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Abstract: In this study, the quinolone derivatives (RS)-1-ethyl-5,6,8-trichloro-7-(3-methylpiperazin-1-yl)-4-

oxoquinoline-3-carboxylic acid (ECMPQC) and (RS)-1-ethyl-5,6,8-trifluoro-7-(3-methylpiperazin-1-yl)-4-

oxoquinoline-3-carboxylic acid (EFMPQC) were theoretically investigated using density functional theory (DFT) at 

the B3LYP/6-31G(d,p) level to determine their structural and spectroscopic properties. Time-dependent density 

functional theory (TD-DFT) was employed to analyse the frontier molecular orbitals (FMOs) and simulate the UV-Vis 

spectra of the quinolone derivatives in the gas phase. Natural bond orbital (NBO) and molecular electrostatic potential 

(MEP) analyses were carried out to elucidate intra- and intermolecular interactions as well as charge distribution 

characteristics. Topological analysis indicated the presence of both localized and delocalized electronic regions 

within the molecular frameworks. Furthermore, molecular docking studies were conducted to assess the potential 

biological interactions of these derivatives with viral proteins that play crucial roles in viral replication, disease 

progression, host mortality, and overall health outcomes. 
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1. Introduction 

Over the past few decades, halogen bonding, an 

analogue of hydrogen bonding, has emerged as a 

powerful tool in medicinal chemistry. These interactions, 

which involve halogen atoms acting as electrophilic 

species and biological targets functioning as Lewis 

bases, have been shown to enhance molecular 

recognition and binding, thereby contributing 

significantly to advances in drug development. Among 

the halogen elements, fluorine and chlorine are widely 

incorporated into drug molecules due to their chemical 

stability and favourable bioavailability [1-3]. In the 

medicinal and food industries, fluorine-containing 

structures have gained attention due to their high 

electronegativity, enhanced bioavailability, and 

distinctive physical and chemical characteristics [4]. 

Fluorinated compounds exhibit a broad spectrum of 

biological activities, including antimicrobial, 

antiproliferative, anti-inflammatory, antimetabolic, and 

antidepressant effects [5, 6]. The U.S Food and Drug 

Administration (FDA) approved 71 novel fluorinated 

compounds between 2015 and 2022, underscoring the 

essential role of halogenated compounds in modern 

medicinal chemistry [7]. Following fluorine, chlorine is an 

electronegative halogen that plays a crucial role in the 

synthesis of natural products and antibiotics, such as 

chloramphenicol, clindamycin, griseofulvin, and 

vancomycin [8]. Depending on the molecular scaffold, 

chlorine exerts diverse electronic characteristics, such 

as electron-donating, electron-withdrawing, or 

electronically neutral behaviour [9, 10]. Compared to 

functional groups such as fluorine (F), methyl (CH3), and 

trifluoromethyl (CF3), chlorine can be easily incorporated 

into the aromatic systems [11, 12]. The incorporation of 

chlorine into the molecular structures often increases 

membrane permeability and lipophilicity, thereby 

enhancing absorption and distribution within biological 

systems [13]. 

Severe Acute Respiratory Syndrome 

Coronavirus-2 (SARS-CoV-2), a novel viral strain, 

exhibits approximately 79.5% and 96% sequence 

similarity with SARS-CoV and Bat CoV RaTG13, 

respectively, and is accountable for the global COVID-

19 pandemic affecting the human population. SARS-

CoV-2 RNA-dependent RNA polymerase (RdRp) is a 

key enzyme responsible for replication and transcription 
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of the viral genome. Due to its significant role in viral 

replication and its highly conserved sequence, RdRp 

has emerged as a prominent target in drug discovery. 

Several antiviral drugs, including remdesivir, 

molnupiravir, favipiravir, galidesivir, ribavirin, sofosbuvir, 

and tenofovir, have been approved or repurposed by the 

FDA for targeting RdRp [14]. In contrast, the SARS-CoV-

2 main protease (Mpro), also known as 3-chymotrypsin-

like protease, plays a critical role in viral maturation and 

replication by proteolytically cleaving polyproteins into 

functional non-structural proteins. Due to its significant 

role in viral replication and high-resolution crystal 

structures complexed with inhibitors, Mpro has emerged 

as a highly attractive target for drug discovery [15, 16]. 

Quinoline is a heterobicyclic, nitrogen-

containing aromatic compound with a molecular formula 

of C9H7N, appearing as a colorless, hygroscopic liquid 

with a molecular weight of 129.16 g/mol. structurally, 

quinoline comprises a benzene ring fused with a pyridine 

ring. Quinoline and its derivatives have widespread 

biological applications such as antiproliferative, antiviral, 

antihypertensive, anti-inflammatory, and antimalarial 

properties [17, 18]. The antifungal activity of quinoline 

derivatives has been evaluated against yeasts and 

filamentous fungi [19]. Both experimental and theoretical 

spectroscopic investigations of quinoline derivatives, 

such as 8-chloroquinoline, quinoline-5-carboxaldehyde, 

8-nitroquinoline, quinoline-7-carboxaldehyde, and 8-

hydroxyquinoline betaine, have been reported earlier 

[20-23]. However, the spectroscopic characteristics of 

quinoline derivatives such as (RS)-1-ethyl-5,6,8-

trichloro-7-(3-methylpiperazin-1-yl)-4-oxo-quinoline-3-

carboxylic acid (ECMPQC) and (RS)-1-ethyl-5,6,8-

trifluoro-7-(3-methylpiperazin-1-yl)-4-oxo-quinoline-3-

carboxylic acid (EFMPQC) have not yet been reported 

in the literature. In light of this observation, the present 

work emphasizes the spectroscopic, structural, 

electronic and biological properties of quinolone 

derivatives ECMPQC and EFMPQC using a 

computational approach. As highlighted in previous 

studies, the DFT method is considered more reliable, 

precise, computationally efficient, and versatile [24, 25]. 

Moreover, molecular docking studies were performed to 

investigate the potential antiviral activity of quinolone 

derivatives.  

 

2. Materials and Methods 

The complete theoretical calculations for the 

quinolone derivatives were carried out using Gaussian 

09W software, in conjunction with GaussView 6, 

employing the DFT/B3LYP method with the 6-31G(d,p) 

basis set [26–33]. Electronic properties and frontier 

molecular orbital (FMO) characteristics were calculated 

using the time-dependent density functional theory (TD-

DFT) approach. The density of states (DOS) in the gas 

phase was generated using the GaussSum program 

[34–36]. Natural bond orbital (NBO) calculations were 

performed using NBO version 3.1 [37, 38]. Graphical 

visualization of the computational outputs was carried 

out using Chemcraft and GaussView 6 [39]. Topological 

properties were analyzed using the Multiwfn software 

[40]. In addition, biological interactions were investigated 

through molecular docking studies using the AutoDock 

tool [41]. The three-dimensional (3D) and two-

dimensional (2D) interaction profiles between ECMPQC 

and EFMPQC and the target proteins were generated 

using PyMOL and LigPlot+ programs [42, 43]. 

 

3. Results and Discussion 

3.1 Optimized structural parameters 

The optimized molecular frameworks of 

quinolone derivatives EFMPQC and ECMPQC, along 

with atom numbering, are depicted in Fig. 1, and the 

corresponding structural parameters are presented in 

the Tables. 1 and 2, while the dihedral angles are 

outlined in Table S1 (Supplementary Material). The 

optimized structure of EFMPQC comprises three F-C 

and O-C bonds, one O-H and N-H bond, eight N-C 

bonds, fourteen C-C bonds, and sixteen C-H bonds. In 

addition, EFMPQC exhibited six F-C-C and C-N-C, three 

O-C-C and C-N-H, one C-O-H and O-C-O, ten H-C-H 

and N-C-H, thirteen C-C-C, eleven N-C-C and 

seventeen C-C-H bond angles. In contrast, ECMPQC 

shows a comparable set of bond lengths and bond 

angles, with the substitution of three C-Cl bonds in place 

of C-F bonds and six Cl-C-C bond angles replacing the 

corresponding F-C-C angles, reflecting the halogen 

variation within the molecular framework. 

In the present investigation, the bond lengths of 

F1-C16, F2-C18, and F3-C20 in EFMPQC were 

calculated to be 1.361, 1.347, and 1.333 Å, respectively. 

