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ABSTRACT 
A detailed quantum chemical investigation was carried out on the title 

molecule using density functional theory (DFT) at the B3LYP/6-311G(d,p) 

level. Natural Bond Orbital (NBO) analysis revealed significant 

intramolecular charge transfer (ICT) through donor–acceptor 

interactions, with notable second-order perturbation energies indicating 

strong stabilization via hyperconjugation and delocalization. Frontier 

Molecular Orbital (FMO) calculations determined a HOMO–LUMO 

energy gap of 3.2511 eV, suggesting favorable charge transfer 

characteristics and good chemical stability. Global reactivity parameters, 

including ionization potential, electron affinity, electronegativity, and 

electrophilicity index, were evaluated to understand the compound’s 

reactivity and electronic features. Nonlinear optical (NLO) property 

calculations showed that the first-order hyperpolarizability is comparable 

to that of urea, highlighting its potential as a candidate for optoelectronic 

applications. Furthermore, HOMA values confirmed the aromatic nature 

of specific moieties, while Fukui function analysis and Molecular 

Electrostatic Potential (MEP) mapping provided insights into 

nucleophilic and electrophilic reactive sites. These findings demonstrate 

the multifunctional nature of the molecule, with potential utility in both 

material science and pharmaceutical domains. 
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1. INTRODUCTION 
Oxadiazole has a key function in ligand binding 

and pharmacophores1. It is an aromatic heterocyclic 

linking group that may join a range of substituents 

and has the same biological activity as carbamates, 

amides, and esters 2. 1,3,4-oxadiazole and its 

derivatives have been shown to have antibacterial, 

anti-inflammatory, anti-tubercular, anti-HIV, 

antifungal, cathepsin K (Cat K) inhibitory, 

monoamine oxidase inhibitory, anti-diabetic, 

tyrosinase inhibitory, antioxidant, and anticancer 

properties3–5. Additionally, some of the currently 

used pharmacological compounds include 1,3,4-

oxadiazole rings, such as the antiviral medicine 

Raltegravir6, the anticancer drug Zibotentan 7, the 

antihypertensive agent Nesapidil8, and the hypnotic 

drug Fenadiazole9 (Fig. 1). 

file:///C:/Users/Vikas%20Pandey/Documents/jmolecular/temp/.(https:/creativecommons.org/licenses/by-nc/4.0/)
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Figure 1. Biologically active 1,3,4-oxadiazole derivatives  

 

Similarly, because to its many useful applications 

in solar cells, thin-film field-effect transistors, and 

organic electronics, thiophene-based derivatives 

have become more important in materials science 

and technology. Particularly, the optical 

characteristics of compounds based on thiophene 

are employed to track biological processes 

involving macromolecules like DNA and proteins 
10. The pharmacokinetic and pharmacodynamic 

characteristics of a medication are improved by 

thiophene, which has been shown to be a potential 

isosteric 11. Additionally, adding fluorine to 

biologically active medications improves their 

pharmacological characteristics, and at least one 

fluorine atom is present in 15% of all drugs [12]. 

The factors previously mentioned prompted us to 

develop a compound named 2-(5-bromo-2-

(trifluoromethoxy)phenyl)-5-(thiophen-2-yl)-1,3,4-

oxadiazole (BPTO), which incorporates a fluorine 

atom alongside the thiophene and 1,3,4-oxadiazole 

ring structures. 

 

Organic nonlinear optical (NLO) materials have 

garnered a lot of attention in the past two decades 

because of their optical, electrical, and 

electrochemical characteristics. The development 

of organic materials with significant nonlinear 

optical coefficients through improved design and 

synthesis has drawn a lot of interest recently13. In 

organic materials, the prolonged delocalized 

aromatic conjugation is a structural need for the 

observation of substantial third-order NLO effects. 

Furthermore, current experimental methods and 

theoretical tools indicate that π-conjugated 

heteroatomic systems with intramolecular charge 

transfer capabilities are viable options for modern 

organic electronics and photonics 14–17. 

 

To improve electrical characteristics, oxadiazole 

derivatives are essential. Using 1,3,4-oxadiazole 

derivatives, for examples, Deshapande et al. 18 used 

1, 3,4-oxadiazole derivatives to synthesize 

fluorescent compounds with optoelectronic 

applications. Liu et al. used 1,3,4-oxadiazole 

derivatives to trap Cu2+ ions 19. Westphal et al.20 

investigated the utilization of liquid crystals 

derived from 1,3,4-oxadiazole in NLO. Paun et al. 

employed small compounds and polymers based on 

1,3,4-oxadiazole for their OLEDs 21. To 

substantiate the experimental findings, 

DFT/B3LYP/6-311 G(d,p) was employed to 

investigate the synthesis of a new compound.22-23 

 

2. Experimental: 

All the chemicals (solvents and reagents) were 

purchased from Hi-media and Sigma/Aldrich. The 

synthesized compounds were scaled for yield, 

purified and identified by TLC. The infrared 

spectra (KBr) were recorded using Shimadzu 

8201PC instrument operating on 4000-400 cm-1. 

The proton NMR and Carbon NMR were recorded 

using Agilent V NMRS-400 instrument with CDCl3 

and the chemical shifts are expressed in ppm. 

