterized precisely using spectroscopic tools. UV-visible spectrum exhibited a peak at 332.5 nm, 

which is due to p-nitro phenol chromophore. The number and type of hydrogens and carbons were 
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characterized using ¹H NMR and 13C NMR spectra which were in agreement with literature32.  Finally, the 

molecular weight of 350.2132 u which was estimated from QTOF was found to be in agreement with 

expected value. The structure of HNMA was confirmed in accordance with spectral data.  

 

Scheme I. Synthesis of synthesis of N-((2-hydroxynaphthalen-1-yl) (4-nitrophenyl) methyl)-N-methyl 

acetamide from the reaction of 2-naphthol, p-nitrobenzaldehyde and N-methyl acetamide. Method A is using 

trichloroacetic acid and method B is using Montmorillonite K-10 as catalyst. 

3.2 Antibacterial Studies 

The antibacterial activities of HNMA was investigated by using Escherichia coli and Staphylococcus 

aureus as bacteria samples. The stock solutions used in this study were prepared in DMSO. The increasing 

resistance of microorganisms to antibiotics makes it necessary to synthesize compounds that can be used as 

antibiotics33-34. The antibacterial activity of HNMA was studied at different concentrations (500, 750 and 

1000 μg/ml) against two pathogenic bacteria namely Escherichia coli and Staphylococcus aureus. 

Antibacterial potential of HNMA was assessed in terms of zone of inhibition of bacterial growth. The results 

are presented in Table 1 which exhibit HNMA has significant antibacterial effects. Moreover, the 

antibacterial activity of HNMA increased linearly with increase in concentration (μg/ml). The results reveal 

HNMA is extremely active against bacterial growth as that of the standard drug ampicillin. The growth 

inhibition zone measured ranged from 8 to 21 mm for the bacterial strains [Figure 1]. The results show that 

the HNMA was found to be more effective against Staphylococcus aureus. 
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Table 1: Antibacterial activities of HNMA against Escherichia coli and Staphylococcus Aureus bacterial test 

organisms. 
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Figure 1: Pictorial display of Antibacterial activities of HNMA against Escherichia coli and Staphylococcus 

aureus 

3.3 Antioxidant Studies 

The study of antioxidant activity of various novel synthetic compounds has boomed in recent years35-37. 

When a solution of DPPH is mixed with that of a substance that can donate a hydrogen atom, then this gives 

rise to the reduced form38 with the loss of this violet colour (although there would be expected to be a residual 

pale yellow colour from the picryl group still present). Representing the DPPH radical by Z• and the donor 

molecule by AH, the primary reaction is:  Z• + AH = ZH + A•; where ZH is the reduced form and A• is free 

radical produced in this first step. This latter radical will then undergo further reactions which control the 

overall stoichiometry, that is, the number of molecules of DPPH reduced (decolorized) by one molecule of 

the reductant. Aliquot 3.7 ml of absolute methanol in all test tubes and 3.8ml of absolute methanol was added 

to blank.  

 

Figure 2: The calibration graph of BHT standard at different concentrations 

S.No. 

Concentration 

of HNMA 

(µg/ml) 

Optical 

density 

% DPPH 

Activity 

1 200 0.221 36.85 

2 400 0.189 46.00 
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3 600 0.153 56.28 

4 800 0.117 66.57 

5 1000 0.079 77.42 

 

Table 2:  The % DPPH activity of HNMA at different concentrations along with its optical density values. 

The optical density of control was found to be 0.430. 

100µl of Butylated hydroxyl toluene (BHT) was added to tube marked as standard and 100µl of respective 

samples to all other tubes marked as tests. 200µl of DPPH reagent was added to all the test tubes including 

blank. Incubate all test tubes at room temperature in dark condition for 30 minutes. The absorbance of all 

samples was read at 517nm. The calibration graph is shown in Figure 2 and their % DPPH activity is given 

in Table 2.The calibration line was established using the following concentrations of BHT: 200, 400, 600, 

800 and 1000 g/mL. The percentage antioxidant activity was measured by taking the ratio of difference 

between the absorbance values of blank and sample to the absorbance of blank which is multiplied by 

hundred. The findings of this study also clearly demonstrate that HNMA provide an excellent antioxidant 

effect. 