In comparison, the bond distances of Cl1-C16, Cl2-C18, 

and Cl3-C20 in ECMPQC were found to be 1.758, 1.749, 

and 1.741 Å, respectively. The longer Cl-C bond lengths 

relative to F-C bonds are attributed to the larger atomic 

radius of chlorine and its weaker orbital overlap with 

carbon, whereas fluorine forms shorter and stronger 

bonds due to its small size and effective orbital overlap. 

The bond distances of O4-C22, O5-C26, and O6-C26 

associated with the keto and carboxylic functional 

groups were calculated to be 1.225, 1.345, and 1.223 Å 

for EFMPQC and 1.220, 1.345, and 1.221 Å for 

ECMPQC, respectively. The bond distance of O5-H44 in 

the carboxyl group was computed at 0.973 Å for 

EFMPQC and 0.972 Å for ECMPQC. The bond lengths 

of N-C were simulated within 1.020-1.485 for EFMPQC 

and 1.021-1.494 Å for ECMPQC. Conversely, the C-C 

and C-H bond distances were found to be 1.367-1.541 Å 

and 1.084-1.105 Å for EFMPQC and 1.362-1.542 Å and 

1.085-1.105 Å for ECMPQC, respectively.  

The F-C-C bond angles in EFMPQC were 

calculated to lie between 115.03° and 121.08°, whereas 

the Cl-C-C bond angles in ECMPQC ranged from 

116.08° to 121.06°.  
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Figure 1(a). Optimized molecular structure of ECMPQC, (b) EFMPQC 

 

Table 1. Optimized geometrical parameters of ECMPQC 

Bond lengths (Å) B3LYP Bond lengths (Å) B3LYP Bond lengths (Å) B3LYP 

Cl1-C16 1.758 C10-C11 1.542 C16-C17 1.412 

Cl2-C18 1.749 C10-C15 1.527 C17-C19 1.424 

Cl3-C20 1.741 C10-H27 1.098 C18-C20 1.400 

O4-C22 1.222 C11-H28 1.105 C19-C20 1.415 

O5-C26 1.345 C11-H29 1.093 C19-C22 1.512 

O5-H44 0.972 C12-C13 1.536 C21-C25 1.526 

O6-C26 1.221 C12-H30 1.094 C21-H38 1.096 

N7-C11 1.467 C12-H31 1.101 C21-H39 1.086 

(a) 

(b) 
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N7-C12 1.463 C13-H32 1.096 C22-C24 1.468 

N7-C14 1.396 C13-H33 1.097 C23-C24 1.362 

N8-C10 1.470 C14-C16 1.409 C23-H40 1.085 

N8-C13 1.464 C14-C18 1.416 C24-C26 1.484 

N8-H34 1.021 C15-H35 1.093 C25-H41 1.091 

N9-C17 1.409 C15-H36 1.095 C25-H42 1.094 

N9-C21 1.494 C15-H37 1.097 C25-H43 1.094 

N9-C23 1.359 - - - - 

Bond angles (°) B3LYP Bond angles (°) B3LYP Bond angles (°) B3LYP 

Cl1-C16-C14 116.08 C13-N8-H34 109.01 H30-C12-H31 107.06 

Cl1-C16-C17 120.04 N8-C13-C12 113.02 H32-C13-H33 107.07 

Cl2-C18-C14 118.06 N8-C13-H32 108.08 C16-C14-C18 115.06 

Cl2-C18-C20 119.09 N8-C13-H33 108.01 C14-C16-C17 122.04 

Cl3-C20-C18 117.06 C17-N9-H21 123.01 C14-C18-C20 121.06 

Cl3-C20-C19 121.06 C17-N9-C23 119.00 H35-C15-H36 108.06 

O4-C22-C19 123.01 N9-C17-C16 121.05 H35-C15-H37 108.00 

O4-C22-C24 123.00 N9-C17-C19 119.01 H36-C15-H37 107.07 

C26-O5-H44 105.02 C21-N9-C23 114.07 C16-C17-C19 119.02 

O5-C26-O6 122.01 N9-C21-C25 113.08 C17-C19-C20 118.01 

O6-C26-C24 123.03 N9-C21-H38 106.08 C17-C19-C22 119.08 

C11-N7-C12 114.04 N9-C21-H39 108.00 C18-C20-C19 120.08 

C11-N7-C14 120.03 N9-C23-C24 124.09 C20-C19-C22 122.00 

N7-C11-C10 111.01 N9-C23-H40 116.02 C19-C22-C24 113.09 

N7-C11-H28 109.09 C11-C10-C15 111.05 C25-C21-H38 110.03 

N7-C11-H29 109.00 C11-C10-H27 107.02 C25-C21-H39 110.08 

C12-N7-C14 122.01 C10-C11-H28 109.01 C21-C25-H41 111.02 

N7-C12-C13 108.07 C10-C11-H29 110.04 C21-C25-H42 112.00 

N7-C12-H30 109.00 C15-C10-H27 109.01 C21-C25-H43 109.01 

N7-C12-H31 111.09 C10-C15-H35 110.01 H38-C21-H39 106.08 

N7-C14-C16 119.09 C10-C15-H36 111.02 C22-C24-C23 119.01 

N7-C14-C18 123.04 C10-C15-H37 111.01 C22-C24-C26 125.01 

C10-N8-C13 112.01 H28-C11-H29 107.03 C24-C23-H40 118.09 

C10-N8-H34 108.09 C13-C12-H30 110.08 C23-C24-C26 115.03 

N8-C10-C11 112.06 C13-C12-H31 108.09 H41-C25-H42 108.04 

N8-C10-C15 109.09 C12-C13-H32 109.06 H41-C25-H43 108.06 

N8-C10-H27 106.03 C12-C13-H33 109.03 H42-C25-H43 107.04 

The C14-C16-C17 bond angle was computed to 

be 124.03° for EFMPQC and 122.04° for ECMPQC. 

Compared with ECMPQC, the bond angle in EFMPQC 

is increased by 1.99°, confirming the greater 

electronegativity of fluorine relative to chlorine, which 

influences angular distortion around the substituted 

carbon atom. The H-C-H and N-C-H bond angles for 

both EFMPQC and ECMPQC were found within the 

ranges of 106.08-108.08° and 106.03-116.02°, 

respectively.  
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Table 2. Optimized geometrical parameters of EFMPQC 