 

2.1. Synthesis of 2-(5-bromo-2-

(trifluoromethoxy)phenyl)-5-(thiophen-2-yl)-

1,3,4-oxadiazole (3): 

In a round bottom flask, as shown in Scheme-1 aryl 

acid hydrazide (1 mmol) was dissolved in 

phosphorous oxychloride (5mL) and 5-bromo-2-

(2,2,2-trifluoromethoxy)benzoic acid (1 mmol) was 

added. This mixture was refluxed at mild condition. 

After completion of the reaction, the mixture was 

cooled to room temperature and poured into 

crushed ice. The content was neutralized with 

sodium bicarbonate solution (20%), a solid mass 

separated out. This was filtered, washed and 

recrystallized by using ethanol to give 2-(5-bromo-

2-(trifluoromethoxy)phenyl)-5-(thiophen-2-yl)-

1,3,4-oxadiazole. The assigned structure and 

molecular formula of the newly synthesized 

compounds BPTO were confirmed by melting 

point, elemental analyses, FT-IR, 1H NMR and 

13C NMR data. 
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Scheme 1. Synthesis scheme for 2-(5-bromo-2-(trifluoromethoxy)phenyl)-5-(thiophen-2-yl)-1,3,4-oxadiazole 

 

2.2 Speactral data of 2-(5-bromo-2-

(trifluoromethoxy)phenyl)-5-(thiophen-2-yl)-

1,3,4-oxadiazole: IR (KBr): ν ~ (cm-1) 1637, 1583, 

1471, 1239, 1149; 1H NMR (400 MHz, CDCl3) δ: 

8.29 (d, J=8.0 Hz, 1H), 7.97 (d, J=8.4 Hz, 1H), 

7.68 (s, 1H), 7.20-6.14 (m, 2H), 6.99 (d, J=8.0 Hz, 

1H); 13C NMR (100 MHz, CDCl3) δ: 161.76, 

160.96, 158.04, 135.88, 133.20, 124.37, 121.60, 

116.23, 115.61, 114.41. 

 

2.3 Computational details: 

The quantum chemical calculations of BDMB were 

performed with the DFT/B3LYP/6- 311G (d,p) 

level of theory by using the Gaussian 09 program 

package 24. 25-26. The optimized structural 

parameters were used in the vibrational 

wavenumber calculations to characterize all 

stationary points as minima. Harmonic vibrational 

wavenumber calculations and their associated FT-

IR intensities and Raman depolarization ratios were 

carried out. The vibrational modes were assigned 

based on potential energy distribution by using 

VEDA4 program 27. 

 

3. RESULTS AND DISCUSSION 

3.1 DFT analysis of BPTO 

3.1.1 Optimized parameters  

The computed optimized geometrical parameters of 

2-(5-bromo-2-(trifluoromethoxy)phenyl)-5-

(thiophen-2-yl)-1,3,4-oxadiazole are summarized in 

Table 1. The optimized molecular structure is 

illustrated in Figure 1, and the corresponding 

minimum energy conformation is confirmed by the 

potential energy surface scan shown in Figure 2. 

The molecule comprises a phenyl ring, a thiophene 

ring, and a 1,3,4-oxadiazole ring. It contains two 

C–S–C linkages, two C=N bonds, one C–Br bond, 

three C–F bonds, six C–H bonds, and eleven C–C 

bonds. The C–C bond lengths within the phenyl 

ring range from 1.386 to 1.4098 Å. Notably, the 

C14–C15 and C14–C16 bonds are elongated 

(1.4014 Å and 1.4098 Å, respectively), likely due 

to the electron-withdrawing effects of substituents 

in the ortho position. The computed C=N bond 

lengths are approximately 1.31 Å, which is slightly 

shorter than experimental X-ray diffraction (XRD) 

values reported in the literature (1.373–1.364 Å) 28. 

The C–O bond distances within the oxadiazole ring 

range from 1.3981 to 1.4248 Å, closely matching 

the reported value of 1.37 Å [28]. The N5–N4 bond 

length is found to be 1.4235 Å, slightly longer than 

the literature value of 1.4221 Å 28. Furthermore, a 

significant dihedral angle of 82.66° is observed 

between the trifluoromethoxy group and the phenyl 

ring, indicating a noticeable twist in the molecular 

conformation due to steric and electronic effects 29. 

The molecule exhibits shortening of bond and 

elongation of bond as an evident for presence of 

Blue shift (negative) and Red shift (positive) 

hydrogen bonding. The potential Blue shift 

hydrogen bonded atom pairs C17-H21--→F26, 

where the bond length C17-H21 is found to be 

decreased 1.0691 A֯ . 