3.4 Electronic Properties and Stability 

To study the optoelectronic and semiconducting property of HNMA, the quantum chemical data were 

analyzed using the 6-31G (d,p) and 6-311G (d,p) basis sets. The results are depicted in Table 3.  Key 

parameters include Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular 

Orbital (LUMO) energies (HOMO and LUMO), the electronic band gap (ΔH-L), dipole moment, and stabilization 

energy (ES). The 6-311G(d,p) basis set consistently yields lower HOMO and LUMO values, a slightly larger 

ΔH-L, and similar dipole moments compared to 6-31G(d,p), indicating improved accuracy. HNMA is more 

stable and less reactive (higher ΔH-L). The dipole moments indicate significant polarity, which can influence 

solubility and intermolecular interactions. These findings are essential for understanding the electronic 

properties and potential applications of HNMA.  
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Table 3: Quantum chemical parameters of HNMA using different basis sets. 

The nitro (-NO2) group is a strong electron-withdrawing group that lowers both HOMO and LUMO 

energies, increasing the HOMO-LUMO gap (ΔH-L) and enhancing stability but reducing conductivity. It also 

increases the dipole moment and makes the molecule more electrophilic and enhances charge transfer, 

making such molecules useful in optoelectronics and organic semiconductors. 

3.5 Frontier Molecular Orbitals (FMOs) Analysis 

To provide insight into the electronic properties and reactivity, FMO analysis were performed on 

HNMA. The Figure 3 illustrates the HOMO and LUMO frontier molecular orbitals for HNMA. In HNMA, 

the HOMO is primarily localized on the naphthalene moiety and adjacent nitrogen-containing group, 

indicating strong π-conjugation, while the LUMO is concentrated on the nitro group and part of the 

conjugated system, highlighting an electron-withdrawing effect that enhances charge transfer potential. This 

spatial separation between the HOMO and LUMO indicates significant intramolecular charge transfer (ICT), 

where electron density shifts from the electron-rich dimethylamino group to the electron-deficient 

naphthalene and nitrogen-containing group upon excitation.  

To analyze the tendency of interaction of HNMA towards electrophiles and nucleophiles, the molecular 

electrostatic potential (MEP) was studied. The MEP plot illustrate charge distribution in molecular structure 

of HNMA which is depicted in the third column of Figure 3. The colour scale at the top ranges from red 

(electron-rich, partially negative regions) to blue (electron-deficient, partially positive regions), with green 

and white representing neutral or intermediate regions. For HNMA, a strong blue region indicates a highly 

positive electrostatic potential, likely due to an electron-deficient site such as a protonated nitrogen or an 

electrophilic group. Consequently, the HNMA may have stronger interactions with nucleophiles or 

participate in different intermolecular interactions. 

HOMO  
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LUMO  

MEP     

 

Figure 3: Frontier Molecular Orbitals (HOMO and LUMO) and MEP plots of HNMA. 

3.6 Analysis of optical properties for HNMA based on UV-Visible spectrum 

The provided UV-Visible spectrum of HNMA compound include both experimental and simulated (TD-

DFT) data are given in Figure 4, offering insight into their electronic transitions and optical properties. The 

experimental spectra reveal that HNMA exhibit strong absorption in the UV region and the optical band gaps 

(Eg) are estimated as 3.51 eV. The spectral shapes indicate π-π* electronic transitions, which are typical of 

conjugated aromatic systems. 