Bond lengths (Å) B3LYP Bond lengths (Å) B3LYP Bond lengths (Å) B3LYP 

F1-C16 1.361 C10-C11 1.541 C16-C17 1.404 

F2-C18 1.347 C10-C15 1.527 C17-C19 1.427 

F3-C20 1.333 C10-H27 1.099 C18-C20 1.387 

O4-C22 1.225 C11-H28 1.103 C19-C20 1.405 

O5-C26 1.345 C11-H29 1.093 C19-C22 1.501 

O5-H44 0.973 C12-C13 1.533 C21-C25 1.528 

O6-C26 1.223 C12-H30 1.091 C21-H38 1.092 

N7-C11 1.468 C12-H31 1.105 C21-H39 1.087 

N7-C12 1.47 C13-H32 1.095 C22-C24 1.466 

N7-C14 1.397 C13-H33 1.097 C23-C24 1.367 

N8-C10 1.469 C14-C16 1.405 C23-H40 1.084 

N8-C13 1.464 C14-C18 1.404 C24-C26 1.483 

N8-H34 1.02 C15-H35 1.093 C25-H41 1.091 

N9-C17 1.409 C15-H36 1.094 C25-H42 1.094 

N9-C21 1.485 C15-H37 1.097 C25-H43 1.095 

N9-C23 1.355 - - - - 

Bond angles (°) B3LYP Bond angles (°) B3LYP Bond angles (°) B3LYP 

F1-C16-C14 115.03 C13-N8-H34 109.03 H30-C12-H31 107.08 

F1-C16-C17 120.04 N8-C13-C12 113.07 H32-C13-H33 107.06 

F2-C18-C14 120.03 N8-C13-H32 108.09 C16-C14-C18 115.06 

F2-C18-C20 117.08 N8-C13-H33 108.01 C14-C16-C17 124.03 

F3-C20-C18 115.09 C17-N9-H21 124.04 C14-C18-C20 121.09 

F3-C20-C19 121.08 C17-N9-C23 119.02 H35-C15-H36 108.07 

O4-C22-C19 122.00 N9-C17-C16 123.00 H35-C15-H37 108.00 

O4-C22-C24 124.06 N9-C17-C19 118.05 H36-C15-H37 107.06 

C26-O5-H44 104.09 C21-N9-C23 116.03 C16-C17-C19 118.04 

O5-C26-O6 121.07 N9-C21-C25 113.03 C17-C19-C20 117.05 

O6-C26-C24 123.04 N9-C21-H38 105.06 C17-C19-C22 122.05 

C11-N7-C12 113.02 N9-C21-H39 109.01 C18-C20-C19 122.03 

C11-N7-C14 120.01 N9-C23-C24 126.02 C20-C19-C22 120.00 

N7-C11-C10 109.06 N9-C23-H40 115.08 C19-C22-C24 113.04 

N7-C11-H28 111.07 C11-C10-C15 111.03 C25-C21-H38 110.00 

N7-C11-H29 108.07 C11-C10-H27 107.03 C25-C21-H39 111.04 

C12-N7-C14 118.05 C10-C11-H28 109.01 C21-C25-H41 111.04 

N7-C12-C13 109.06 C10-C11-H29 110.01 C21-C25-H42 111.00 

N7-C12-H30 109.04 C15-C10-H27 109.01 C21-C25-H43 109.05 
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N7-C12-H31 110.01 C10-C15-H35 110.01 H38-C21-H39 107.01 

N7-C14-C16 119.08 C10-C15-H36 111.03 C22-C24-C23 120.01 

N7-C14-C18 124.05 C10-C15-H37 111.00 C22-C24-C26 125.05 

C10-N8-C13 112.00 H28-C11-H29 107.05 C24-C23-H40 118.00 

C10-N8-H34 108.08 C13-C12-H30 110.03 C23-C24-C26 114.04 

N8-C10-C11 112.06 C13-C12-H31 109.07 H41-C25-H42 108.08 

N8-C10-C15 109.09 C12-C13-H32 109.08 H41-C25-H43 107.09 

N8-C10-H27 106.04 C12-C13-H33 108.05 H42-C25-H43 108.02 

 

In addition, the O-C-C and C-C-C bond angles 

were calculated to be 111.03-125.05° and 122-124.06° 

for EFMPQC, and 111.05-125.01° and 123-123.03° for 

ECMPQC, respectively. The N-C-C bond angles were 

distributed between 109.06-126.02° for EFMPQC and 

109.90-124.09° for ECMPQC. Overall, the C-C-H bond 

angles for both molecules were calculated to fall within 

the range of 107.02–118.09°.  

The dihedral angles of the quinolone derivatives 

reveal that the F1-C16-C17-C19 and Cl1-C16-C17-C19 

torsion angles in EFMPQC and ECMPQC were 

calculated to be -179.75° and 161.93°, respectively. In 

addition, the dihedral angles of C16-C14-C18-Cl2 and 

C18-C14-C16-Cl1 for ECMPQC were calculated to be -

171.38° and -170.34°, respectively. In contrast, the 

dihedral angles of C16-C14-C18-F2 and C18-C14-C16-

F1 for EFMPQC were found to be 178.09° and 179.29°, 

respectively. These results indicate that both fluorinated 

and chlorinated derivatives preferentially adopt 

antiperiplanar conformations; however, the larger 

deviation observed in the chlorinated derivative is 

attributed to the larger atomic radius of chlorine and the 

resulting increased steric repulsion compared to fluorine. 

Conversely, the fluorinated derivative exhibits enhanced 

conformational stability, reduced steric hindrance, and a 

more uniform molecular geometry. 

 

3.2. Vibrational Analysis 

The quinolone derivatives EFMPQC and 

ECMPQC were fully optimized, and the corresponding 

vibrational frequencies were calculated in the gas phase. 

The derivatives EFMPQC and ECMPQC consist of 44 

atoms, giving rise to 126 fundamental vibrational modes, 

which are listed in Tables 3 and 4, and the corresponding 

simulated IR and Raman spectra are illustrated in 

Figures. 2 and 3, respectively. The theoretical spectra 

indicate that the characteristic absorption bands are 

mainly associated with stretching and deformation 

modes of hydroxyl (O-H), methine (C-H), keto (C=O), 

methyl (CH₃), methylene (CH₂), N-H, C-F, and C-Cl 

functional groups. 

The molecular structures of EFMPQC and 

ECMPQC contain a single hydroxyl (O-H) group in the 

carboxylic acid (COOH) moiety located at the ortho 

position relative to the keto (C=O) group, which gives 

rise to stretching vibrations at 3751 cm⁻¹ for ECMPQC 

and 3748 cm⁻¹ for EFMPQC, with a potential energy 

distribution (PED) contribution of 100%. These values 

show excellent agreement with reported literature data 

[44]. The optimized structures of the quinolone 

derivatives possess two carbonyl (C=O) groups, located 

at the meta and para positions with respect to the ethyl 

(CH₂CH₃) substituent, which were calculated at 1792 

and 1758 cm⁻¹ for ECMPQC and 1787 and 1753 cm⁻¹ 
for EFMPQC, respectively, showing strong correlation 

with reported values [45]. The N-H stretching vibrations 

of the piperazine ring were calculated at 3471 cm⁻¹ for 

ECMPQC and 3475 cm⁻¹ for EFMPQC, with a PED 

contribution of 100%, and are in good agreement with 

literature values [46]. The molecular structures of 

EFMPQC and ECMPQC contain two methine (C-H) 

groups, positioned ortho to the carboxyl group in the 

quinolone ring and adjacent to the methylene (CH₂) 

group in the piperazine ring. These groups contribute to 

stretching vibrations at 3221, 3187, 3157, and 3060 cm⁻¹ 

for ECMPQC, and 3223, 3154, 3138, and 3095 cm⁻¹ for 

EFMPQC, respectively, showing strong agreement with 

reported literature data [47]. 

The quinolone derivatives contain two methyl 

(CH₃) groups, one attached to the ethyl side chain of the 

quinoline ring and the other located in the piperazine 

ring, which contribute to both asymmetric and symmetric 

stretching vibrations. In the present study, the 

asymmetric CH₃ stretching modes were calculated at 

3136, 3126, and 3110 cm⁻¹ for ECMPQC, and 3138 and 

3128 cm⁻¹ for EFMPQC. In contrast, the symmetric CH₃ 
stretching modes were observed at 3062, 3047, and 

3044 cm⁻¹ for ECMPQC, and 3114, 3106, and 3042 cm⁻¹ 
for EFMPQC. These values exhibit good consistency 

with reported literature data [48]. Furthermore, the 

molecular structures of the quinolone derivatives contain 

four methylene (CH₂) groups, which contribute to both 

symmetric and asymmetric stretching vibrations. The 

bands calculated at 3038, 2994, and 2950 cm⁻¹ for 

ECMPQC, and 3045, 2979, and 2952 cm⁻¹ for 

EFMPQC, correspond to symmetric CH₂ stretching 

modes, while the bands at 3106, 3103, and 3094 cm⁻¹ 
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for ECMPQC, and 3185 and 3104 cm⁻¹ for EFMPQC, 

are assigned to asymmetric stretching modes. These 

assignments show good agreement with reported 

experimental and theoretical studies [49]. The molecular 

structure of ECMPQC contains three C-Cl bonds 

attached to the quinoline ring, which exhibit 

characteristic stretching vibrations at 885, 741, and 698 

cm⁻¹. In contrast, EFMPQC incorporates three C-F 

bonds, with corresponding stretching bands observed at 

1087, 1010, and 991 cm⁻¹, which show excellent 

agreement with reported literature values [50, 51]. As 

discussed in the structural analysis, the C-Cl bond 

lengths are longer than the corresponding C-F bonds, 

reflecting the stronger bonding interaction in C-F bonds. 