 
Bond Bond length (A֯) Bond Bond angle (ᴼ) Bond Dihedral angle (ᴼ) 

C1-O2 1.38 O2-C1-N4 111.66 N4-C1-O2-C3 -0.18 

C1-N4 1.28 O2-C1-C6 117.44 C6-C1-O2-C3 179.72 

C1-C6 1.43 N4-C1-C6 130.90 O2-C1-N4-N5 0.07 

O2-C3 1.38 C1-O2-C3 103.91 C6-C1-N4-N5 -179.81 

C3-N5 1.27 O2-C3-N5 111.59 O2-C1-C6-C7 0.04 

C3-C14 1.45 O2-C3-C14 121.08 O2-C1-C6-S8 -179.91 

N4-N5 1.45 N5-C3-C14 127.31 N4-C1-C6-C7 179.92 

C6-C7 1.34 C1-N4-N5 106.17 N4-C1-C6-S8 -0.03 

C6-S8 1.79 C3-N5-N4 106.67 C1-O2-C3-N5 0.22 

C7-C9 1.44 C1-C6-C7 126.12 C1-O2-C3-C14 178.72 

C7-H10 1.07 C1-C6-S8 121.48 O2-C3-N5-N4 -0.18 

S8-C11 1.79 C7-C6-S8 112.39 C14-C3-N5-N4 -178.57 

C9-C11 1.34 C6-C7-C9 113.17 O2-C3-C14-C15 9.90 

C9-H12 1.07 C6-S8-C11 88.59 O2-C3-C14-C16 -170.15 
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C11-H13 1.07 C7-C9-C11 113.55 N5-C3-C14-C15 -171.86 

C14-C15 1.38 C3-C14-C15 123.42 N5-C3-C14-C16 8.10 

C14-C16 1.39 C3-C14-C16 117.95 C1-N4-N5-C3 0.07 

C15-C17 1.38 C15-C14-C16 118.62 C1-C6-C7-C9 -179.95 

C15-O23 1.40 C14-C15-C17 121.06 S8-C6-C7-C9 0.00 

C16-C18 1.37 C14-C15-O23 120.36 C1-C6-S8-C11 179.95 

C16-H19 1.07 C17-C15-O23 118.52 C7-C6-S8-C11 -0.01 

C17-C20 1.38 C14-C16-C18 120.44 C6-C7-C9-C11 0.01 

C17-H21 1.07 C15-C17-C20 119.75 C3-C14-C15-C17 -179.18 

C18-C20 1.38 C16-C18-C20 120.37 C3-C14-C15-O23 3.82 

C18-Br24 1.92 C16-C18-Br24 119.82 C16-C14-C15-C17 0.86 

C20-H22 1.07 C20-C18-Br24 119.80 C15-C14-C16-C18 -0.69 

O23-C25 1.35 C17-C20-C18 119.75 C14-C15-C17-C20 -0.40 

C25-F26 1.33 C15-O23-C25 122.04 O23-C15-C17-C20 176.66 

C25-F27 1.34 O23-C25-F26 108.92 C14-C15-O23-C25 -99.07 

C25-F28 1.34 O23-C25-F27 111.07 C17-C15-O23-C25 83.85 

  O23-C25-F28 112.40 C14-C16-C18-C20 0.06 

  F26-C25-F27 108.10 C14-C16-C18-Br24 -179.85 

  F26-C25-F28 108.97 C16-C18-C20-C17 0.42 

  F27-C25-F28 107.27 Br24-C18-C20-C17 -179.67 

    C15-O23-C25-F26 159.56 

    C15-O23-C25-F27 -81.49 

    C15-O23-C25-F28 38.69 

  

 

 
Figure 2: Optimized geometry of the molecule 

 

 
Figure 3. Energy versus dihedral angle of BPTO. 

 

3.1.2 Vibrational Frequency Analysis and 

Structural Correlation: 

The optimized molecular geometry of 2-(5-bromo-

2-(trifluoromethoxy)phenyl)-5-(thiophen-2-yl)-
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1,3,4-oxadiazole was validated through vibrational 

frequency analysis, with key assignments presented 

in Table 2. The IR frequencies are in good 

agreement with the expected stretching and 

deformation modes based on DFT calculations. 

Characteristic C–H stretching vibrations appear in 

the region 3224–3267 cm⁻¹, attributed to various 

hydrogen atoms across the phenyl, thiophene, and 

oxadiazole rings. Specifically, the strong peaks at 

3242, 3267, and 3241 cm⁻¹ correspond to the νC7–

H10, νC11–H13, and νC16–H19 modes, 

respectively, indicating intact aromatic C–H bonds. 

The C=N stretching vibrations are observed around 

1631 cm⁻¹ (νN4–C1 and νC6–C7) and 1573 cm⁻¹ 

(νN5–C3), aligning well with typical oxadiazole 

ring vibrations. These values reflect the presence of 

delocalized electron density in the heterocyclic core 

and are consistent with the computed bond length 

of ~1.31 Å, slightly shorter than the experimental 

XRD values (1.364–1.373 Å) 28. The C–O and C–F 

stretching modes associated with the 

trifluoromethoxy group are seen at 1248 cm⁻¹ 

(νO23–C25, νF28–C25), 1290 cm⁻¹ (νF26–C25) 

and 1215 cm⁻¹ (νF27–C25). These values confirm 

the strong electron-withdrawing character of the –

OCF₃ group, which contributes to elongation of 

adjacent bonds like C14–C15 and C14–C16 

(1.4014 Å and 1.4098 Å), as noted in the geometry 

analysis as Red shift hydrogen bonding. C–Br 

stretching vibrations are assigned at 387 cm⁻¹ and 

252 cm⁻¹, confirming the presence of the halogen 

substituent. Modes involving the thiophene ring are 

observed at 752 cm⁻¹ and 863 cm⁻¹, assigned to 

νS8–C11 and associated bending modes.  