The simulated spectra are obtained using TD-DFT with 6-31G (d,p) and 6-311G (d,p) basis sets. The 

computed band gaps for HNMA are 3.63 eV (6-31G (d,p)) and 3.52 eV (6-311G (d,p)), aligning well with 

experimental results. The spectral features indicate multiple electronic transitions, with HNMA showing an 

Intramolecular Charge Transfer (ICT) band, suggesting strong charge delocalization. The presence of an ICT 

band in HNMA implies stronger electron redistribution, which could impact charge transport efficiency in 

electronic applications. This study not only confirms the structure of HNMA, and high band gap of 3.511 

eV, infer that it is transparent in visible region but primarily absorbs strongly in UV region.  
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3.7 Analysis of vibrational properties for HNMA based on Infrared Spectroscopy 

Infrared (IR) spectroscopy is a powerful technique for investigating molecular vibrations and functional 

group interactions. The simulated (Figure 5) and experimental IR spectra of HNMA provide valuable insights 

into their structural and electronic properties. In the simulated spectra, HNMA exhibits a strong and broad 

hydroxyl (-OH) stretching absorption around 3600-3700 cm-1, indicating intramolecular hydrogen bonding. 

The carbonyl (C=O) stretching appears near 1728 cm-1, confirming the acetyl functional group. The nitro (-

NO2) asymmetric and symmetric stretching vibrations occur around 1340-1530 cm-1, which is characteristic 

of HNMA. The aromatic and aliphatic C-H stretching vibrations are observed in the 3000-3100 cm-1 range, 

while the C-N stretching mode appears at 1200-1300 cm-1, associated with the amide linkage and nitrogen-

carbon interactions. 

 

 

Figure 4: Experimental and simulated UV-Vis optical spectra of HNMA compound. 

Comparison with experimental IR spectra reveals peak shifts and broadening due to solvent effects, 

intermolecular interactions, and anharmonicities. The hydroxyl (-OH) stretching band is broader and shifted 

to lower frequencies, indicating strong hydrogen bonding interactions. The carbonyl stretching appears at 

slightly lower wavenumbers (~1700  

cm-1) for HNMA, suggesting environmental stabilization. Experimental spectra exhibit variations in peak 

intensity due to differences in sample preparation and measurement conditions. 

The vibrational analysis of HNMA using simulated and experimental IR spectra highlights the impact 

of structural modifications on molecular vibrations. Experimental spectra confirm theoretical predictions, 

with slight shifts due to hydrogen bonding and intermolecular interactions. These findings provide valuable 

insights into the structure-property relationships of HNMA, aiding in their characterization and potential 

applications in molecular design.  
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3.8 Raman Spectroscopic Analysis 

The Raman spectrum of HNMA was simulated using Density Functional Theory (DFT) at the B3LYP/6-

311G (d,p) level to analyze their vibrational characteristics. The spectral features highlight the influence of 

their distinct functional groups on vibrational modes. 

 

Figure 5: Simulated Infrared spectra of HNMA 

It exhibits a strong Raman-active mode are observed at 1392 cm-1 (NO2 symmetric stretching), 1656 cm-

1 (C=C stretching), and 3200 cm-1 (O-H stretching). Additional peaks are identified at 1136 cm-1 (C-N 

stretching), 1480 cm-1 (aromatic ring stretching), 3056 cm-1 (C-H stretching), and 3816 cm-1 (high-frequency 

O-H stretching mode). 

These results validate the use of Raman spectroscopy for structural characterization and confirm the 

computational approach's reliability in predicting vibrational properties. These details are shown in Figure 

6. 

 

Figure 6: Simulated Raman spectra of HNMA. 
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3.9 Comprehensive NMR Analysis 

The 1H- and 13C-NMR spectra of HNMA were thoroughly investigated by comparing experimentally 

measured chemical shifts with computationally predicted values. The high level of correlation between the 

two datasets confirms the structural integrity of the studied compounds and underscores the accuracy of the 

computational method employed. 

