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A B S T R A C T   

The current study focuses on the combined experimental and theoretical FT-IR and FT-Raman spectra of 1-car
boxy-4-ethoxybenzene (1C4EB), to obtain vibrational frequencies and optimal geometrical parameters by HF and 
DFT. For 1C4EB, the kind of intramolecular interactions and their stabilization were performed by Natural Bond 
Orbital analysis. The Nonlinear optical p properties and the conclusive evidence for ICT were also analyzed. The 
electronic energies and absorption spectra in different mediums were determined. Furthermore, Mulliken 
charges distribution, molecular electrostatic potential maps, the condensed Fukui function and thermodynamic 
parameters were calculated. The topological properties and IRI were analyzed with the Multiwfn program. In 
molecular docking, target proteins 4ULE and 2EEP were used to investigate sugar phosphatase and Prolyl 
aminopeptidase inhibitor properties. The least binding energy -6.7 kcal/mol is observed for the selected protein 
4ULE. The molecular dynamics of the complex between the proteins 4ULE and 2EEP – ligand, binding free 
energies also calculated by the Poisson-Boltzmann surface area method.   

Introduction 

There are plenty of uses for the aromatic carboxylic acids attracted 
researchers for their reliabilities in many applications [1]. In particular, 
benzoic acid with its substituents plays the inevitable role in treating 
fungal diseases by controlling yeast formation and bacterial growth, 
benzoic acid liniments are also used as neuraminidase inhibitors against 
cancer and influenza, characterized by their antifungal and antibacterial 
properties [2]. 

Several [3–8] researchers have made extensive contributions to the 
analysis of aromatic carboxylic acids. Especially, some of the specific 
spectroscopic and quantum chemical analyses of 2, 3, 5-dimethyl-4-me
thoxybenzoic acid, 5-amino-2-nitrobenzoic acid, 2-(4-hydrox
yphenylazo) benzoic acid [9,10], 2-chloro-5-nitrobenzoic acid, 3, 
5-dinitro benzoic acid [11] and also made some remarkable researches 

of benzoic acid compounds in treating COVID-19 and cancer [12], which 
have enabled us the broad eye-opening of the present research on the 
selected molecule 1-carboxy-4-ethoxybenzene (1C4EB). 

The rigorous literature survey made and found that 1-carboxy-4- 
ethoxybenzene (1C4EB) has not been investigated in quantum chemi
cal treatment and molecular docking for the latest drug design. We 
analyzed the molecular structure and theoretically predicted vibrational 
assignments of 1C4EB compared with its experimental results, thermo
dynamic and Natural Bond orbital and Non-Linear Optical parameters. 
The attacking sites on MEP surfaces are based on nucleophilic and 
electrophilic reactions, the topographic evaluation of LOL, ELF, iso 
surface and IRI. According to Molecular docking studies, 1C4EB exerts 
sugar phosphatase inhibitors or prolyl aminopeptidase inhibitor prop
erties upon interacting with selected targets and in the next step, binding 
free energies of enzyme-ligand complexes with the highest scores were 
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determined by molecular dynamics simulations. Sugar- phosphatase 
deficiency is a class of hereditary metabolic diseases which includes 
types Ia and Ib, characterized by poor tolerance to fasting, growth 
retardation and hepatomegaly resulting from accumulation of glycogen 
and fat in the liver. The disease of hypoglycemia often appear between 
the early ages. The patients exhibit growth retardation, significant he
patomegaly, and poor tolerance to fasting. Furthermore, neutropenia 
and neutrophil dysfunction are responsible for tendency towards in
fections and inflammatory bowel disease [13,14]. 

Experimental studies 

The 1-carboxy-4-ethoxybenzene (1C4EB) was obtained from Aldrich 
Chemicals with an indicated 99 % assay and used directly for the present 
study without purification. For the title molecule 1C4EB, the FT-IR 
spectrum is recorded by a Perkin Elmer Spectrum RX in between 400 
and 4500 cm− 1 with 1 cm− 1 of resolution in the spectral domain. FT- 
Raman spectrum is recorded by Bruker RFS 27 enabled by Nd: YAG 
Laser sample excitation wavelength of 1064 nm and operating in the 
spectral Stokes shift in the range of region 50 to 4000 cm− 1 respectively. 
The spectra are recorded in SAIF, IITM, Chennai, Tamil Nadu, India 