 

The coupling of stretching and deformation modes, 

such as δH10–C7–C9 and δH13–C11–S8, observed 

in the 1340–1500 cm⁻¹ range, provides further 

support for the structural integrity and connectivity 

of the rings. Low-frequency torsional modes (τ) 

below 1000 cm⁻¹ such as 944, 942, and 975 cm⁻¹ 

reflect internal rotations and twisting between 

rings, especially notable in the large dihedral angle 

(82.66°) between the trifluoromethoxy group and 

the phenyl ring29. In the investigated molecule, a 

correlation is observed between the shortening of 

C–H bond lengths and an increase in their 

stretching vibrational frequencies. The relatively 

higher frequency of the C11–H13 stretching mode 

suggests a shorter and stronger bond compared 

to the others. This is consistent with the principle 

that shorter bonds exhibit higher bond force 

constants, which translates to increased vibrational 

frequencies in IR spectra. These increased 

vibrational frequencies are expected and foreseen 

in Geometrical optimization studies due to Blue 

Shift hydrogen bonding 30-31. Conversely, modes 

such as C7–H10 and C20–H22 show slightly lower 

frequencies (comparatively), indicating 

comparatively longer bond lengths or greater 

electron delocalization in their local environments 

which is possibly due to conjugative effects or the 

influence of nearby electronegative substituents. 

Thus, the vibrational frequency trends align well 

with the calculated bond lengths, reinforcing the 

inverse relationship between bond length and 

stretching frequency in harmonic oscillator terms. 

This highlights the sensitivity of vibrational 

spectroscopy to subtle electronic and structural 

variations within the molecule.Overall, the 

vibrational profile confirms the stability of the 

optimized structure and complements the bond 

length analysis, substantiating the presence and 

orientation of key functional groups within the 

molecule. 

 

3.1.3 ¹H and ¹³C NMR Spectral Analysis and 

Hydrogen Bonding Effects: 

The ¹H and ¹³C NMR spectral data of 2-(5-bromo-

2-(trifluoromethoxy)phenyl)-5-(thiophen-2-yl)-

1,3,4-oxadiazole (BPTO) are summarized in Table 

3. In the ¹H NMR spectrum, aromatic proton 

signals appear in the range of 7.98 to 9.64 ppm, 

characteristic of deshielded aromatic environments. 

The H19 proton resonates downfield at 9.64 ppm, 

which is attributed to the strong electron-

withdrawing effect of the adjacent Br24 atom. In 

BPTO, potential intramolecular hydrogen 

bonding involving heteroatoms such as oxygen 

(O2, O23) and nitrogen (N4, N5) may contribute 

to these shifts. For instance, if H19 is engaged in a 

red-shifted hydrogen bond with a nearby 

electronegative atom, this could explain its 

pronounced downfield signal at 9.64 ppm. The ¹³C 

NMR spectrum reveals 13 distinct signals, 

consistent with chemically non-equivalent carbon 

environments. The C14 and C17 signals are 

observed upfield, due to π-conjugation with the 

oxygen atom (O23). In this context, the electron-

donating resonance effect of the oxygen 

dominates over its inductive withdrawal, leading to 

increased shielding. Carbons C7 and C9 also 

appear in the upfield region, due to the moderate 

inductive effect of the thiophene sulfur (S8), 

which is less electronegative compared to oxygen 

or fluorine. In contrast, C25 appears downfield, a 

result of the strong electron-withdrawing effect 

of the trifluoromethyl group (–CF₃). This 

deshielding arises due to the significant reduction 

in electron density around C25. The C1 and C3 

carbons, adjacent to O2, N4, and N5, show 

downfield chemical shifts at 165 and 164 ppm, 

respectively. These shifts reflect the cumulative 

electron-withdrawing effects of the surrounding 

heteroatoms, particularly in the oxadiazole ring 

system 32–33. 
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Table 3. 1H and 13C NMR spectral analysis of BPTO  

Position of H atom Observed values (ppm) Position of C atom Observed values (ppm) 

19-H 9.64 1-C 165.80 

10-H 8.75 3-C 164.77 

13-H 8.28 15-C 149.62 

22-H 8.27 18-C 145.80 

21-H 8.25 11-C 139.26 

12-H 7.98 6-C 137.70 

  20-C 137.40 

  16-C 136.72 

  25-C 134.10 

  7-C 132.87 

  9-C 129.14 

  17-C 129.08 

  14-C 127.30 

 

3.1.4 NBO analysis: 

The NBO study was performed using Gaussian 09, 

DFT B3LYP6-311G(d,p). The NBO is an effective 

study for chemical interpretation of hyperconjugate 

interaction and electron density movement from 

filled lone pair electrons. The aim of NBO analysis 

is to predict donor orbitals, acceptor orbitals, and 

interaction stabilisation energy, which is a result of 

second order perturbation theory. The most 

valuable interactions between donor and acceptor 

are reported in Table 4. It is known that larger E(2)s 

represent intensive interaction between donor and 

acceptor. E(2) also proves the efficacy of 

conjugation in the molecule. There is more 

interaction, which stabiles the molecule. 

Pronounceable interactions are π-σ*, LP- σ* which 

are indicative of Blue shift hydrogen bonding [34]. 

