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The spectral, structural, and quantum properties of N-(2-Hydroxyethyl) succinimide (N2HES) were
experimentally and theoretically. FT-IR and FT-Raman spectra of N2HES were recorded in the region
4000-400 cm~! in solid phase and the UV-Vis spectrum the compound was recorded in ethanol in the
region of 150—400 nm. Density functional theory (DFT) calculations at the level of B3LYP hybrid func-
tional combined with the 6—311++G(d,p) basis set was used to supplement the experimental findings,
and for further analysis of energetics, reactivity features, and nonlinear optical properties of N2HES. To
obtain electronic transitions give rise to UV-Vis spectrum, time-dependent DFT was utilized at the same
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NLO partial density of states. The intramolecular non-covalent interactions in N2HES were analyzed by using
UV- the reduced density gradient method. Moreover, molecular docking study was executed to evaluate the
Vis potential of the title molecule to bind to the HIV-1 Protease 1HSG receptor.
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1. Introduction

Imides consisting of two acyl groups bound to the nitrogen atom
and their derivatives are considered to be an important class of
nitrogen-containing heterocycles. Nitrogen-containing five-
membered rings such as succinimides have several applications in
various fields, for example, they are employed as polymers, acti-
vators and stabilizers, vulcanizing agents, lubricant additives, dyes
and optical brightening agents, photographic and printing aids [1].
Succinimides and their derivatives represent an important class of
organic compounds, both as synthetic intermediates and as bio-
logical agents with anticonvulsive activity [2,3], plant growth
regulator [4], antifungal [5], antimicrobial [6,7], and insecticidal
activity [8].

There is no report on the detailed electronic and spectroscopic
studies of N-(2-Hydroxyethyl) succinimide (N2HES). In this regard,
the present work describes the comparative study of the structural
parameters (bond length, bond angle and dihedral angle), elec-
tronic properties (Egomo, Erumo, AEtumo-Homo), global reactivity
descriptors (global hardness/n, global softness/os, chemical
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potential/u, and electrophilicity index/w), nonlinear optical prop-
erties (polarizability/(«), the anisotropic of the polarizability/(A«),
the mean first-order hyperpolarizabilities/3) and vibrational
properties in ethanol solvent and gas phase for N2HES, due to their
biological and medical importance. A complete vibrational spec-
troscopic investigation on the molecule by using the DFT/B3LYP
level of theory with the 6—311++G(d,p) basis set was performed to
give a detailed assignment of the fundamental bands in FT-IR and
FT-Raman spectra on the basis of calculating percentage potential
energy distributions (PED). The overlapping of molecular orbitals
was studied by convoluting Density of States (DOS), Partial Density
of States (PDOS). The UV-Visible spectrum of N2HES has been
experimentally measured in ethanol solvent and compared with
the calculated results using TD-DFT calculations (DFT/B3LYP level of
theory). Therefore, the present study provides a complete vibra-
tional, electronic, and structural analysis under both theoretical
and experimental background. The reduced density gradient (RDG)
analysis was carried out to investigate hydrogen bonding, steric
effect and van der Waals interactions, and the mapped color in-
dicates the type of interaction.

N2HES is a solid substance with high solubility in polar solvents,
especially ethanol solvent. The aim of the current study was to
evaluate the influence of the ethanol solvent on the structure and
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electronic properties of N2HES using the time-dependent self-
consistent field (TD-SCF) method and compared to that of the
corresponding gas phase (solvent free) derived at the DFT theory.

The new peptidic self-cleavable spacers that released a parent
drug via succinimide formation as a means to potentially enhance
intestinal absorption of parent drugs were synthesized [9]. The
water-soluble HIV-1 protease inhibitors are administered with a
high percentage of additives in the formulation to facilitate
gastrointestinal dissolution [ 10]. Therefore, HIV-1 protease (PDB ID:
1HSG) was used as a target protein for molecular docking in the
present study.

2. Experimental details

A fine sample of N-(2-Hydroxyethyl) succinimide (N2HES) was
procured from the Sigma-Aldrich Chemical Company (U.S.A) and
used without any further purification for spectral measurements.
The Fourier transform infrared (FT-IR) spectrum of the title com-
pound were in the region 4000 — 400 cm™! using Spectrum one:
Agilent Cary 630 FT-IR spectrometer equipped with a KBr beam
splitter. The Fourier transform Raman (FT-Raman) spectrum was
recorded in the region 4000 — 400 cm~! on Nicolet NXR: Stand-
alone FT-Raman spectrometer using a Nd:YAG laser source oper-
ating at 1064 nm with a beam power of 1-1.8 W, averaged over
1000 scans. The spectral resolution was 8 cm~. The ultraviolet
absorption spectrum of the sample was examined in the range
150—400 nm by using T80 + UV-Vis spectrophotometer. The UV
pattern was taken from a 10~> M solution of N2HES, dissolved in
ethanol.