Quantum chemical calculations 

The Gaussian 09 W [15] software is employed to attain the quantum 
chemical calculations of 1C4EB by HF and DFT-B3LYP methods. There 
are two quantum chemical methods used for calculations on 1C4EB: the 
Hartree-Fock (HF) method, which treats electrons as non-interacting, 
and the Density Functional Theory with B3LYP (DFT-B3LYP) method, 
which combines efficiency and accuracy at the same time. In comparison 
with HF, DFT-B3LYP considers electron density for a comprehensive 
understanding of electronic structure, while HF provides a basic 
description of electronic structure. This study has been made more 
reliable by the use of both methods, providing diverse insights into the 
electronic properties of 1C4EB as a result of its use of both methods. [16, 
17]. The geometrical structure of 1C4EB and vibrational frequencies 
along with potential energy distributions (PED) calculations were car
ried out to assign vibrational spectra at minimum energy based on the 
level standard basis set, which is a useful tool for both qualitative and 
quantitative studies. The scaled frequencies of the adopted HF method 
are adjusted to 0.967 and for the B3LYP method are adjusted to 0.958 for 
wave numbers nearer to 1700 cm− 1 and rounded to 0.9833 for wave 
numbers nearer to 1900 cm− 1 [18,19]. Altering subsequent scaling 
factors acquired from the experimental derivation which were lesser 
than 10 cm− 1. Based on PED’s calculation the Vibrational Energy Dis
tribution Analysis (VEDA) [20] program was utilized to generate de
scriptions for the quantum chemical vibrational frequencies and normal 
modes were assigned. The visual animations of vibrational modes were 
created with the Gauss view 6.06 [21]. Natural Bonding Orbitals were 
computed using the Gaussian 09 W at the adopted B3LYP basic set [22]. 
Using NBO analysis, the Fukui functions of single-point energy calcu
lations have been done for N+1 and N-1 species. The second-order 
perturbation approach calculates hyperconjugative interaction energy 
[23–25]. An electronic property such as HOMO and LUMO energy can 
be determined using TD-DFT. Mulliken population analysis is used to 
calculate a group contribution to a molecular orbital. A thermodynamic 
analysis of the estimated vibrational frequencies of normal mode. The 
topological analyses such as Electron localization function (ELF), 
Localized orbital locator (LOL), Molecular electrostatic potential (MEP) 
and Interaction Region Indicator (IRI) analyses were performed using 
Multiwfn 3.8 [26]. 

Molecular docking and dynamics simulation 

A docking study of 1C4EB with selected target proteins was carried 
out by the Auto Dock Vina program [27] and Discovery Studio [28] was 

used to visualize the docking findings. The molecular Dynamics of 
1C4EB is simulated by the SiBioLead online platform (https://sibiolead. 
com/) with sugar phosphatase inhibitor and Prolyl aminopeptidase in
hibitor proteins at 300 K and a pressure of 1 bar in 0.15 M NaCl. A 
simulation consisted of approximately 1000 frames with a simulated 
time set of 1 nanosecond and calculated binding free energies by the 
MM-PBSA method. 

Results and discussion 

Molecular geometry 

The relative parameters of the optimal structural like bond lengths 
and angles of 1C4EB based on CS group symmetry are presented in 
Table S1. Berny’s optimization algorithm is employed to optimize the 
molecular structure using Gaussian 09 W and Gauss view 6.06 as shown 
in Fig. 1(a). In HF and DFT with a standard basis set, the structural 
optimization and zero-point vibrational energies were calculated to be 
118.07 and 110.12 Kcal/mol. The ground state energy in HF is more 
significant than the actual energy; the calculated energy of HF is greater 
than the DFT method. The carboxyl group is attached to the C1-C2, the 
bond length value of 1.480 Å and 1.478 Å is higher than other bond 
lengths. HF and DFT possess the most elevated bond angle (d, p) for C2- 
C1-O8. Experimentally [29] measured bond lengths and angles are 
correlated by theoretically simulated values. Furthermore, the dimer of 
1C4EB molecules showed in Fig. 1(b) the possibility of the intermolec
ular hydrogen bonding (O–H⋅⋅⋅⋅⋅O=C) of lengths 1.572 Å and 1.586 Å, 
The bond angles 125

◦

and 126
◦

using the B3LYP basis set. 

Vibrational assignments 

The molecule 1C4EB had a non-planar symmetry, in total, 22 atoms 
are presented in it and undergoes 60 normal modes of vibrations span
ning irreducible representations within the CS group. Amongst 60 
normal modes, 36 belong to in-plane bending and 24 are for out-of-plane 
bending. In the molecule, those bands in the plane bending are repre
sented by A′, while A″ species represent those out of the plane, i.e., ⌈vib 
= 36A′ + 24 A″. The HF/DFT vibrational frequencies were computed 
using the optimized structural parameters at the standard basis set level. 
Table 1 listed the vibrational theoretical and experimental assignments 
of the functional groups presented in 1C4EB and their corresponding 
figures shown are in Figs. 2-3. 

OH vibrations 

The stretching frequency of hydroxyl group vibrations occurs be
tween 3400 and 3600 cm− 1[30]. For 1C4EB, a significant FTIR peak at 
3423 cm− 1 assigned to OH stretching vibrations, Sajan et al. reported the 
same occurred at 3500 cm− 1 [31]. Since, Intermolecular hydrogen 
bonding between hydroxyl and carbonyl groups of 1C4EB (ie., 
O–H⋅⋅⋅⋅O=C) has slightly shifted towards. Theoretical FTIR, OH peaks 
were observed at 3422 cm− 1 and 3413 cm− 1 respectively by HF and DFT 
methods and no significant FT-Raman peaks were observed. From 
Table 1, the stretching mode with a PED value is 100 %. In FTIR, the 
bending assignments were observed at 1392 cm− 1, 1124 cm− 1and 1186 
cm− 1, in FT-Raman it is observed at 1186 cm− 1 and its corresponding 
theoretical values contributed 30 % and 16 % to total plan bending vi
bration by IR and Raman, respectively. Table 1, shows that scaled vi
brations using the theoretical methods are agreed with experimental 
data. 

Methyl group vibration 

The methyl group vibrations commonly occur as stretching, defor
mation and vibration. There was generally a stretching of C–H of 
3000–2900 cm− 1[3] for methyl groups. The compound 1C4EB has 
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methyl and methylene groups, in the FTIR spectra the peaks observed at 
2985 and 2944 cm− 1 are ascribed to it respectively. The FT-Raman 
peaks at 2891 and 2869 cm− 1 are attributed to methyl and methylene 
groups respectively. In PED, contributions range from 96 to 100 %. The 
C–H in-plane bending vibrations for IR and Raman are 1043 cm− 1 and 
1045 cm− 1 by PED values of 26 and 12 %. The aromatic C–H vibration 
frequencies match the literature [4]. 