The interactions presented in Table 4 are evident 

for Blue shift hydrogen bonding, where the LP 

electrons are pushed into the sigma anti bonding 

orbital of the acceptor. The electron push increases 

the bond order decreases the bond length and 

increases the vibrational frequency. These features 

have been discussed in Geometry optimization, 

Vibrational frequency and it is also confirmed by 

the low E2 values.  

 

Table 4. NBO analysis of BPTO  
Donor Acceptor E(2) E(j)-E(i) F(i,j) 

kcal/mo   a.u. a.u. 

π-C1-N4 π*-C3-N5 12.04 0.33 0.059 

π-C3-N5 π*-C1-N4 10.42 0.34 0.055 

π-C3-N5 π*-C14-C15 9.95 0.34 0.056 

π-C6-C7 π*-C1-N4 22.02 0.28 0.072 

σ-C6-C7 π*-C9-C11 15.29 0.29 0.061 

π-C9-C11 π*-C6-C7 16.58 0.29 0.065 

π-C14-C15 π*-C3-N5 18 0.28 0.064 

π-C14-C15 π*-C16-C18 19.88 0.29 0.068 

π-C14-C15 π*-C17-C20 19.37 0.3 0.068 

π-C16-C18 π*-C14-C15 17.92 0.28 0.065 

σ-C16-C18 π*-C17-C20 20.13 0.29 0.069 

π-C17-C20 π*-C14-C15 21.76 0.27 0.07 

σ-C17-H20 π*-C16-C18 19.29 0.28 0.065 

LP ( 2) O2 π*-C1-N4 34.29 0.36 0.099 

LP ( 1) O2 π*-C3-C5 34.24 0.35 0.098 

LP ( 1)  N4 σ*-C1-O2 11.03 0.73 0.08 

LP ( 1) N5 σ*-O2-C3 10.86 0.72 0.079 

LP( 2) S8 π*-C6-C7 21.54 0.26 0.068 

LP ( 1) S8 π*-C9-C11 22.58 0.26 0.07 

LP ( 2) O23 σ*-C25-F27 14.79 0.56 0.082 

LP ( 1) O23 σ*-C25-F28 13.57 0.57 0.079 

LP ( 1) Br24 π*-C16-C18 10.1 0.3 0.053 

LP ( 2) F26 σ*-O23-C25 11.98 0.73 0.084 

LP ( 3) F26 σ*-C25-F27 10.99 0.64 0.076 

LP ( 1) F26 σ*-C25-F28 12.39 0.65 0.081 

LP ( 2) F27 σ*-O23-C25 11.28 0.73 0.082 

LP ( 3) F27 σ*-C25-F26 14.71 0.65 0.089 

LP ( 2) F27 σ*-O23-C25 11.71 0.73 0.083 

LP ( 3) F28 σ*-C25-F26 15.15 0.66 0.09 
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This analysis revealed several notable σ → σ* and 

σ → π* interactions. Among them, the σ(C–H) → 

σ(C–C)* interaction from the donor bond C17–H21 

into the antibonding orbital of C18–C20 exhibited a 

stabilization energy E(2) = 3.91 kcal/mol, 

indicating a significant classical hyperconjugative 

effect. Similarly, the σ(C18–C20) bond showed 

delocalization into various neighboring antibonding 

orbitals such as C16–C18, C17–C20, and C20–

H22, with E(2) values ranging from 2.17 to 4.16 

kcal/mol, suggesting a strongly conjugated σ- 

framework in this region. Notably, 

hyperconjugation involving halogen substituents 

was observed. The σ(C18–Br24) → σ(C14–C16)* 

interaction contributed E(2) = 3.38 kcal/mol, 

highlighting the role of the bromine substituent in 

modulating the electronic environment via 

delocalization into the aromatic system.  

 

Such halogen-involved hyperconjugation is known 

to impact molecular polarizability and reactivity in 

substituted aryl compounds. Furthermore, the 

σ(C1–O2) → σ(C3–C14)* and σ(C1–O2) → σ(C6–

S8)* interactions provided additional stabilization 

energies of 4.32 and 4.66 kcal/mol, respectively. 

Though traditionally attributed to lone pair 

interactions (n →σ*), the orbital occupancy 

analysis supports a σ-donating character consistent 

with hyperconjugation in a conjugated 

heteroatomic system. These interactions 

collectively contribute to the delocalized electronic 

character of the molecule, affecting its 

conformational preference, aromaticity, and 

potential reactivity. 

 

3.1.5 Molecular Orbital Visualization: 

The highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO) 

are shown in Figure 3 and Figure 4. The HOMO is 

primarily localized over the aromatic and 

heteroaromatic core, indicating potential donor 

sites, while the LUMO is distributed across the 

acceptor substituents, consistent with 

intramolecular charge transfer behavior. 

 

 
Figure 4: HOMO orbital surface of the molecule showing delocalization over the aromatic framework. 
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Figure 5: LUMO orbital surface localized on electron-withdrawing groups, suggesting acceptor character. 