1H-NMR Analysis 

The experimental 1H chemical shifts for HNMA  is in excellent agreement with the calculated values, 

with deviations primarily attributed to environmental effects such as solvent interactions, hydrogen bonding, 

and minor conformational variations. The aromatic proton region (7.0-8.5 ppm) is well-resolved, indicating 

π-electron delocalization and the presence of conjugated systems. In HNMA, the shifts at 8.081, 8.064, and 

8.061 ppm (corresponding to 43-H, 42-H, and 32-H) are consistent with deshielded proton environments due 

to electron-withdrawing effects from adjacent functional groups.  

13C-NMR Analysis and Computational Validation 

The 13C chemical shifts provide critical insights into the electronic environment of the molecular 

framework. Carbonyl carbon atoms exhibit characteristic downfield shifts at 175.603 ppm indicative of 

strong electron-withdrawing effects. The aromatic carbons span 164.442-119.099 ppm, with slight deviations 

between calculated and experimental values arising from local electronic perturbations 

 

Figure 7: Relationship between experimental and computed 13C chemical shifts (ppm) for HNMA 

The remarkable agreement between experimental and calculated ¹H- and ¹³C-NMR shifts confirms the 

structural assignments of HNMA, reinforcing the accuracy of the applied computational methodology 

(Figure 7). The slight deviations observed are well within expected tolerances and can be attributed to 

environmental factors. The high R^2 value (0.999) in the ¹³C correlation plot further supports the predictive 

power of the theoretical approach, making it a reliable tool for future structural elucidation and NMR spectral 

assignments of related molecular systems. 
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3.10 Analysis of computed nonlinear optical (NLO) parameters 

The NLO properties of the HNMA was evaluated by computing their dipole moment (μ), mean 

polarizability (α), and first-order hyperpolarizability (β) using the 6-31G(d,p) and 6-311G(d,p) basis sets. 

These parameters provide insight into the molecular charge distribution, electronic responsiveness, and 

potential applications in optoelectronic devices.  

The dipole moment reflects the charge separation within a molecule, influencing its electrostatic 

interactions and alignment in external fields. It exhibits a higher dipole moment with values increasing 

slightly when using 6-311G (d,p) (from 7.029 D to 7.110 D). This suggests a greater degree of charge 

separation in HNMA, which is often, associated with enhanced intramolecular charge transfer (ICT) effects. 

Polarizability quantifies the molecule's ability to distort under an applied electric field, influencing its 

refractive index and linear optical properties. Hyperpolarizability is a key parameter in second-order 

nonlinear optical effects such as second-harmonic generation (SHG) and electro-optic modulation. The 

results indicate that HNMA exhibits significantly higher β values, emphasizing its superior NLO potential. 

Using the 6-31G (d,p) basis set, HNMA has a β value of 2926.645 a.u., which remains nearly unchanged 

with 6-311G (d,p) (2911.570 a.u.). This suggest that HNMA is a much stronger candidate for NLO 

applications, likely due to more efficient charge transfer along its molecular backbone. 

For efficient computational analysis, 6-31G (d,p) is suitable for preliminary studies, while 6-311G (d,p) 

provides a more precise representation of molecular polarizability. The NLO evaluations establish HNMA 

as the superior candidate, exhibiting a higher dipole moment, comparable polarizability, and significantly 

enhanced hyperpolarizability, making it more promising for advanced NLO applications. The values are 

depicted in Table 4. 

Basis Set 

Dipole 

Moment  

(Debye) 

Polarizability 

(, a.u) 

Hyper-

polarizability  

(, a.u) 

6-31g(d,p) 7.029 303.469 2926.645 

6-

311g(d,p) 
7.110 322.435 2911.570 

Table 4: Computed NLO parameters for investigated for HNMA. 