Carbon–Hydrogen vibrations 

The stretching of C–H bonds usually occurs between 3100 and 3000 
cm− 1 [32]. The IR and Raman spectra showed phenolic C–H stretching 
bands appeared at 3083 cm− 1 and 3072 cm− 1 respectively. Theoreti
cally, the C–H aromatic stretching bands appeared at 3078 and 3093 
cm− 1 by the HF method and at 3063 cm− 1, and 3078 cm− 1 by the DFT 
technique with 99 % in PED and exhibited a strong concurrence. A 
strong and characteristic C–H bending vibration appeared between 
1390 and 990 cm− 1 [33]. In FTIR, the in-plane C–H bending vibrations 
are observed at 1321, 1300, 1115, and 1043 cm− 1and in Raman, the 
same in-plane bending peaks are observed at 1389, 1229 and 1038 cm− 1 

and PED percentages of 79 %, 63 %, 24 % and 26 % for the selected 
system and the C–H vibrations are well in agreement between theory 
and experiment. 

Carbon–Carbon vibrations 

The C–C stretching vibrations occurred between the range of 1200 - 
1680 cm− 1 [34,35]. The characteristics C–C stretching peaks appeared 
at 1678, 1607, 1430 and 1321 cm− 1 in IR spectrum and observed at 
1609, 1422 and 1320 cm− 1 in FT-Raman. The theoretically calculated 
peaks at 1628, 1600, 1434 and 1316 cm− 1 in FTIR and 1594, 1441 and 
1352 cm− 1 in Raman were found to have a PED assignment percentage 
of approximately 50 % [36]. The experimental and theoretical values 

demonstrate a significant level of agreement and Table 1 provides the 
vibrational modes of C–C vibrations. 

Carbon–Oxygen vibrations 

The C=O stretching band exhibits significant vibrational bands be
tween 1870 and 1540 cm− 1. The FT-IR analysis found the C=O 
stretching peak of the C(=O) OH group of 1C4EB is at 1800 cm− 1 [37]. 
The computed C=O stretching vibrations are assigned to the peaks that 
appeared at the 1788 and 1764 cm− 1 band in FT-IR and FT-Raman 
spectra contributing 82 %. The absorption of the molecule under 
investigation was enhanced by elongating the C–O group. Vibrations 
associated with stretching of light substituents were observed between 
1095 and 1310 cm− 1. The IR and Raman spectra of this molecule 
revealed weak C–O stretching vibrations. In the FT-Raman analysis, 
in-plane bending vibrations of C–O were identified at 628/629 cm− 1 

(PED-43 %) these vibrations appeared weak in the Raman analysis [38]. 

Natural bond orbital analysis 

It is an effective technique to determine the bond order between two 
atoms and the electrical charge on each atom. Moreover, it employs the 
2nd-order Fock Matrix was analyzed using second-order perturbation 
theory as reported in the literature [39,40] to investigate the in
teractions occurring within and between molecules involving the com
pound 1C4EB and values shown in table S2. It has been approximated 
that the energy stabilization E(2) arises from the electron delocalization 
between NBOs (i, j), which act as donors and acceptors. This was a result 
of the orbital imbricate among σ (C–C, C–H) and π (C–O); σ*(C–C, C–H) 
and π*(C–O) bond orbitals causing charge transfer (intramolecular) and 
stabilizing the system. Because of these interactions, the electron density 
in the C–C antibonding orbital increases, weakening their bonds [41]. 
Table S2 shows the intramolecular hyperconjugation interaction 

Fig. 1. Optimized structure of 1C4EB in (a) a monomeric space and (b) a dimeric space.  
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between the π* (C1–O8) and the π* (C2-C3) bonds to stabilization of 
66.15 kJ/mol respectively due to antibonding orbitals. The magnitude 
of charge transferred from (LP(2) O10) → π* (C4–H5) and (LP(1) O9) → π* 
(C1–O8) showed that stabilization energy of about ~24.88 kJ/mol and ~ 
35.28 kJ/mol respectively. This results in electrons being transferred 
from donor i to acceptor j. As a result, anti-bonding atoms combine to 

form bonding atoms. The stabilization energies of a molecule can be 
used to verify charge transfer episodes. 

Nonlinear optical properties 

NLO features included optical modulation, memory, switching, 

Table 1 
The FT-IR, FT-Raman assignments of 1C4EB.  