This enhanced bond strength leads to higher force 

constants, causing the C-F stretching modes to appear 

at higher wavenumbers compared to the C-Cl stretching 

vibrations, which is consistent with fundamental 

principles of vibrational spectroscopy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Simulated IR spectra of ECMPQC and EFMPQC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Simulated Raman spectra of ECMPQC and EFMPQC 
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Table 3. Simulated vibrational assignments of ECMPQC 

Modes 
Theoretical wavenumber 

Vibrational assignments 
Unscaled IIR IRaman 

1 3751 78.90 263.43 υ OH (100) 

2 3471 1.73 86.00 υ NH (100) 

3 3221 0.60 61.95 υ CH (99) 

4 3187 6.30 24.85 υ CH (94) 

5 3157 13.01 38.73 υ CH (89) 

6 3136 19.33 105.45 υas CH3 (97) 

7 3126 15.85 82.11 υas CH3 (89) 

8 3110 40.94 76.34 υas CH3 (89) 

9 3106 20.96 48.96 υas CH2 (97) 

10 3103 4.92 11.26 υas CH2 (97) 

11 3094 35.55 134.72 υas CH2 (95) 

12 3062 19.21 180.79 υs CH3 (93) 

13 3060 23.42 68.25 υ CH (89) 

14 3047 49.56 52.75 υs CH3 (89) 

15 3044 19.45 113.76 υs CH3 (78) 

16 3038 14.71 93.43 υs CH2 (98) 

17 2994 56.41 72.34 υs CH2 (93) 

18 2950 57.82 92.63 υs CH2 (97) 

19 1792 357.46 30.62 υ CO (75) 

20 1758 255.71 98.92 υ CO (82) 

21 1663 292.71 197.41 υ CC (49), υ NC (14), δ HCC (14) 

22 1575 295.18 124.41 υ CC (58) 

23 1527 6.42 5.20 δ HCH (66) 

24 1518 3.09 9.91 δ HCH (54), δ HNC (12) 

25 1516 24.05 46.37 υ CC (32), δ HCH (20) 

26 1512 10.72 28.49 δ HCH (41) 

27 1511 1.67 41.87 δ HCH (45) 

28 1507 3.35 27.68 δ HCH (78), τ HCCN (13) 

29 1505 26.07 41.74 δ HCH (56) 

30 1496 1.73 1.84 δ HCH (64) 

31 1494 6.69 9.22 δ HCH (58) 

32 1487 29.15 40.55 υ NC (11) 

33 1484 7.05 23.98 δ HCH (34), δ HNC (26) 

34 1450 247.47 6.06 υ NC (34) 

35 1433 18.78 5.36 δ HCH (73) 

36 1425 135.60 27.28 υ CC (17), υ OC (19), δ HCH (18), δ HOC (19) 

37 1424 38.44 7.08 δ HCH (46) 

38 1413 38.37 3.79 τ HCNC (44) 

39 1406 57.43 10.68 υ NC (11), δ HCC (30) 

40 1402 41.57 28.46 δ HCC (15), τ HCNC (38) 

41 1389 29.65 23.93 δ HCC (26), τ HCNC (27) 

42 1386 7.36 5.00 τ HCNC (42) 

43 1373 7.58 0.87 δ HCC (24), δ HCN (25) 

44 1357 114.44 12.79 υ CC (17), (10), δ HCC (20) 

45 1342 10.43 25.25 τ HCNC (10) 

46 1322 42.91 7.37 τ HCNC (31) 

47 1308 14.45 8.55 δ HCN (32), τ HCNC (11) 

48 1300 7.47 27.53 υ CC (11), δ HCC (21), τ HCNC (10) 

49 1283 33.98 11.54 υ NC (10) 

50 1265 33.15 5.11 υ CC (25) 

51 1253 134.34 70.09 δ HOC (15) 

52 1233 136.69 61.95 δ HCN (31) 
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53 1210 1.85 4.02 υ NC (41) 

54 1188 199.74 8.40 υ OC (23), δ HOC (20) 

55 1181 31.94 4.53 υ NC (12) 

56 1170 94.96 24.03 υ NC (10) 

57 1159 26.55 5.59 υ NC (22) 

58 1144 31.63 31.05 δ CCC (14) 

59 1132 146.92 4.24 υ CC (10) 

60 1124 14.20 3.89 υ NC (25), δ HCN (11) 

61 1106 20.14 5.08 υ CC (24), δ HCH (11), δ CCN (10), τ HCCN (40) 

62 1096 26.62 8.89 υ CC (14) 

63 1063 32.89 4.74 υ NC (11) 

64 1046 35.83 14.14 δ HCN (11) 

65 991 11.18 4.98 υ CC (10), (19), υ NC (19) 

66 985 2.30 6.37 υ CC (38), δ HCC (11) 

67 976 18.49 14.04 δ HCC (57) 

68 964 1.79 15.71 δ CNC (14) 

69 928 4.83 3.26 δ HCC (11) 

70 914 12.93 6.51 υ CC (18), τ HCNC (13) 

71 904 3.91 3.38 δ HCC (24) 

72 885 2.49 3.56 υ ClC (14), (16), δ CNC (10) 

73 867 40.71 1.00 τ HNCC (13) 

74 832 44.80 12.20 υ NC (10) 

75 809 31.61 2.63 τ OCCC (39), τ OCOC (24) 

76 800 9.24 0.80 τ HCNC (29), τ HCCN (31) 

77 793 123.17 7.81 υ NC (36), τ HNCC (25) 

78 790 8.04 2.46 υ NC (13) 

79 760 22.90 2.42 τ OCOC (35) 

80 741 39.63 1.22 υ ClC (10), τ NCCC (14) 

81 722 16.51 5.38 τ NCCC (28), τ HOCC (15) 

82 698 50.63 1.16 υ ClC (29) 

83 691 47.16 2.05 τ NCCC (30), τ HOCC (17) 

84 664 33.80 3.83 τ NCCC (35), τ HOCC (13) 

85 635 50.19 3.22 δ OCO (30) 

86 628 20.37 9.97 τ CCCC (14), τ ClCCC (22), τ HOCC (24) 

87 604 43.86 2.10 τ ClCCC (11), τ HOCC (40) 

88 597 19.03 1.57 δ CCN (10) 

89 546 4.12 6.40 δ CCN (22) 

90 530 8.43 1.75 δ NCC (14) 

91 481 6.80 1.85 τ CCNC (20) 

92 475 4.43 5.97 δ NCC (10), τ CCNC (18) 

93 464 8.72 4.68 δ NCC (22) 

94 450 5.05 3.32 δ CNC (12), δ CCN (15), τ CNCC (11) 

95 425 3.52 2.69 δ OCC (57) 

96 414 5.62 1.22 δ CNC (16), τ ClCCC (13) 

97 370 3.19 4.91 δ CCC (20), δ NCC (23) 

98 366 1.07 4.78 τ ClCCC (11) 

99 352 5.23 5.94 δ CNC (28) 

100 344 3.91 0.80 δ CNC (20) 

101 332 2.23 9.00 υ CC (11), δ CCN (16) 

102 322 0.49 0.65 δ ClCC (24) 

103 309 1.56 3.73 τ CCCC (22) 

104 306 4.32 2.37 δ CCN (24) 

105 298 2.68 5.09 δ ClCC (26), τ CCCC (22) 

106 266 2.35 2.87 δ ClCC (21), τ CCCC (10) 

107 254 1.89 1.51 δ NCC (10), τ CCCC (11) 

108 243 0.34 2.28 δ ClCC (59) 
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109 240 0.48 0.60 τ HCCC (51) 

110 233 0.27 1.55 δ ClCC (36) 

111 212 1.11 0.71 δ ClCC (18) 

112 204 1.02 0.73 δ ClCC (23), τ CCCC (14) 

113 194 0.35 0.66 δ CCC (11), δ ClCC (24), δ NCC (15) 

114 192 0.36 3.74 τ NCCC (10) 

115 169 4.36 4.88 τ CNCC (10), τ NCCN (16) 

116 147 0.40 0.67 δ CCC (23), δ NCC (16) 

117 133 2.00 1.46 δ CCC (20), τ CCNC (15) 

118 121 0.38 0.56 τ ClCCC (10), τ CCNC (26) 

119 100 1.27 0.76 τ CCCC (20), τ CCCN (26) 

120 81 0.11 1.58 τ CCCC (10), τ CNCC (43) 

121 56 0.21 0.41 τ CCCC (13), τ CCNC (13) 

122 50 0.25 1.78 τ CCCC (15), τ NCCC (15) 

123 48 3.16 0.58 τ CCCN (11) 

124 33 0.56 0.2 τ OCCC (81), τ CCNC (33) 

125 25 0.35 1.19 τ CCCC (25), τ NCCC (20), τ CNCC (22) 

126 23 1.36 1.10 τ CCCC (18), τ CCNC (27), τ CNCC (15) 

υ - stretching, υs - symmetric stretching, υas - asymmetric stretching, τ- torsion, δ - deformation 

 

 