3.11. Topological quantum theory of atoms in molecules (QTAIM) analysis 

To provide clear insights into the types and nature of intra- and intermolecular interactions between 

atoms and groups within studied compounds, QTAIM analysis is a highly suitable method for addressing 

these concepts39-42. In the QTAIM method, bond critical points (BCPs) between two attractors (i.e., two 

atoms interacting or bonded) are meticulously examined. This theory posits that the value of electron density, 

the Laplacian of electron density, and other selected topological parameters yields valuable insights into the 

strength and the characteristic of bonds. Specifically, the negative and positive values of the 2B correspond 

to covalent bonds and non-covalent interactions (such as H-bonds, van der Waals forces, steric effects, and 

ionic bonds). The topological parameters were generated using the Multiwfn package [43]. The QTAIM 
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graphs and topological parameters are presented in Figure 8 and Table 5. For HNMA, the ρB /
2B values 

are 0.0132 a.u. /0.0484 a.u. (BCP1) and 0.0149 a.u. /0.0611 a.u. (BCP2), indicating the presence of non-

covalent interactions among nitrogen (N), oxygen (O), and hydrogen (H) atoms. In these BCPs, the 

interaction energy (VB/2) is approximately -13.65 kJ. mol-1 and -12.47 kJ.mol-1, suggesting a good stability 

of the material. The ellipticity of electron density (εB) is measured at 0.016 and 0.31 a.u., further indicating 

the robustness stability of these interactions and enhancing the stability of HNMA. Additionally, Table 5 

demonstrates that the 
|𝐕𝐁|

𝐆𝐁
 ratio is less than unity, confirming that the interactions are non-covalent in nature 

(van der Waals forces).  

B-

S 

ρB 

/2B 
VB GB 

|𝐕𝐁|

𝐆𝐁
 VB/2 εB 

B1 
0.0132/ 

0.0484 

-

0.010

4 

0.011

3 

0.9

2 

-

13.65 

0.01

6 

B2 
0.0149/ 

0.0611 

-

0.009

5 

0.012

4 

0.7

6 

-

12.47 
0.31 

Table 5. QTAIM topological parameters (in a.u.) and the estimated binding energy EB = VB/2 in kJ.mol-1at 

each binding site (B-S) of HNMA. 

3.12. Non-covalent interaction (NCI) and reduced density gradient (RDG) analyses 

To visualize the interaction between atoms, we can employ two extensions of QTAIM analysis (Figure 

8), namely NCI (Figures 9) and RDG iso-surface (Figures 10). The NCI plots were generated using the VMD 

program44. The RDG analysis is calculated using the following equation45. 

𝐑𝐃𝐆 =
𝟏

𝟐(𝟐(𝟑𝛑𝟐)𝟏/𝟑
𝛁𝛒(𝐫)

(𝛒(𝐫))𝟒/𝟑
 

 The 2D-RDG plot provides insights into the nature of interactions, utilizing color codes to represent 

different types: hydrogen bonds are depicted in blue, van der Waals interactions in green and steric effects 

in red. Similarly, the NCI index employs colored disks situated between interacting atoms to illustrate these 

interactions. The NCI iso-surface reveals a green disk positioned between oxygen (O), hydrogen (H), 
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nitrogen (N), and carbon (C), indicating the presence of van der Waals interactions, specifically, O…N and 

H…H, H…N and H…C, thereby corroborating the result obtained by QTAIM analysis.   

 

Figure 8: QTAIM molecular graph illustrating BCP 

characteristics for HNMA 

Furthermore, the RDG plot displays (Figure 10) two picks for HNMA, oriented at approximately -0.015 

a.u., which signifies the presence of vdW forces at these binding sites. Collectively, the NCI and RDG plots 

suggest that HNMA is significantly stabilized by several vdW interactions. 