Sym. species Experimental HF/6–311++G(d,p) B3LYP/6–311++G(d,p) Assignment PED 

FTIR FT-Raman unscaled Scaled unscaled Scaled 

A′ 3423  4127 3422 3776 3413 νOH(100) 
A′ 3083  3380 3078 3215 3093 νCH(99) 
A′   3371 3069 3203 3082 νCH(98) 
A′  3072 3363 3062 3201 3079 νCH(99) 
A′   3352 3052 3189 3036 νCH(99) 
A′ 2985 2985 3253 2961 3115 2965 νCH(96) 
A′ 2942 2944 3239 2949 3106 2957 νCH(99) 
A′ 2891 2892 3205 2882 3042 2896 νCH(100) 
A′   3176 2856 3039 2893 νCH(99) 
A′ 2824 2870 3166 2881 3004 2860 νCH(100) 
A′ 1800  1965 1788 1778 1764 νOC(82) 
A′ 1678  1789 1628 1647 1633 νCC(42) 
A′ 1607 1609 1750 1600 1607 1594 νCC(48)+βCCC(22) 
A′   1677 1533 1542 1530 βHCC(23)+ βHCH (13) 
A′   1649 1507 1519 1507 βHCH(75) 
A′′   1618 1479 1501 1489 βHCH(53)+τHCCO(20) 
A′′   1600 1462 1485 1473 βHCH(72)+ τHCCO(20) 
A′ 1430 1442 1569 1434 1452 1441 νCC(35)+ βHCC(14) 
A′′   1559 1425 1427 1416 βHCH(40)+ τHCOC(31) 
A′′   1521 1391 1402 1391 βHCH(45)+ τHCOC(31) 
A′ 1392 1320 1491 1363 1363 1352 νOC(16)+ νCC(13)+ βHOC(30)+ βOCO(11) 
A′ 1321  1440 1316 1349 1339 νCCC(64) 
A′ 1321 1399 1421 1299 1328 1318 βHCC(79) 
A′ 1300 1299 1414 1293 1305 1294 βHCC(63)+ νHCOC(23) 
A′ 1261 1287 1330 1215 1280 1269 νCC(10)+ νOC(44) 
A′ 1124  1309 1196 1216 1206 νCC(23)+ βHOC(30)+ βHCC(27) 
A′ 1173 1186 1285 1175 1183 1173 βHOC(16)+ βHCC(40) 
A′′ 1115 1138 1277 1168 1177 1120 βHCC(24)+ τHCOC(24) 
A′′ 1043  1238 1132 1140 1131 βHCC(26)+ τHCCO(20) 
A′′ 1043 1045 1204 1100 1134 1079 βHCC(12)+ τHCCO(26) 
A′   1198 1095 1094 1041 νOC(40) 
A′   1158 1058 1058 1007 νCC(39)+ νOC(40) 
A′   1110 1015 1024 975 βHCC(10)+ βCCC(63) 
A′′   1097 1003 993 945 τHCCC(76) 
A′′ 922 922 1081 988 967 920 τHCCC(92)+ τCCCC(20) 
A′′ 852 842 1006 920 936 891 νCC(26)+ νOC(18)+ τHCCO(20) 
A′′ 832 824 955 873 864 822 τHCCC(39)+ σOCOC(10)+ σOCCC(18) 
A′′   919 840 840 800 τHCCC(21)+ τHCOC(22) 
A′   895 818 831 791 νCC(34)+ νOC(10)+ βCCC(11) 
A′′ 772 774 892 815 819 779 τHCCC(52) 
A′′  763 871 796 783 745 τHCCC(10)+ σOCOC(54) 
A′   804 735 739 704 νOC(13)+ νCC(10)+ βCCC(14) 
A′′ 646 640 775 708 709 675 τHCCC(11)+ τCCCC(56)+ σOCOC(21) 
A′   693 633 646 615 βCCC(54) 
A′ 628 629 678 619 626 621 βOCO(43)+ βCCC(14) 
A′′ 553  605 553 567 540 τHOCC(76) 
A′   551 504 509 485 βOCC(46)+ βCCC(14) 
A′′   547 500 505 481 τHOCC(14)+τHCCC(10)+ τCCCC(12)+ σOCCC(31) 
A′   502 459 469 446 νCC(12)+ βOCO(46) 
A′′ 469  462 423 423 403 τHCCC(10)+τCCCC(37) 
A′  318 423 387 396 377 βOCC(40)+ βCCO(33) 
A′′  257 318 290 289 275 τCCCC(13)+ σCCCC(36)+ σOCCC(15) 
A′′   302 276 284 270 νOC(11)+ νCC(14)+ βCCC(14)+ βCCO(20) 
A′′ 257  274 250 253 241 τHCCO(83) 
A′   235 215 219 208 βOCC(38)+ βCCC(40) 
A′   134 122 124 118 βOCC(69)+ βCCC(22) 
A′′   133 121 122 116 τCCCC(33)+ τCCOC(16)+ σCCCC(30) 
A′′   113 103 108 103 τCCOC(16)+ τCOCC(60) 
A′′   76 69 68 65 τOCCC(86) 
A′′   49 45 47 44 τCCCC(14)+ τCCOC(60) 

ν-stretching,. 
β-in plane bending,. 
σ-out plane bending and. 
τ-torsion. 
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frequency shifting and optical logic to improve optical signal processing, 
data storage and current communication technologies. Non-linear ef
fects change the amplitude of a new electromagnetic field, frequency, or 
phase [42–45]. Table 2 presents the values of the NLO properties of 
1C4EB. The first-order hyperpolarizability for this compound is 
measured at 7562.93×10− 33 esu. In contrast, the corresponding value 
for urea is 372×10− 33 esu. Additionally, the dipole moment value for the 
component µtotal is determined to be 1.2270 D, while the polarizability 
value is measured at 47.4847×10− 24 esu. These values collectively 
indicate that the molecules comprising 1C4EB exhibit superior proper
ties as an NLO material. 