Table 4. Simulated vibrational assignments of EFMPQC 

Modes 
Theoretical wavenumber 

Vibrational assignments 
Unscaled IIR IRaman 

1 3748 71.9678 267.8615 υ OH (100) 

2 3475 1.2728 82.2101 υ NH (100) 

3 3223 2.1999 54.1922 υ CH (99) 

4 3185 8.0492 33.9995 υas CH2 (94) 

5 3154 19.5977 43.3999 υ CH (76) 

6 3138 18.8639 111.9508 υas CH3 (96) 

7 3138 13.5212 50.6178 υ CH (80) 

8 3128 16.868 97.3806 υas CH3 (97) 

9 3114 42.4446 90.1355 υs CH3 (90), 

10 3106 5.3139 12.6061 υs CH3 (94) 

11 3104 15.6033 74.1153 υas CH2 (87) 

12 3095 36.7952 113.8191 υ CH (97) 

13 3059 15.5035 129.6103 υs CH3 (100) 

14 3045 43.5839 95.3859 υs CH2 (97) 

15 3042 31.1291 99.6004 υs CH3 (93) 

16 3030 14.0454 55.5176 υ CH (88) 

17 2979 59.5336 94.1157 υs CH2 (94) 

18 2952 66.5082 95.7159 υs CH2 (97) 

19 1787 406.8431 28.1167 υ CO (72) 

20 1753 308.1074 117.0506 υ CO (76) 

21 1666 510.8344 376.3861 υ CC (33), CC (14), NC (12) 

22 1651 0.4717 19.2095 υ CC (58) 

23 1595 7.618 20.3087 υ CC (49) 

24 1532 36.7228 7.4876 δ HCH (75) 

25 1528 67.7138 53.3481 υ CC (23), υ CN (10) 

26 1517 3.8198 12.3547 δ HCH (59), δ HNC (10) 

27 1514 81.3468 8.5478 δ HCH (49) 

28 1512 306.5408 25.2102 δ HCH (62), τ HCCC (12) 

29 1512 21.5869 14.6388 δ HCH (34) 

30 1506 35.2364 19.6136 δ HCH (63) 

31 1504 89.4746 49.6348 δ HCH (56) 
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32 1496 15.7234 4.1445 δ HCH (69) 

33 1493 15.76 7.3534 δ HCH (72) 

34 1486 8.6927 26.1794 δ HCH (14), δ HNC (28) 

35 1446 75.3804 40.4087 υ NC (21) 

36 1433 114.2075 31.0469 υ CC (30), υ CO (16), δ HOC (16) 

37 1430 42.7649 5.0849 δ HCH (98) 

38 1427 12.8542 1.3134 δ HCH (72) 

39 1418 50.3009 18.3683 τ HCNC (33) 

40 1415 58.1461 21.4299 δ HCC (16) 

41 1407 17.9985 16.3049 δ HCC (13), τ HCNC (41) 

42 1395 17.2734 64.7028 δ HCN (11) 

43 1390 50.736 4.9736 δ HCC (16), τ HCNC (17) 

44 1383 2.7495 6.1619 τ HCNC (15) 

45 1377 4.3353 7.8639 δ HCN (27), δ HCC (24) 

46 1349 63.7128 33.4336 υ CC (11), υ CF (11) 

47 1340 5.8868 22.7511 υ CC (22), CC (14) 

48 1324 20.327 26.4727 τ HCNC (26) 

49 1315 55.0834 21.8766 δ HCN (15) 

50 1311 19.7977 17.8528 δ HCN (10) 

51 1290 31.4014 22.976 δ HCC (18), τ HCNC (10) 

52 1256 164.0766 71.7147 δ HOC (17) 

53 1240 30.7528 10.903 δ HCN (28), δ HCC (12) 

54 1214 8.0126 5.917 υ CN (13) 

55 1202 20.2918 3.4408 υ CN (16) 

56 1191 66.1913 5.1201 υ CO (12) 

57 1188 411.2749 57.8275 υ CO (18), δ HOC (21) 

58 1168 59.755 15.7604 υ CN (10), υ CN (14), τ HCCC (10) 

59 1158 24.5093 3.5968 τ HCCC (10) 

60 1132 75.3976 1.7723 τ HCCC (22) 

61 1131 73.5773 4.106 υ CN (10) 

62 1111 23.3746 4.6035 υ CC (15), τ HCCN (37) 

63 1100 67.5571 20.4657 υ CC (21), υ CN (15) 

64 1087 36.697 9.3295 υ CC (12), υ CF (26), υ CN (15) 

65 1051 2.8022 2.1133 δ HCN (14), υ CF (33) 

66 1010 13.5498 28.0643 δ HCN (17) 

67 991 10.3349 4.2768 υ CC (13), υ CF (28) 

68 986 3.9254 7.5316 υ CC (38) 

69 981 4.4477 2.6469 δ HCC (74), τ CCCN (13) 

70 958 20.5677 6.7803 υ CC (14), δ HCC (10) 

71 925 15.9367 0.4977 δ HCN (14) 

72 916 11.3564 3.1764 δ HCC (12) 

73 894 28.9949 1.0993 δ HCN (17) 

74 875 46.7023 9.6893 τ HNCC (12) 

75 850 5.1932 6.7812 υ CC (10), υ CN (19), δ CCC (10) 

76 821 38.7826 6.2085 υ CN (10), τ HCCN (14) 

77 806 5.758 4.6647 υ CN (11), τ HCCN (14) 

78 804 37.0734 1.0204 τ OCOC (35), τ OCCC (41) 

79 792 119.4277 5.6727 υ CN (16), τ HNCC (22) 

80 771 5.2795 4.7374 δ FCC (12) 

81 752 21.3692 1.4897 τ OCOC (43), τ OCCC (24) 

82 736 17.4723 5.8122 δ OCC (20) 

83 665 68.5782 4.8778 δ OCO (17) 

84 650 17.4288 3.4389 τ NCCC (29), τ HOCC (13) 

85 649 56.1342 5.1249 δ OCO (26), τ NCCC (10) 

86 636 49.568 5.3565 τ HOCC (43) 

87 617 13.0309 2.3599 τ NCCC (29), τ HOCC (20) 
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88 583 4.9195 0.5972 τ FCCC (31), τ CCCC (11), τ CCCC (17) 

89 546 2.4839 19.5292 τ FCCC (22) 

90 534 10.7882 2.7873 δ CCN (24) 

91 524 1.3927 8.3378 δ CCC (10) 

92 488 14.1403 8.1419 τ CCNC (14) 

93 484 3.0743 0.7405 τ CCNC (19) 

94 464 3.8859 1.2278 υ CC (10) 

95 452 1.4486 2.7236 δ NCC (16) 

96 432 4.9406 0.1988 δ CCN (14), δ OCC (26) 

97 415 9.3898 1.2894 δ CNC (12), τ FCCC (14) 

98 402 5.2627 0.8993 δ FCC (14) 

99 396 0.3003 1.0818 δ OCC (17), δ CNC (15) 

100 394 0.7379 0.6908 τ FCCC (17), τ FCCC (24) 

101 378 4.0755 2.9117 δ CCC (14), δ OCC (11) 

102 360 13.4206 13.9856 τ FCCC (22) 

103 359 1.9225 2.1079 τ FCCC (18) 

104 331 0.7473 1.4358 δ CCN (28), δ1 CNC (1) 

105 319 1.2834 0.7776 δ FCC (61) 

106 297 5.7833 0.4781 δ FCC (20) 

107 281 0.5725 3.8431 δ FCC (16), δ CCN (10), δ NCC (10), δ CNC (12) 

108 273 5.0306 2.8974 δ CNC (10) 

109 254 1.1477 1.3692 τ HCCN (42) 

110 238 0.4104 0.3528 τ CCCC (26) 

111 228 0.0613 1.9023 τ HCCC (63) 

112 211 0.2674 0.5673 τ HCCN (43) 

113 205 0.7598 1.2674 τ HCCN (33) 

114 200 0.4749 3.6335 δ NCC (16) 

115 189 1.9706 3.1371 τ CNCC (13), τ CCNC (13) 

116 158 1.1413 0.8356 τ NCCN (21) 

117 149 0.4964 0.1901 δ CCC (25), δ NCC (19), τ CCNC (10) 

118 141 0.8988 0.5438 δ CCC (15), τ CCCC (12), τ CCNC (19) 