 

 

 

 

 

 

 

 

 

Figure 9: NCI plot of HNMA generated using the VMD program 
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3.13. Electron Localization Function (ELF) and Localized Orbital Locator (LOL) analyses 

The ELF and LOL analyses offer profound electron localization and the charge transfer mechanism that 

occurs in the studied compounds46,47. These methodologies meticulously investigate the bonding, non-

bonding interactions, and lone electron pairs at active sites. Furthermore, they facilitate the classification of 

chemical bonding, elucidate atomic shell structure, and validate charge  

Figure 10: RDG plot of HNMA 

bonding interactions. The ELF and LOL plots are quantified on scales ranging from 0 to 1 and 0 to 0.8, 

respectively. An ELF value exceeding 0.5 signifies the presence of localized bonding electrons, whereas a 

value below 0.5 indicates delocalized electrons. In the ELF plots for HNMA exhibits a pronounced dark red 

color is observed surrounding the hydrogen (H) atoms and –C-C bonding, while a blue color overlaps the 

carbons (C) and nitrogen (N) atoms. This representation signifies the presence of bonding and delocalization 

of electrons at these binding sites (ELF = 1). Such a finding suggests a potential electronic charge transfer 

(ECT) across the surface of the compounds, thereby facilitating electrostatic interactions that enhance their 

stability. Furthermore, these results indicate the presence of several donor-acceptor groups within the 

compound, ensuring well atomic organization, which is advantageous for sensor and biological applications. 

The 2D-LOL iso-surface further corroborates the ELF results. These details are given Figure 11. 

3.14 Docking study of HNMA with HIV-1 protein 

The docking analysis was conducted to investigate their interactions with the target protein 1PVG, which 

is associated with HIV-1. The binding affinities and crucial interactions observed provide insights into the 

compound’s potential as therapeutic agents. Figure 12 demonstrated a significant binding interaction with 

TYR-245 residue at a distance of 2.5 Å, showing a stable hydrogen bonding pattern. The docking score for 

this compound was -7.8 kcal/mol, indicating a favourable binding interaction. The docking poses reveal that 

HNMA interact with key residues within the binding sites of HIV-1 protease, suggesting the formation of 

stable ligand-protein complexes. The interactions observed for HNMA involve hydrogen bonding and π-π 

stacking, contributing to enhanced stability and binding efficiency. Thus HNMA hold potential as lead 

molecules for further optimization and development as potential inhibitors for HIV-1 protease. The 

interaction with residue TYR-245 suggest that this site may be critical for ligand binding and could be 

targeted in subsequent drug design efforts. 
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Figure 11: 2D-ELF and 2D-LOL plots of HNMA 

4. CONCLUSION 

In this work, we describe an efficient strategy for the synthesis of naphthol derivative HNMA by making 

use of TCA as well as montmorillonite K10 clay as catalyst, which were characterized by FT-IR and H1 & 
13C NMR and QTOF mass spectral studies. The yield of the compounds prepared was found to be better 

using TCA compared with conventional montmorillonite K10 clay. Thus, synthesized HNMA possess 

antibacterial activity under in vitro studies against pathogenic bacteria’s namely Escherichia coli and 

Staphylococcus aureus. 
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Figure 12: Docking interaction of HNMA against HIV-1 protein (1PVG). 

Additionally, HNMA exhibit excellent antioxidant properties too. The results of this work are complemented 

and discussed within the scope of quantum chemical calculations with DFT calculations.  The MEP map 

shows that HNMA has stronger affinity towards nucleophiles. The high band gap value obtained from UV-

Visible spectrum suggest, it is transparent in visible region. Vibrational analysis from IR and Raman 

spectrum further confirms structure of HNMA. QTAIM analysis suggest, the interactions between atoms and 

groups with in the HNMA structure is non-covalent in nature. Docking analysis of HNMA against HIV-1 

protein reveal that the residue TYR-245 site may be critical for ligand binding and could be targeted in 

subsequent drug design efforts. So, we conclude that HNMA has interesting potential applications and 

enlighten further research areas. 
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