Mulliken charges 

The Vibrational properties of molecules are directly related to Mul
liken charges. The present system 1C4EB, quantifies the effects of atomic 
displacement on the electronic structure of the molecules and associated 
with the chemical bonds present in the molecule. Several other prop
erties of molecules including dipole moments and polarizability are also 
affected. Fig. 4 illustrates the bar chart of the charges of the individual 
atoms of 1C4EB. Table S3 presents the Mulliken charges obtained 
theoretically. The charge distribution of the current investigation 
showed all hydrogen atoms were positively charged and as expected all 
oxygen atoms were negative. A study found that the magnitude of 
1C4EB’s atomic charges on carbon atoms was both positive and negative 

[46]. 

The theoretical UV–Vis analysis 

An analysis of the ultraviolet spectra of 1C4EB has been carried out 
in gas, water, DMSO, acetone and chloroform mediums using a theo
retical approach. The low-lying excited states were obtained for the 
optimized ground state structure of 1C4EB by TD-DFT [47]. Table 3 
provided absorption wavelengths, oscillatory strengths and theoretical 

Fig. 2. Experimental and theoretical FT-IR spectra of 1C4EB.  
Fig. 3. Experimental and theoretical FT-Raman spectra of 1C4EB.  

Table 2 
The NLO properties of 1C4EB.  

Parameters Values Parameters Values 

µx − 0.7576 βxxx 8754.20 
µy − 0.9652 βxxy 504.07 
µz 0.0065 βxyy − 889.81 
µtot (D) 1.2270 βyyy − 373.62 
αxx 26.2738 βxxz − 58.13 
αxy 1.3806 βxyz − 11.45 
αyy 17.7626 βyyz − 0.4053 
αxz − 0.0628 βxzz − 302.56 
αyz 0.0061 βyzz − 236.63 
αzz 10.6374 βzzz − 5.3021 
αtot (esu) 18.2246×10− 24 βtot (esu) 7562.93×10− 33 

Δα (esu) 47.484710− 24    
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electronic excitation energies. Fig. 5 shows the decreasing trend of 
theoretical wavelengths in the following order: Water (271.23 nm) >
DMSO (270.97 nm) > Acetone (270.18 nm) > Chloroform (266.03 nm) 
> Gas (254.12 nm) with oscillator strength values of 0.6837, 0.6898, 
0.6644, 0.6024 and 0.4074 for ground and first excited states, respec
tively. According to the calculations, 96–98 % of the HOMO-LUMO 
transitions have been assigned to the various solvents used, while 96 
% has been assigned to the gaseous phase. Based on the observations, the 
compound has higher stability in polar solvents [48]. 

Quantum chemical properties and the HOMO-LUMO map 

In HOMO and LUMO parameters, the Molecular Orbital is a signifi
cant chemical and biological feature. The HOMO donates electrons, 
while the LUMO gains electrons. The active mechanism of FMO can be 
gained from studies of this compound by physicists and chemists [49, 
50]. FMO surface maps of different solvents and gas phases are shown in 
Fig. 6. Using the B3LYP basis set, the FMO was calculated using Gaussian 

software. Table 4 presents the calculated Conceptual DFT supported by 
global reactivity descriptors for the analysis in different solvents. An 
energy gap exists between the FMO of gas and polar solvents such as 
water, Acetone, DMSO and Chloroform of 5.1707, 5.0719, 5.0771, 
5.0733 and 5.0978 eV respectively. There is a negative chemical po
tential for the compound, indicating that the compound is stable. The 
chemical hardness value indicates whether the molecule is hard or soft. 
High electrophilicity index values are attributed to the biological effect 
of the compound [51]. 

Thermodynamic properties 

Table 5 lists the theoretical harmonic frequencies that have been 
calculated for the static thermodynamic properties: heat capacity (C0

p,m), 
entropy (S0

m) and enthalpy (ΔH0
m) for the title molecule at a higher ac

curate level and determined by the Perl script. In Table 5, the molecular 
vibrational intensities increased with temperatures between 100 K and 

Fig. 4. Mulliken charge distribution of 1C4EB.  

Table 3 
The UV–Vis analysis of 1C4EB in gas and four different mediums.  

Solvents State Assignment Coefficient Energy (eV) Wave Length (nm) Oscillator strength 

Gas S0-S1 H->LUMO 4.64 % 4.8789 254.12 0.4074 
H->LUMO +1 93.38 % 

S0-S4 H->LUMO 96.32 % 5.5491 223.43 0.0071 
S0-S6 H->LUMO 97.24 % 5.8975 210.23 0.0007 

Water S0-S1 H->LUMO 97.70 % 4.5712 271.23 0.6837 
S0-S4 H->LUMO 2.79 % 5.5049 225.22 0.3500 

H->LUMO +1 50.81 % 
S0-S6 H->LUMO 96.75 % 6.0798 203.93 0.0078 

DMSO S0-S1 H->LUMO 97.66 % 4.5755 270.97 0.6798 
S0-S4 H->LUMO 46.10 % 5.5098 225.03 0.3463 

H->LUMO +1 50.73 % 
S0-S6 H->LUMO 96.84 % 6.0772 204.01 0.0076 

Acetone S0-S1 H->LUMO 97.56 % 4.589 270.18 0.6674 
S0-S4 H->LUMO 46.57 % 5.5248 224.42 0.3350 

H->LUMO +1 50.47 % 
S0-S6 H->LUMO 97.11 % 6.0692 204.28 0.0070 

Chloroform S0-S1 H->LUMO 96.94 % 4.6606 2f66.03 0.6024 
S0-S4 H->LUMO 47.08 % 5.6021 221.32 0.2817 