119 105 0.0515 0.6911 τ CCCC (19), τ CCNC (13), τ CCCN (15) 

120 92 0.5021 0.4865 τ CCCC (11), τ CCCN (32) 

121 62 0.9244 2.2884 τ CNCC (45) 

122 57 1.4013 0.8307 δ CNC (10), τ CNCC (18), τ CCNC (36) 

123 45 3.0561 0.5161 τ OCCC (83) 

124 41 0.0337 0.534 τ CCCC (24), τ CCNC (10) 

125 37 2.6085 0.9894 τ CCCC (22), τ CCNC (23), τ CCCN (12) 

126 18 0.0153 0.4891 τ CNCC (32), τ CCCN (25) 

υ - stretching, υs - symmetric stretching, υas - asymmetric stretching, τ- torsion, δ - deformation 

 

The deformation modes of C-Cl groups in 

ECMPQC were calculated in the range of 322-194 cm⁻¹, 
whereas the C-F deformation modes in EFMPQC were 

observed between 402 and 281 cm⁻¹, showing good 

agreement with reported values [52, 53]. As discussed 

earlier, the shorter C-F bond length relative to C-Cl 

indicates stronger bonding, which results in vibrations 

occurring at higher frequencies. In addition, the 

deformation modes of CH₂ and CH₃ groups were 

calculated below 1500 cm⁻¹ for both quinolone 

derivatives. The in-plane bending vibrations of methine 

(C-H) groups were observed between 1406 and 1300 

cm⁻¹ for ECMPQC, and 1415 and 1240 cm⁻¹ for 

EFMPQC, whereas the out-of-plane bending modes 

were calculated in the ranges of 985-928 cm⁻¹ for 

ECMPQC and 981-916 cm⁻¹ for EFMPQC, respectively. 

These values show strong agreement with literature 

reports [54]. 

 

3.3. Electronic Properties 

The key electronic characteristics of quinolone 

derivatives ECMPQC and EFMPQC, including oscillator 

strength (f), orbital contributions, and excitation energy 

(E), are summarized in Table. 5, and the corresponding 

computed UV-Vis spectra in the gas phase are illustrated 

in Figure 4. 

In the present study, the quinolone derivative 

ECMPQC exhibits intense, moderate, and weak 

absorption bands at 341, 363, and 359 nm, 

corresponding to excitation energies of 3.633, 3.412, 

and 3.452 eV, respectively.  



Vol 8 Iss 1 Year 2026 A. Ram Kumar et al., /2026 

Int. Res. J. Multidiscip. Technovation, 8(1) (2026) 212-238 | 224 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4(a). Calculated electronic spectrum of ECMPQC, (b) EFMPQC 

 

Table 5. Calculated wavelengths (λ), excitation energies (E), and oscillator strengths (f), and contributions (major 
and minor) of quinolone derivative in the gas phase 

Derivatives λ (nm) E (eV) f Major contributions Minor contributions 

ECMPQC 363 3.412 0.025 H-2→L (29%), H→L (61%) H-2→L+1 (3%), H-1→L (3%) 

359 3.452 0.008 H-2→L (47%), H→L (32%) H-2→L+1 (5%), H-1→L (6%) 

341 3.633 0.0461 H→L+1 (85%) H-1→L (6%), H-2→L (4%), 

H→L (2%) 

EFMPQC 343 3.611 0.0001 H-2→L (82%), H-2→L+1 (13%) H-2→L+3 (3%) 

314 3.947 0.0069 H→L (77%) H→L+1 (5%) 

309 4.009 0.0168 H-2→L+1 (66%), H-2→L (14%), 

H→L+1 (13%),  

H-1→L (2%), H→L (4%) 

 

(a) 

(b) 
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Figure 5(a). Calculated HOMO-LUMO energy gap of ECMPQC 

Table 6. The FMO energies and energy gap of quinolone derivatives in the gas phase 

Parameters Formula ECMPQC EFMPQC 

EHOMO (eV) - -5.7889 -5.8803 

ELUMO (eV) - -1.7529 -1.3622 

EHOMO-LUMO gap(eV) - 4.0360 4.5181 

Ionization potential (I) -EHOMO 5.7889 5.8803 

Electron affinity (A) -ELUMO 1.7529 1.3622 

Electronegativity (χ) (I+A)/2 3.7709 3.6212 

Chemical potential (μ) -χ -3.7709 -3.6212 

Chemical hardness (ɳ) (I-A)/2 2.0180 2.2590 

Chemical softness (s) 1/2η 0.2477 0.2213 

Global Electrophilicity (ω) μ2/2η 3.5232 2.9024 

Maximum electron charge (ΔNmax) −(μ/η) 1.8686 1.6030 

EHOMO= -5.7889 eV 

ELUMO= -1.7529 eV 

(a) 
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Figure 5(b). Calculated HOMO-LUMO energy gap of EFMPQC 

 

The most intense absorption band, calculated at 

341 nm, originates primarily from the HOMO → LUMO 

(H → L) electronic transition, with a contribution of 61%. 

In contrast, the quinolone derivative EFMPQC shows 

intense, moderate, and weak absorption peaks at 309, 

314, and 343 nm, with corresponding excitation energies 

of 4.009, 3.947, and 3.611 eV, respectively. The 

dominant absorption band, simulated at 309 nm, arises 

mainly from the HOMO−2 → LUMO (H−2 → L) 

transition, contributing 82% to the excitation. A 

bathochromic (red) shift is observed for the chlorinated 

derivative ECMPQC, which can be attributed to 

enhanced electron cloud delocalization and increased 

polarizability of chlorine atoms, resulting in a reduced 

HOMO–LUMO energy gap of 4.036 eV. In contrast, the 

fluorinated derivative EFMPQC exhibits a hypsochromic 

(blue) shift, arising from the lower polarizability and 

strong inductive electron-withdrawing nature of fluorine, 

leading to an increased energy gap of 4.5181 eV. These 

findings indicate that the chlorinated derivative 

possesses higher chemical reactivity but lower kinetic 

stability, whereas the fluorinated derivative 

demonstrates reduced reactivity and enhanced stability. 

The frontier molecular orbital (FMO) distributions of 

ECMPQC and EFMPQC are graphically illustrated in 

Fig. 5, and the corresponding numerical energy values 

are presented in Table 6. In the FMO plots, the positive 

and negative phases of the molecular orbitals are 

visually represented using yellow and blue color codes 

for the LUMO and HOMO, respectively. In addition, the 

density of states (DOS) spectra of the quinolone 

derivatives is depicted in Fig. S1 (Supplementary 

Material). 

 

3.4. NBO Analysis  

Natural bond orbital (NBO) analysis was 

employed to elucidate the intramolecular charge-transfer 

interactions within the optimized structures of the 

quinolone derivatives ECMPQC and EFMPQC. The 

computed NBO parameters for both systems are 

summarized in Tables 7 and 8, respectively. The 

analysis reveals a significant donor–acceptor interaction 

arising from the electron donation from the lone pair 

EHOMO= -5.8803 eV 

ELUMO= -1.3622 eV 

(b) 
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orbital of O5 to the antibonding orbital of O6–C26 within 

the carboxylic acid (COOH) group of ECMPQC, resulting 

in a stabilization energy of 50.53 kJ/mol through an LP(2) 

→ π* transition. In EFMPQC, the dominant stabilization 

contribution originates from electron donation from C19 

in the quinoline ring to the antibonding N9–C17 orbital, 

with a high stabilization energy of 302.62 kJ/mol, 

corresponding to an LP(1) → π* transition. The second 

major stabilization interaction in ECMPQC arises from 

electron donation from the lone pair on N9 to the 

antibonding orbitals of C23–C24, with a stabilization 

energy of 41.16 kJ/mol, also via an LP(1) → π* 

transition. In contrast, the EFMPQC system exhibits its 

second significant contribution from electron donation 

from C19 to the antibonding orbitals of C18–C20, 

yielding a stabilization energy of 84.06 kJ/mol. In the 

ECMPQC system, moderate stabilization energies were 

observed for interactions involving lone pair electrons on 

Cl2 and Cl3 donating into the antibonding π* orbital of 

the C18–C20 bond, with second-order perturbation 

energies of 13.15 and 15.81 kJ/mol, respectively, 

corresponding to LP(3) → π* delocalizations.