 

 

 

 

 
Table 5. Electronic and Global descriptors of BPTO 

Descriptor Value (eV) 

EHOMO -5.7019 

ELUMO -2.4508 

Energy Gap (ΔE) 3.2511 

Ionization Potential (IP) 5.7019 

Electron Affinity (EA) 2.4508 

Electronegativity (χ) 4.0763 

Chemical Potential (μ) -4.0763 

Hardness (η) 1.6256 

Electrophilicity (ω) 5.1110 

As shown in Figure 5, the HOMO orbitals are 

primarily localized over the thiophene ring, 

imidazole ring, and partially on the phenyl moiety, 

while the LUMO is concentrated on the phenyl and 

imidazole units. The small HOMO-LUMO gap (ΔE 

= 3.2511 eV) suggests that the molecule is likely to 

undergo electronic transitions, indicating possible 

optical activity and polarizability [34]. A smaller 

gap correlates with increased softness and 

polarizability. These values reflect that the 

compound is chemically hard with good kinetic 

stability, strong electrophilicity, and a good balance 

of donor/acceptor character. The high ionization 

potential (compared to electron affinity) further 

supports its electron-donating ability. 

 

 
Figure 6. HOMO-LUMO diagrams of BPTO 

 

 

 
3.1.6 NLO Properties of BPTO 

Nonlinear optical (NLO) studies have attracted 

increasing interest due to their role in optical 

switching, modulation, logic and memory that are 

key elements in emerging fields such as signal 

processing, telecommunications, and optical 

computing. For the studied compound (BPTO), the 

NLO parameters were calculated at the DFT level 

and compared against reference values for urea, a 

standard benchmark for NLO performance. Table 6 

reveals that when compared to urea (μ = 1.3732 

Debye, β = 3.7289 × 10⁻³¹ esu), the title compound 

exhibits a significantly higher dipole moment and 

hyperpolarizability, indicating stronger NLO 

response. 

 
Table 6. NLO calculation of BPTO 

Dipole moment Hyperpolarizability 

 µx 1.0031 βxxx 24.0615 

µy 3.3194 βyyy 58.1471 

µz -0.3519 βzzz 15.3104 

µ 

(Debye) 

3.4855 βxyy -62.8493 

Polarizability βxxy 21.3683 

αxx -113.92 βxxz 3.4726 

αYY -146.98 βxzz -52.3373 

αZZ -142.71 βyzz 8.574 

αXY -2.02 βyyz 1.7057 

αYZ 1.28 βxyz 4.6525 

αyz -1.25 βtot 128.3874 

α0 -1.993 β0 

(10⁻³⁰ 
esu) 

1.109 

αtot 

(10⁻³⁰ 
esu) 

4.353  

 

Thus, BPTO is a promising candidate for NLO 

applications, especially where higher molecular 

responsiveness is essential.[35-37] 

 

3.1.7 Charge Distribution Analysis: 

Charge distribution over atoms provides essential 

insights into the electronic structure, polarity, and 

reactive behavior of molecules. Both Mulliken and 

Natural Bond Orbital (NBO) analyses were 

employed to assess the charge delocalization in the 

titled compound. The Mulliken atomic charges 

(Figure 6) reveal that heteroatoms like oxygen and 

nitrogen bear significant negative charges, 

consistent with their electronegativity. Oxygen 
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atom O₂ is highly negative, suggesting its potential 

as a strong nucleophilic site and its involvement in 

intramolecular interactions such as hydrogen 

bonding. Similarly, nitrogen atoms N₄ and N₅ 

exhibit negative charge accumulation, indicating 

their role in π-delocalization and resonance 

stabilization within the conjugated system. The 

NBO charge distribution (Figure 7) offers a more 

refined description, accounting for natural atomic 

orbitals and bonding interactions. Here, the electron 

density localization is slightly shifted compared to 

Mulliken analysis, but consistent trends are 

observed as oxygen and nitrogen atoms retain 

higher electron density, whereas hydrogen atoms 

show positive values, supporting their role in polar 

interactions. The comparison between Mulliken 

and NBO charges highlights the robustness of 

electron localization on electronegative centers. 

This supports the NBO second-order 

perturbation analysis, which shows lone pair to 

antibonding orbital interactions, especially from 

oxygen and nitrogen donors, leading to 

stabilization energies (E²) as high as ~34 kcal/mol. 

These charge distribution patterns are also 

corroborated by Fukui function values and MEP 

mapping, further pinpointing the reactive 

nucleophilic and electrophilic regions across the 

molecular surface. 

 

 
Figure 7. Mulliken Atomic Charges 

 
 

 

 
Figure 8. NBO Charges disatribution 

 

3.1.8 HOMA analysis: 

Aromaticity of titled compound is determined by 

theoretically by expansion of HOMA. The values 

are listed in Table 7 and this model is based on the 

following equation (ii). 

HOMA = 1-[(
𝛼

𝑛
∑𝑅𝑜𝑝𝑡 − 𝑅𝑖)

2] 

            = 1-α(Ropt-Ri)2-(
𝛼

𝑛
)∑(𝑅𝑎𝑣 − 𝑅𝑖)

2 

            = 1-EN-GEO…………..(ii) 

where α ( ie = 257.7) is an empirical constant that 

is fixed so that aromatic compounds (where all 

bonds equal Ropt =1.388) and Ri is the individual 

bond lengths. Since both the EN and GEO terms 

are dearomatization terms, an increase or decreases 

in either term the degree of aromaticity.  EN terms 

the difference between the mean bond length and 
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the optimal bond length, and the GEO terms the 

degree of bond alternation. The bond lengths used 

in this calculation can be computed or measured 

experimentally. The aromaticity of the phenyl 

bromide ring was evaluated using the HOMA 

model. The calculated HOMA value of 0.9360 is 

close to the reference benzene value (0.982), 

indicating significant aromatic character.38. 