H->LUMO +1 49.09 % 
S0-S6 H->LUMO 98.08 % 6.0252 205.78 0.0045  
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1000 K, thereby increasing these thermodynamic functions. According 
to these thermodynamic properties, fitting factors (R2) were 0.9995, 
0.9999 and 0.9995, respectively. Fig. 7 shows the correlation graphics 
for the corresponding fitting equations. As a result, 1C4EB demonstrates 
its high thermal stability when exposed to high temperatures 

C = 15.2337 + 0.5737 T − 2.3915 × 10− 4 T2 (
R2 = 0.9995

)

S = 229.9108 + 06515 T − 1.588 × 10− 4 T2 (
R2 = 0.9999

)

ΔH = − 6.4366 + 0.07571 T − 1.5609 × 10− 4 T2 (
R2 = 0.9995

)

Molecular electrostatic potential surface (MEP) analysis 

An extensive range of chemical systems has been analyzed using 
electrostatic potentials for predicting and interpreting their reactive 
behavior and intermolecular interactions. Multiwfn 3.8 and VMD 1.9.3 
were used to calculate the Electrostatic Potential, illustrate electrostatic 
interactions among molecules and determine reactive sites [52–55]. 
Fig. 8(a) shows the Van der Waals surface and the extrema surface 
mapped using ESP. The Blue and golden spheres in Fig. 8(a) represent 
ESP surface local minimum and maximum points. A positive extrema in 
this area also indicates that nuclear charges dominate the electrostatic 
potential. Electrons contribute more to the negative extreme points 
[56]. A large negative value of O8 in the carbonyl group (− 41.62 
kcal/mol) has to act as the lone pair of oxygen at the surface, resulting in 
the global minimum. The ESP at maximum (48.39 kcal/mol) is much 
larger than at other positive values due to the positively charged hy
droxy group of H17. Fig. 8(b) shows that, on average, 52 % of all surface 
areas correspond to ESP values between − 10 and 19 kcal/mol, whereas 
about 43 % and 54.5 % of all surface areas correspond to ESP values in 
the positive and negative ranges, respectively. 

Fukui functional analysis 

Fukui’s function describes an electron density after some electrons 
have been added or removed. It can determine the most electrophilic 
and nucleophilic active sites of 1C4EB were calculated by the DFT 
method and Multiwfn 3.8 program and the values are given in Table S4, 
Fukui functions are commonly expressed in the following way [57]. 

Fig. 5. The theoretical UV–Vis spectra of 1C4EB in gas and four 
different mediums. 

Fig. 6. HOMO & LUMO surface maps of the 1C4EB in gas and four different mediums.  
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f −ρ = ρ(N) − ρ(N − 1)

f +ρ = ρ(N + 1) − ρ(N)

f 0
ρ =

1
2
(ρ(N + 1) − ρ(N − 1))

Δfρ =
(
f +ρ − f −ρ

)

In Fig. 9, blue color regions indicate the vulnerable site of electro
phile attacks and green regions indicate the vulnerable site of nucleo
phile attacks. In table S4, the negative values of Δf(r) indicate 
electrophilic attacked sites, whereas positive values of Δf(r) indicate 
nucleophilic attacked sites [50]. The 1C4EB molecule possesses ten 
electrophilic attacks and twelve nucleophilic attacks. Based on 
comparing these two types of attacks, it is evident that nucleophilic 

attacks are more reactive than electrophilic and radicals. The maximum 
electrophilic attack on 1C4EB molecules occurs at O9 atoms and the 
maximum nucleophilic attack occurs at C2 and O10 [58,59]. 

ELF and LOL analysis 

The topological properties of the compound 1C4EB were performed 
by the Multiwfn 3.8 program. The Electron Localization function (ELF) 
and Localized orbital locator (LOL) are tools used for performing cova
lent bonding analysis, as they reveal regions of molecular space where 
the probability of finding an electron pair is high in a molecule 1C4EB. 
The ELF is a function of electron pair density; LOL is a function of 
overlying localized orbitals [60], both are similar chemical mappings 
due to their kinetic energy density dependence. 

Fig. 10, shows the contour maps of the title compounds, ELF maps 
were built range of from zero to one. Especially the delocalized electrons 
are < 0.5. A LOL map range is > 0.5 may be reached when a dominant 
electron position governs the electron density [61]. Because of the ex
istence of a nuclear layer or covalent bond, the electrons are strongly 
positioned in this place, as shown by the high value. It is found that the 
electron clouds in 1C4EB were delocalized among carbon atoms, as 
revealed in the blue-colored areas. The key points, their trajectories, 
chemical bonding and their relevant locations are indicated in red and 
orange portions of the ELF map in 1C4EB. These regions are located 
mostly around hydrogen atoms. In addition, ELF and LOL maps show 
that hydrogen atoms’ central areas are in white. This means that the 
electron density was higher than the highest limit (i.e., 0.80) of the color 
scale [62]. 

IRI analysis 

The IRI is valid for detecting covalent and hydrogen bonds, steric 
regions and halogen bonds. For 1C4EB, Fig. 11(a) shows the subsurface 
maps with IRI=1.0 and that IRI revealed the types of interactions 
including covalent bonds, steric repulsion between monomers and di
mers, as well as the steric effect within each phenyl ring [63]. 
Furthermore, the Light-blue color indicates the existence of an H-bond 
between the hydroxyl and carbonyl group (ie., O–H…C=O group) in 
the dimer of 1C4EB. The IRI isosurface 0.75 shows a blue colour and a 
covalent link between carbon atoms. In addition, in Fig 11(b), the 
color-filled maps of IRI are plotted in the dimer plane for a better 
illustration of their different characteristics. This map clearly shows 
areas of stronger chemical bonds and weaker interactions indicated in 
Orange and Green colours in the map. Molecule structure and properties 
can be studied in greater detail with IRI analysis. 