 

Table 7. Second-order perturbation theory of Fock matrix in selected NBO basis for ECMPQC 

 Donor (i) Type Acceptor (j) Type Transition E(2)a (KJ/mol) E(j)-E(i)b (a.u) F(i,j)c (a.u) 

1 C14-C16 π C17-C19 π* π- π*  20.22 0.29 0.071 

2 C14-C16 π  C18-C20 π* π- π* 15.03 0.27 0.059 

3 C17-C19 π O4-C22 π* π- π* 16.25 0.31 0.065 

4 C17-C19 π C14-C16 π* π- π* 17.15 0.27 0.061 

5 C17-C19 π C18-C20 π* π- π* 22.20 0.26 0.069 

6 C18-C20 π C14-C16 π* π- π* 20.25 0.29 0.071 

7 C18-C20 π C17-C19 π* π- π* 14.89 0.30 0.062 

8 C23-C24 π O4-C22 π* π- π* 23.57 0.31 0.077 

9 C23-C24 π O6-C26 π* π- π* 22.30 0.30 0.074 

10 Cl1 LP(3) C14-C16 π* LP(3)- π* 10.74 0.33 0.058 

11 Cl2 LP(3) C18-C20 π* LP(3)- π*  13.15 0.31 0.063 

12 Cl3 LP(3) C18-C20 π* LP(3)- π* 15.81 0.29 0.067 

13 O4 LP(2) C19-C22 π* LP(2)- π*  23.68 0.65 0.112 

14 O4 LP(2) C22-C24 π* LP(2)- π* 20.02 0.71 0.108 

15 O5 LP(2) O6-C26 π* LP(2)- π* 50.53 0.33 0.118 

16 O6 LP(2) O5-C26 σ* LP(2)- σ* 31.18 0.63 0.127 

17 O6 LP(2) C24-C26 σ* LP(2)- σ* 19.02 0.69 0.104 

18 N7 LP(1) C14-C16 π* LP(1)- π* 11.94 0.24 0.050 

19 N9 LP(1) C17-C19 π* LP(1)- π* 26.83 0.28 0.079 

20 N9 LP(1) C23-C24 π* LP(1)- π* 41.16 0.31 0.104 

 

Table 8. Second-order perturbation theory of Fock matrix in selected NBO basis for EFMPQC 

 Donor (i) Type Acceptor (j) Type Transition E(2)a (KJ/mol) E(j)-E(i)b (a.u) F(i,j)c (a.u) 

1 N9-C17 π C23-C24 π* π- π*  28.90 0.37 0.094 

2 C14-C16 π  N9-C17 π* π- π* 33.95 0.22 0.091 

3 C14-C16 π C18-C20 π* π- π* 16.88 0.29 0.064 

5 C18-C20 π C14-C16 π* π- π* 21.83 0.29 0.073 

6 C23-C24 π O4-C22 π* π- π* 23.82 0.31 0.078 

7 C23-C24 π O6-C26 π* π- π* 22.93 0.30 0.075 

8 F1 LP(3) C14-C16 π* LP(1)- π* 15.09 0.43 0.080 

9 F2 LP(3) C18-C20 π* LP(3)- π* 17.30 0.42 0.083 

10 F3 LP(3) C18-C20 π* LP(3)- π* 21.65 0.41 0.091 

11 O4 LP(2) C19-C22 σ* LP(2)- σ*  22.43 0.65 0.109 

12 O4 LP(2) C22-C24 σ* LP(2)- σ* 19.19 0.70 0.105 

13 O5 LP(2) O6-C25 π* LP(2)- π*  48.09 0.33 0.115 

14 O6 LP(2) O5-C26 σ* LP(2)- σ* 29.12 0.63 0.123 

15 O6 LP(2) C24-C26 σ* LP(2)- σ* 17.77 0.68 0.101 

16 N7 LP(1) C14-C16 π* LP(1)- π* 18.45 0.26 0.066 

17 C19 LP(1) O4-C22 π * LP(1)- π* 50.03 0.17 0.099 

18 C19 LP(1) N9-C17 π* LP(1)- π* 302.62 0.06 0.125 

19 C19 LP(1) C18-C20 π* LP(1)- π* 84.06 0.13 0.108 
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By comparison, the fluorinated derivative 

EFMPQC exhibits higher stabilization energies for 

analogous interactions involving lone pairs on F2 and 

F3, with values of 17.30 and 21.65 kJ/mol, respectively. 

The enhanced stabilization observed in the fluorine-

substituted system can be attributed to the higher 

electronegativity and stronger orbital overlap of fluorine, 

which facilitates more effective electron delocalization 

into π* orbitals, thereby resulting in stronger donor–

acceptor interactions compared to the chlorine-

substituted analogue. 

 

3.5. MEP analysis 

The molecular electrostatic potential (MEP) 

surface maps of the quinolone derivatives ECMPQC and 

EFMPQC are presented in Fig. S2 (Supplementary 

Material), with electrostatic potential values ranging from 

−7.121 × 10⁻² to 7.121 × 10⁻² e.s.u. for ECMPQC and 

−7.843 × 10⁻² to 7.843 × 10⁻² e.s.u. for EFMPQC, 

respectively. The color-coded surface representations 

indicate electron-rich (red), electron-poor (blue), and 

electrostatically neutral (green) regions. In both 

quinolone derivatives, the red regions localized around 

the oxygen atoms O6 of the carboxylic acid (COOH) 

group and O4 of the keto (C=O) group indicate areas of 

high electron density and negative electrostatic 

potential, identifying these sites as potential nucleophilic 

centres. Conversely, the blue regions surrounding the 

hydrogen atoms of the hydroxyl (O–H), methylene 

(CH₂), and methyl (CH₃) groups, particularly at the 

periphery of the quinolone and piperazine rings, 

correspond to electron-deficient zones with positive 

electrostatic potential, suggesting their susceptibility to 

electrophilic attack. Additionally, the green regions 

distributed over the quinoline and piperazine ring 

systems reflect areas of near-neutral electrostatic 

potential, indicating electronically balanced regions 

within the molecular framework.  

 

3.6. Topological parameters 

3.6.1. ELF and LOL 

Electron localization function (ELF) and 

localized orbital locator (LOL) analyses provide valuable 

insights into bonding characteristics and charge 

distribution within the molecular frameworks of chemical 

systems [55].  The contour maps, color-filled plots, and 

projection graphs for ELF and LOL analyses are 

illustrated in Figures. 6-9.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 (a) ELF color map with numbering, (b) contour map, and (c) ELF color map with projection of ECMPQC 

(a) (b) 

(c) 
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Figure 7(a) LOL color map with numbering, (b) contour map, and (c) ELF color map with projection of ECMPQC 

In ECMPQC, the red regions localized around 

hydrogen atoms H34 and H27 in the piperazine ring, as 

well as H42 in the ethyl group attached to N9 of the 

quinolone ring, indicate highly localized electron density. 

In contrast, the blue regions surrounding carbon atoms 

C24 and C16 and chlorine atom Cl1 in the quinoline ring, 

C26 in the carboxyl group, and N7 in the piperazine ring, 

represent electron-delocalized regions within the 

molecular framework. Similarly, in EFMPQC, the red-

colored regions around hydrogen atom H44 in the 

carboxyl group, H40 bonded to carbon C23 at the ortho 

position relative to the carboxyl (COOH) group, and 

hydrogen atoms H33 and H37 in the piperazine ring, 

emphasize localized electron density. Conversely, the 

blue regions distributed around atoms C26, O5, and O6 

in the carboxyl group, as well as C24, C23, N9, C21, 

C17, C16, and F1 in the quinoline ring, indicate electron 

delocalization. These observations are consistent with 

the LOL analysis, further confirming the distribution of 

localized and delocalized electrons in both ECMPQC 

and EFMPQC.  

 

3.6.2. RDG and NCI 

Reduced density gradient (RDG) and 

noncovalent interaction (NCI) analyses were employed 

to identify and visualize intra- and intermolecular 

noncovalent interactions within the molecular structures 

of the quinolone derivatives [56]. The two-dimensional 

RDG scatter plots and three-dimensional NCI isosurface 

maps are shown in Figs. 10 and 11, respectively. In the 

RDG scatter plots, the regions characterized by electron 

density (ρ ≈ 0) and the second eigenvalue of the Hessian 

matrix (λ₂ ≈ 0) correspond to van der Waals interactions. 