 

3.1.9 Fuki Function: 
Table 7. Calculated local reactivity properties BPTO  

Atoms fcat+=A-N fanion=N-C S+=sf+ S-=sf- 
ΔS=S+(-

)S- 
Sk+/sk- ω+=ωf+ ω-=ωf- 

Δω(ω+(-

)ω-) 

C1 -0.044 -0.035 -0.016 -0.012 -0.003 1.260 -0.744 -0.591 -0.154 

O2 -0.030 -0.016 -0.011 -0.006 -0.005 1.929 -0.505 -0.262 -0.243 

C3 -0.056 -0.049 -0.020 -0.017 -0.003 1.149 -0.940 -0.819 -0.122 

N4 -0.043 -0.066 -0.015 -0.023 0.008 0.650 -0.716 -1.102 0.386 

N5 -0.053 -0.051 -0.019 -0.018 -0.001 1.037 -0.892 -0.860 -0.032 

C6 0.001 -0.023 0.000 -0.008 0.008 -0.025 0.009 -0.383 0.393 

C7 -0.036 -0.032 -0.013 -0.011 -0.001 1.127 -0.609 -0.540 -0.068 

S8 -0.114 -0.127 -0.040 -0.045 0.005 0.892 -1.907 -2.138 0.232 

C9 -0.003 -0.019 -0.001 -0.007 0.005 0.180 -0.057 -0.316 0.260 

C11 -0.027 -0.046 -0.010 -0.016 0.007 0.582 -0.453 -0.779 0.326 

C14 -0.018 0.000 -0.007 1.244 -0.006 -554.909 -0.307 0.001 -0.308 

C15 -0.036 -0.033 -0.013 -0.012 -0.001 1.083 -0.605 -0.559 -0.046 

C16 -0.032 -0.018 -0.011 -0.006 -0.005 1.782 -0.543 -0.305 -0.238 

C17 -0.010 -0.009 -0.004 -0.003 0.000 1.076 -0.168 -0.156 -0.012 

C18 0.008 0.011 0.003 0.004 -0.001 0.737 0.141 0.191 -0.050 

C20 -0.051 -0.034 -0.018 -0.012 -0.006 1.506 -0.857 -0.569 -0.288 

O23 -0.005 -0.007 -0.002 -0.003 0.001 0.655 -0.080 -0.122 0.042 

Br24 -0.104 -0.121 -0.037 -0.043 0.006 0.857 -1.747 -2.039 0.292 

C25 -0.010 -0.007 -0.004 -0.003 -0.001 1.422 -0.167 -0.118 -0.050 

F26 -0.009 -0.005 -0.003 -0.002 -0.001 1.832 -0.152 -0.083 -0.069 

F27 -0.016 -0.016 -0.006 -0.006 0.000 1.002 -0.273 -0.273 0.000 

F28 -0.004 -0.003 -0.001 -0.001 0.000 1.131 -0.064 -0.057 -0.007 

 

Fukui functions provide insight into the 

regioselectivity and reactivity of individual atoms 

in a molecule. Sites with large fk+ values are prone 

to nucleophilic attack, whereas sites with high fk− 

are susceptible to electrophilic attack. The trends 

from the calculated descriptors shows nucleophilic 

reactivity order of C18 > C6 > C9 > F28 > O23 > 

F26 > C17 > C25 and electrophilic reactivity 

order of C18 > C14 > F28 > F26 > C25 > O23. 

Notably, C18 acts both as a donor and acceptor but 

is 1.3× more prone to accept electrons. S8 also 

serves as both, with a greater tendency as an 

electron donor. The local electrophilicity ratio 

(sk+/sk−) is lowest for C14, indicating it acts 

mainly as an electron donor, while O2 displays the 

highest ratio, making it a strong electron acceptor39. 

 

3.1.10 Nucleus Independent Chemical Shift 

(NICS) Analysis: 

The aromaticity of the studied reveals that the 

BPTO molecule contains, one thiophene ring, a 

five-membered ring, and a phenyl ring which was 

evaluated using the Nucleus Independent Chemical 

Shift (NICS) method. NICS values displayed in  

Table 8 were computed at various distances along 

the perpendicular axis (z-axis) ranging from −2.0 Å 

to +2.0 Å at increments of 0.5 Å. Both isotropic 

and anisotropic shielding values were calculated 

using the GIAO method at the B3LYP/6-

311+G(d,p) level of theory, in accordance with 

established protocols for evaluating magnetic 

aromaticity indicators. The isotropic NICS values 

provide an estimate of the magnetic shielding 

experienced at a given point in space near the ring. 

A more negative NICS value indicates a diatropic 

ring current, typical of aromatic systems, whereas 

positive values or values close to zero suggest non-

aromatic or antiaromatic character. The anisotropic 

values offer further insight into π-electron 

delocalization and the out-of-plane magnetic 

shielding components (NICS(zz)). The thiophene 

ring displayed isotropic NICS values increasing 

from −1.1265 at             z = −2.0 Å to a maximum 

of 12.0509 at the ring center (z = 0 Å). This trend, 

with the most negative value slightly below the ring 

plane and positive values near the ring center, is 

characteristic of a modestly aromatic heterocycle. 