Molecular docking studies 

An analysis of the 1C4EB molecule using the PASS [64] online server 
predicts the most active molecule to be a Sugar-Phosphatase inhibitor 
with a probability of 0.944 and the other active to be Arginine 2-mono
oxygenase inhibitor with a probability of 0.948. Based on the literature 
for sugar phosphatase inhibitors [65] and Arginine 2-monooxygenase 
inhibitors [66], we selected proteins 4UAR and 2EEP. The proteins 
were achieved from the RCSB protein data bank and their docking 

Table 4 
The FMO and GCRD values of 1C4BA.  

Medium Energy (in eV) Global Chemical reactivity descriptor (in eV, except S (eV− 1)) 

HOMO LUMO ΔE I A η S χ μ ω 

Gas − 6.6327 − 1.4620 5.1707 6.6327 1.4620 2.5854 0.1934 7.3637 − 4.0474 3.1681 
Water − 6.7160 − 1.6441 5.0719 6.7160 1.6441 2.5360 0.1972 7.5381 − 4.1801 3.4450 
DMSO − 6.7144 − 1.6411 5.0733 6.7144 1.6411 2.5367 0.1971 7.5350 − 4.1778 3.4403 
Acetone − 6.7092 − 1.6321 5.0771 6.7092 1.6321 2.5385 0.1970 7.5253 − 4.1707 3.4260 
Chloroform − 6.6839 − 1.5861 5.0978 6.6839 1.5861 2.5489 0.1962 7.4770 − 4.1350 3.3540  

Table 5 
Thermodynamic properties of 1C4BA.  

T (K) C0
p,m 

(J mol− 1 k− 1) 
S0

m 
(J mol− 1 k− 1) 

ΔH0
m 

(KJ mol− 1) 

100 291.29 73.24 5.14 
200 355.53 117.63 14.66 
298 410.95 163.05 28.43 
300 411.96 163.90 28.74 
400 465.22 207.58 47.35 
500 515.67 244.81 70.03 
600 563.09 275.13 96.08 
700 607.41 299.70 124.87 
800 648.79 319.86 155.88 
900 687.46 336.63 188.73 
1000 723.60 350.70 223.12  

Fig. 7. Temperature Correlation graphic representations of 1C4EB.  
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analysis was performed by Auto Dock-Vina [67]. The PyMol system was 
used to visualize the implications of this calculation [68]. 

Fig. 12 shows Docking pocket, 3D and 2D views of the results of the 
molecular docked simulation for 4UAR and 2EEP proteins. Table 6 

shows how different hydrogen bond residues interact with the protein 
and ligand and their bond distances. It has been determined that the 
pose with the lowest energy is the most suitable. As a result of these best 
poses, six hydrogen bonds were formed with neighboring hydrophobic 

Fig. 8. (a) The ESP map with the surface local minima and Maxima as blue and gold spheres, and 8(b) System range of ESP surface area.  

Fig. 9. The Fukui functions of 1C4EB.  
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Fig. 10. ELF and LOL diagram of 1C4EB.  

Fig. 11. a) IRI=1.0 isosurface Map b) IRI map on the dimer plane.  
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residues with a free binding energy of − 6.17 kcal/mol for 4UAR. The 
study of sugar phosphatase inhibitor activity was found to be three 
hydrogen bonds with target molecule (C3CA) [65], comparably the title 
molecule 1C4EB of the present study possess superior activity. 
Furthermore, 1C4EB binds to Arginine 2-monooxygenase inhibitor 
protein 2EEP by the binding score of − 4.7 kcal/mol and two H-bonds. 
Therefore, 1C4EB can considered as a potent activator of sugar phos
phatase due to its excellent affinity for targeted receptors, the effec
tiveness can be improved by further experiments. 

Molecular dynamics simulation 

After performing Molecular Dynamics simulations, Evaluations were 
carried out on several parameters, including RMSD, radius of gyration 
and intermolecular H- H-bonding. Using molecular dynamics simula
tions, a ligand-protein complex stability can be determined by RMSD 
and radius of gyration. Fig. 13 shows the results of a molecular dynamics 
simulation of 4UAR and 2EEP with the 1C4EB complex. As shown in 

Figs. 13a, 13b and 13d show that the 4UAR-1C4EB and 2EEP-1C4EB 
complexes remained stable during the MD simulation. The average 
RMSD of 4UAR was 0.128 nm, while that of 2EEP was 0.148 nm after the 
least square fitting to the backbone. The average protein Rg values were 
1.7598 nm in 4UAR and 2.65 nm in 2EEP. In Fig. 13c, in the time 
domain, the 4UAR-2EEP position appears to have changed significantly 
around 0.026 ns and slightly around 0.065 ns. The equilibrium position 
of the ligand was reached at the 0.629 ns of the simulation and the 
position was maintained for the remainder of the simulation. The 4UAR- 
1C4EB complex was found to have an average RMSD of 0.0516 nm after 
the least squares fit protein. A least square fit to the protein (2EEP) 
increased in RMSD of the ligand until 0.115 ns. After the 0.422 ns of the 
MD simulation, it decreased gradually and reached equilibrium 
(Fig. 13a). The average RMSD of 2EEP-1C4EB after the least square fit to 
protein was 0.0569 nm [68]. As part of the MD simulation, the number 
of hydrogen bonds was also monitored (Fig. 13C). Results showed that at 
least one or three H-bonds are formed among the ligand and 4UAR in 
nearly one-third of the simulation time. One H-bond was formed be
tween the ligand and 2EEP in nearly half of the simulation time [69]. 