Regions exhibiting higher electron density with negative 

λ₂ values (ρ > 0, λ₂ < 0) indicate the presence of 

attractive interactions such as hydrogen bonding, 

whereas regions with positive λ₂ values (ρ > 0, λ₂ > 0) 

are associated with steric repulsion.  

(a) (b) 

(c) 
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Figure 8(a) ELF color map with numbering, (b) contour map, and (c) ELF color map with projection of EFMPQC 

In the present study, pronounced green and red 

features were observed in the RDG plots of both 

ECMPQC and EFMPQC, indicating that the molecular 

frameworks are stabilized primarily by van der Waals 

interactions and steric effects. The corresponding NCI 

isosurface maps show red-colored regions embedded 

within the quinoline and piperazine rings, reflecting steric 

repulsions, while green patches located at the interfaces 

of methyl (CH₃), carboxyl (COOH), and methylene (CH₂) 
groups signify the presence of weak van der Waals 

interactions that contribute to the overall molecular 

stability.  

 

3.7. Molecular docking 

Molecular docking analysis was performed to 

predict ligand–protein interactions by evaluating the 

formation of polar and nonpolar contacts within the 

active binding pockets, thereby creating a favorable 

environment for catalytic inhibition [57, 58]. In the 

present study, the binding affinities of the quinolone 

derivatives ECMPQC and EFMPQC were investigated 

against the SARS-CoV-2 main protease (Mpro) and 

RNA-dependent RNA polymerase (RdRp) enzymes. 

The three-dimensional crystal structures of SARS-CoV-

2 Mpro (PDB ID: 6LU7) and RdRp (PDB ID: 7BV2) were 

retrieved from the Protein Data Bank (PDB), with 

resolutions of 2.50 Å and 2.16 Å, respectively. Co-

crystallized ligands and water molecules were removed, 

and the proteins were prepared and saved in PDB 

format. The optimized molecular structures of ECMPQC 

and EFMPQC were converted to PDBQT format for 

docking simulations.  

 

 

(a) 
(b) 

(c) 
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Figure 9(a). LOL color map with numbering, (b) contour map, and (c) ELF color map with projection of EFMPQC 

 

The ligands ECMPQC and EFMPQC exhibited 

binding affinities of −5.14 and −4.89 kcal/mol, 

respectively, toward the 6LU7 (Mpro) protein, and −6.06 

and −4.93 kcal/mol, respectively, toward the 7BV2 

(RdRp) protein. For the Mpro (6LU7) enzyme, ECMPQC 

forms three hydrogen bonds with the amino acid 

residues Ala285, Thr199, and Met276. These 

interactions involve the oxygen atoms of the carboxyl 

group and the nitrogen atoms of the piperazine ring, with 

bond distances of 3.15 Å, 2.82 Å, and 2.86 Å, 

respectively. Similarly, EFMPQC forms three hydrogen 

bonds with the amino acid residues Thr190, His41, and 

Cys145, involving the carboxyl oxygen and piperazine 

nitrogen atoms, with bond lengths of 3.05 Å, 2.94 Å, and 

3.29 Å, respectively, within the active site of the main 

protease. Previous studies report that standard antiviral 

drugs, such as lopinavir, darunavir, and amprenavir, 

exhibit stronger binding affinities of −9.91, −8.84, and 

−8.65 kcal/mol, respectively.  

Although the quinolone derivatives show 

comparatively moderate binding energies, they interact 

directly with key catalytic residues of the enzyme, 

suggesting their potential inhibitory relevance [59]. For 

the RdRp (7BV2) enzyme, ECMPQC and EFMPQC form 

one and two hydrogen bonds, respectively, with active-

site amino acid residues Lys621 and Lys890 (ECMPQC) 

and Lys426 (EFMPQC). The two-dimensional (2D) and 

three-dimensional (3D) ligand–protein interaction maps 

are illustrated in Figs. 12 and 13, and the corresponding 

binding energies, hydrogen bonding, and hydrophobic 

interactions are summarized in Table 9. According to 

literature, the co-crystallized antiviral drug remdesivir 

exhibits a binding affinity of −7.8 kcal/mol toward RdRp.  

 

(a) (b) 

(c) 
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Figure 10(a). RDG scatter graph of (a) ECMPQC and (b) EFMPQC 

 

 

 

 

 

 

 

 

 

 

 

Figure 11(a) NCI isosurface graph of (a) ECMPQC and (b) EFMPQC 

 

Table 9. Molecular docking of quinolone derivatives against 6LU7 and 7BV2 proteins 

Ligands PDB.IDs Binding 

energy 

Polar 

interactions 

Bond distances 

(Å) 

Hydrophobic 

interactions 

ECMPQC 6LU7 -5.14 Alanine 285 

Threonine 199 

Methionine 276 

3.15 

2.82 

2.86 

Leucine 286, 287, 271 

Tyrosine 237, 239 

Glycine 275 

7BV2 -6.06 Lysine 621 2.59 Lysine 798 

Tyrosine 619 

Proline 620 

Asparagine 618, 761, 760 

Glutamic acid 811 

Arginine 553 

EFMPQC 6LU7 -4.89 Threonine 190 

Histidine 41 

Cysteine 145 

3.05 

2.94 

3.29 

Methionine 165 

Arginine 188 

Glutamine 189, 192 

Proline 168 

Leucine 167 

Glutamic acid 166 

Histidine 164 

7BV2 -4.93 Lysine 890 

Lysine 426 

2.93 

2.89 

Asparagine 893 

Arginine 889 

Phenylalanine 422 

 

(a) (b) 

(a) (b) 
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Figure 12(a). The 3D PyMOL and 2D LigPlot+ view of ECMPQC with 6LU7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12(b). The 3D PyMOL and 2D LigPlot+ view of ECMPQC with 7BV2 
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Figure 13(a). The 3D PyMOL and 2D LigPlot+ view of EFMPQC with 6LU7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13(b). The 3D PyMOL and 2D LigPlot+ view of EFMPQC with 7BV2 

In comparison, the quinolone derivatives show 

binding energies of −6.06 kcal/mol (ECMPQC) and 

−4.93 kcal/mol (EFMPQC). Notably, the chlorinated 

derivative ECMPQC demonstrates stronger binding 

interactions with key active-site residues than the 

fluorinated analogue [60]. The enhanced binding affinity 

of ECMPQC can be attributed to the larger atomic size, 

higher polarizability, and increased hydrophobic 
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character of chlorine, which collectively strengthen 

ligand–protein interactions. 

 

4. Conclusion 

The quinolone derivatives ECMPQC and 

EFMPQC were comprehensively characterized in terms 

of their structural, spectroscopic, electronic, and 

biological properties. The fluorinated derivative 

EFMPQC exhibits enhanced conformational stability, 

which is attributed to the shorter and stronger C–F bonds 

compared to the longer C–Cl bonds in ECMPQC. In the 

vibrational analysis, the C–F stretching modes appear at 

higher wavenumbers than the corresponding C–Cl 

vibrations, confirming the theoretical expectation that 

stronger chemical bonds vibrate at higher frequencies. 

From the electronic property analysis, the larger HOMO–

LUMO energy gap and hypsochromic shift observed for 

EFMPQC indicate lower chemical reactivity and greater 

stability, which arise from the strong inductive electron-

withdrawing effect and low polarizability of fluorine. In 

contrast, ECMPQC exhibits a bathochromic shift, 

reduced energy gap, and enhanced electron 

delocalization, suggesting higher reactivity but 

comparatively lower stability. The topological analyses, 

including ELF and LOL, confirm the presence of both 

localized and delocalized electron density regions within 

the molecular frameworks. Meanwhile, the RDG–NCI 

analysis reveals red regions embedded within the 

quinolone and piperazine rings, indicative of steric 

repulsion, while green patches located near the methyl 

(CH₃), carboxyl (COOH), and methylene (CH₂) groups 

highlight the existence of stabilizing van der Waals 

interactions. However, molecular docking studies 

demonstrate that the chlorinated derivative ECMPQC 

exhibits stronger binding affinity toward the target 

proteins, which can be attributed to the larger atomic 

size, higher polarizability, and increased hydrophobic 

nature of chlorine, leading to enhanced ligand–protein 

interactions. Overall, EFMPQC is more suitable for 

applications requiring high stability and favorable 

electronic properties, whereas ECMPQC appears more 

promising for applications involving strong biological 

interactions, such as drug–receptor binding and antiviral 

drug design. 
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