The anisotropic shielding peaked at 22.6079 (z = 

−1 Å), highlighting strong π-electron circulation 

perpendicular to the ring plane. 

 
Table 8. Nucleus Independent Chemical Shifts of BPTO 
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For the five-membered ring, the NICS values 

varied from 0.2119 (z = −2.0 Å) to a maximum of 

9.1019 (z = +0.5 Å), suggesting mild aromatic 

character but notably lower than that observed in 

the thiophene ring. The anisotropic values followed 

a similar trend, peaking at 18.7999 (z = −1 Å), 

reinforcing moderate π-delocalization. The main 

ring exhibited the highest anisotropic shielding 

values among the three systems, with a maximum 

of 21.7138 at z = −1.5 Å and a substantial isotropic 

minimum of 0.0382 at z = +2.0 Å. These findings 

suggest the main ring has a stronger aromatic or 

pseudoaromatic character, likely influenced by 

electronic effects from attached substituents. The 

sharp change in anisotropic values around z = ±1 Å 

indicates significant out-of-plane electron 

delocalization, which is characteristic of enhanced 

conjugation. Comparing all three ring systems, it is 

evident that the phenyl ring exhibits the most 

pronounced anisotropic shielding, signifying a 

higher degree of aromaticity. The thiophene ring, 

although aromatic, is moderately less so, whereas 

the five-membered ring shows the lowest aromatic 

response. These observations align well with their 

respective electronic structures and substituent 

effects40,41. 

 

3.2 Molecular Docking study of BPTO: 

Molecular docking analysis was used to examine 

the binding affinity and interactions 42 between the 

ligand and the target protein 6XXO. The docking 

data indicated a reasonably strong contact between 

the ligand and the 6XXO active site, which showed 

a binding energy of -6.6 kcal/mol. The docking 

pose visualization (Figure 8) clearly shows that the 

ligand is properly positioned within the active site 

and forms important interactions with important 

amino acid residues. The stability of the ligand 

within the binding pocket may be attributed to its 

hydrogen bonding with residues like SER-108. 

Hydrophobic interactions and π-π stacking with 

aromatic residues further increase ligand affinity 
43,44. The ligand's binding orientation is stabilized 

by the protein's secondary structure, which 

comprises α-helices and β-sheets. The existence of 

non-covalent interactions, such as van der Waals 

forces and electrostatic interactions influences the 

overall stability of the ligand-protein. 

 

The docking score of -6.6 kcal/mol indicates a 

modest binding affinity, which can be further 

adjusted by changing the ligand's structure to 

improve its interaction with the binding site. Future 

research, such as molecular dynamics simulations, 

may shed more light on the ligand-protein 

complex's conformational stability and possible 

biological activity. This docking research is the first 

stage in assessing the ligand's therapeutic potential 

against the target protein 6XXO which is associated 

with prostate cancer. Further experimental 

validation, such as in vitro binding assays, will be 

necessary to confirm the omputational predictions. 

 

 
Figure 8. Docking pose of BPTO with 6XXO protein 

 

Bq Thiopene ring Five Membered ring Main ring 
 Isotropic Anisotropic Isotropic Anisotropic Isotropic Anisotropic 

-2 -1.1265 14.1319 0.2119 10.1007 0.178 16.4294 

-1.5 -0.4861 19.9425 1.7958 15.107 2.9394 21.7138 

-1 2.2654 22.6079 5.0854 18.7999 7.2856 21.1522 

-0.5 7.3195 12.6599 7.6364 8.3742 10.7126 11.5812 

0 12.0509 1.2811 7.2033 -4.6782 11.049 9.9476 

0.5 7.3195 12.6599 9.1019 11.6341 8.0554 18.8494 

1 7.3195 12.6599 5.7851 18.6209 4.0352 20.6314 

1.5 7.3195 12.6599 2.1774 14.0659 1.2435 15.8835 

2 7.3195 12.6599 0.4698 9.339 0.0382 10.9582 
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4. CONCLUSIONS: 
Theoretical investigations of the target compound, 

carried out via DFT and NBO frameworks, have 

provided profound insights into its structural and 

electronic attributes. The NBO analysis 

underscored substantial donor–acceptor 

interactions, with strong hyperconjugative effects 

stabilizing the molecule. The HOMO–LUMO gap 

of 3.2511 eV, along with high global hardness and 

electrophilicity values, indicates considerable 

kinetic stability and a moderate reactivity profile. 

Nonlinear optical calculations reveal promising 

optical behavior, with β₀ values on par with urea, 

supporting its potential use in optoelectronic 

devices. Aromaticity indices and MEP surface 

analysis corroborated the existence of reactive π-

electron regions and charge-rich zones, while Fukui 

function descriptors identified the most 

electrophilic and nucleophilic centers, facilitating a 

deeper understanding of potential reaction 

mechanisms. Collectively, these computational 

insights establish the compound as a chemically 

robust system with prospective applications in 

optical switching, drug design, and electronic 

materials. 
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