MM-PBSA estimation 

The MM-PBSA estimation was utilized for 4UAR and 2EEP in 1C4EB 
complexes to find the free binding energy. Table 7 lists the calculated 
energies of the non-bonded interactions were calculated for both com
plexes. The simulation was performed for 1 ns by using the MM-PBSA 
method, the binding free energy of − 16.04 kJ/mol and − 14.81 k 
mol− 1 were calculated for complexes 1C4EB with 4UAR and 2EEP and 
the 1C4EB compounds. The energies exhibited a favorable interaction 
with the target proteins, as evidenced by the negative values of the ΔG 
binding energy. From the table 7, the complexes 4UAR and 2EEP with 
1C4EB were found to have electrostatic energy averages (ΔEelec) of 
− 2.58 and − 3.34 kJ mol− 1, respectively and Van der Waal energies of 
− 28.56 and − 25.24 kJ mol− 1. For the 4UAR and 2EEP, the average ΔG 
Polar values were 17.18 and 13.78 kJ mol-1, respectively. The corre
sponding computed values for ΔG non-Polar were − 42.14 and − 28.59 

Fig. 12. Molecular docking of 1C4EB (a) docking pocket (b) 3D view of protein and ligand interactions and (c) 2D view protein and ligand interactions with target 
Proteins 4UAR and 2EEP. 

Table 6 
Molecular docking results of 1C4EB with targeted proteins.  

Proteins No. of 
Hydrogen 
bonds 

Bond 
Resides 

Bond 
distance 
(Å) 

Binding 
energy 
(kcal/mol) 

Estimated 
Inhibition 
Constant (μm) 

4UAR 6 THR- 
116 

2.04 − 6.7 12.20 

ASP-10 2.13 
ASP-08 2.17 
THR- 
116 

2.43 

THR- 
117 

2.47 

ASP-10 2.88 
2EEP 2 GLY- 

336 
2.47 − 4.7 358 

ARG- 
356 

2.47  
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kJ mol− 1[70-71]. 

Conclusions 

The study discussed the experimental and theoretical vibrational 
assignment of 1C4EB using HF and DFT methods. By NBO analysis, the 
magnitude of intramolecular charge transfer between bondings and the 
stabilization of 1C4EB. The high stabilization energy in this analysis was 
66.15 kJ/mol. The values of first-order hyperpolarizability, polariz
ability and dipole moment is found to be 7562.93×10− 33 esu, 
47.4847×10− 24 esu and 1.2270 D respectively, the values collectively 
exhibit superior properties as an NLO material. UV/Vis analyses for gas 
and different solvents were done using TD-DFT reveals that the wave
length of 1C4EB in gas is 254.12 nm and for solvents are 271.23 nm 
(Water), 270.97 nm (DMSO), 270.18 nm (Acetone), 266.03 nm (Chlo
roform) it indicating that solvent phase displays good activity and the 
similar trend observed for the oscillator strength describing the 

changeover the energies among the different atom or molecule. HOMO 
& LUMO energy gap is lesser in solvents in comparison with gas me
diums, lower energy band gap indicating that the compound is chemi
cally stable and good candidate for biological purposes. The 
thermodynamics properties correlation increased molecular vibration 
intensities ensuing increased heat capacities, entropies and enthalpies. 
The Fukui functional analysis exposes that the 1C4EB molecules are 
attacked by ten electrophiles and twelve nucleophiles. In ESP-mapped 
Van der Waals and extreme surfaces, nuclear charges dominate elec
trostatic potential. ESP values are − 20 to 20 kcal/mol, with C–H hy
drogens contributing the most. Multi-wave functional analyses explain 
bondings within a molecule. IRI can detect chemical bonds, hydrogen, 
steric and halogen bonds. Strong and weak interactions are evident from 
IRI isosurface maps. Docking studies revealed that 1C4EB molecules 
bind to sugar phosphatase inhibitor and Arginine 2-monooxygenase 
inhibitors proteins with affinities of − 6.17 kcal/mol and − 4.7 kcal/ 
mol respectively. Based on these results, title molecules may adversely 
affect the 4UAR protein. MD revealed the steadiness of docked 4UAR 
and 2EEP structures in the active site of 1C4EB with considerable 
binding free energies of − 16.04 and − 14.81 kJ/mol. 

Research data 

All related research data are incorporated in manuscript and 
Table file. 

Fig. 13. MD simulation results (a) RMSD of backbone, (b) RMSD of ligand after least square fit to protein (c) number of hydrogen bonds between proteins (black- 
4UAR, Red-2EEP) and (d) Radius of gyration of proteins. 

Table 7 
Binding free energy for 1C4EB with 4UAR and 2EEP by MM-PBSA method.  

Energy (in KJ/mol) 4UAR-1C4EB 2EEP-1C4EB 

Van der Waal energy (ΔEvdW) − 28.56 − 25.24 
Electrostatic energy (ΔEelec) − 2.58 − 3.34 
Polar solvation energy (ΔG polar) 17.18 13.78 
Non-polar solvation energy (ΔG non polar) − 42.14 − 28.59 
ΔGbind − 16.04 − 14.81  
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