3. Computational details

DFT and TD-DFT calculations were performed for an isolated
N2HES molecule as well as in ethanol solvent using Gaussian 09
Rev. A 11.4 package program [11] to predict the molecular structure,
vibrational wavenumbers, and the obtained results were visualized
by the Gauss View Rev. 5.0.9 software [12]. Current calculations
have performed with the popular hybrid functional B3LYP (Becke's
three-parameter exchange-correlation functional using the Lee-
Yang-Parr correlation functional) [13,14]. Detailed assignments of
vibrational modes were made on the basis of the percentage po-
tential energy distribution (PED) analysis using the VEDA4 program
written by Jamroz [15]. The vibrational frequencies for the title
compound in the ranges from 4000 to 1100 cm~! and lower than
1100 cm™! are scaled with 0.958 and 0.983 in the DFT/B3LYP level.
The potential energy surface (PES) scan was performed to obtain a
stable geometry of N2HES using the B3LYP/6—311++G(d,p) level. In
PES scan, the dihedral angle between succinimide and N4-C9 bond
(N4-C9-C10-03) was varied by 10 steps from —50.2(8)° to 360°,
while all other geometrical parameters were fixed. TD-DFT calcu-
lations were performed by taking into account the effects of
ethanol as the solvent. GAUSSSUM 2.2 [16] was used to calculate
group contributions to the molecular orbitals and to plot the den-
sity of states such as Density of States (DOS) and Partial Density Of
States (PDOS) spectra. The Reduced Density Gradient (RDG) was
plotted by using Multiwfn 3.2.1 software [17]. The gradient iso-
surface was plotted by using the VMD 1.9.1 program [18]. The
docking analysis was carried out with Autodock version 4.2 pro-
gram along with the graphical interface AutoDockTools (ADT)
version 1.5.6 to find the minimum binding energy, inhibition con-
stant and various parameters of the ligand-protein docking in-
teractions [19]. Discovery Studio Visualizer software was used to
visually verify the docked compound and its H-bond interactions
[20].

4. Results and discussion
4.1. Structural analysis

The optimized molecular structure of N-(2-Hydroxyethyl) suc-
cinimide (N2HES) in ethanol solvent and gas phase has been
determined by energy minimization using the DFT/B3LYP level of
theory. The structural parameters optimized with B3LYP level were
compared with X-ray [21] values in Table 1, and atom labeling has
given in Fig. 1.

As can be seen from Table 1 that the geometrical parameters are
affected by the solvent. The bond lengths of 01=C5, 02=C8, 03-
C10, and 03-H18 have increased and the other bond lengths
decreased by the same amount in a polar solvent (ethanol) slight
variation by +0.007 A. The computed 01=C5 and 02=C8 bond
lengths were calculated at 1.209 and 1.206 A in the gas phase and at
1.214 and 1.213 A in ethanol solvent by using the B3LYP level of
theory of N2HES, respectively. Similarly, the 03-C10 bond length in
the gas phase and ethanol solvent was obtained at 1.422 and
1.428 A using the B3LYP level of theory for N2HES, respectively.

The experimental N4-C5, N4-C8, and N4-C9 bond lengths are
1.372(7), 1.365(7), and 1.474(7) A [21] which are similar to the
related theoretical data of 1.396, 1.401, and 1.465 A in gas phase and
1.393,1.395, and 1.464 A for ethanol solvent using the B3LYP level of
theory. The bond lengths (~1.39 A) of N4-C5, N4-C8 are interme-
diate between the single bond (1.47 A) and the double bond (1.22 A)
[22]; this indicates that the lone pair electron of nitrogen atom has
delocalized due to the presence of electronegative atoms of
carbonyl groups. The N4-C9 bond length is longer than N4-C5, N4-
C8 bond lengths; this is because the substituent group is different.

For N2HES the C5-C6, C6-C7, C7-C8, and C9-C10 bond lengths in
the gas phase and ethanol solvent manifested relatively longer
bond lengths than the other bonds using the B3LYP level of theory.
The C-C bond lengths obtained at the B3LYP level of N2HES lie in
the range 1.523—1.534 A in the gas phase, 1.516—1.534 A in ethanol
solvent, respectively, and the reported values lie in the range
1.492(8)-1.528(9) A [21]. The C5-C6 and C7-C8 bond lengths ob-
tained at the B3LYP level of theory in the gas phase and ethanol
solvent have found shorter than C6-C7 for N2HES. This shortening
of the bond lengths may be due to the electronegative O1 and 02
oxygen atoms attached at C5 and C8 atoms.

The interior C5-N4-C8 angle of succinimide was observed as
112.8(5) [21]. The corresponding angle of N2HES in the gas phase
and ethanol solvent was calculated at 113.3° 113.0° by using the
B3LYP level of theory. The interior C-N-C angle was reported as
113.7° for N-Methyl-succinimide computed at the B3LYP/
6—311++G(d,p) method [23]. According to the obtained results in
Table 1, the computed bond angles in gas phase and ethanol solvent
are found to have similar effects for N2HES.

The values of C8-N4-C5-01, C8-N4-C5-C6, C5-N4-C8-02, C5-N4-
C8-C7, 01-C5-C6-C7, N4-C5-C6-C7, and C6-C7-C8-02 dihedral an-
gles given in Table 1 for the five-membered ring containing the
imide —CO—NH—CO— fragment were found to be planar (~180° and
~0°). However, the succinimide ring and hydroxyethyl tilted at ~75°
(C5-N4-C9-C10) and ~110° (C8-N4-C9-C10). From Table 1, it has
observed that the hydrogen atoms (H11, H12, H13, and H14) of
succinimide ring lies above or below ~61°, ~62°, ~61°, and ~55° to
the molecular plane, respectively. This verifies that the molecule is
non-planar.

4.2. Conformational analysis
Visualizing and describing the relationship between potential

energy and molecular geometry is called a potential energy surface
(PES) that is important to reveal all possible conformations of the
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Table 1

Optimized geometrical parameters of N2HES calculated at the B3LYP level of theory with the 6—311++G(d,p) basis set.

Bond Lengths (A)

Exp [21] B3LYP Exp [21] B3LYP

Gas phase Ethanol Gas phase Ethanol
R(1-5) 1.217(7) 1.209 1.214 R(6—12) 0.980(7) 1.092 1.091
R(2-8) 1.215(7) 1.206 1.213 R(7-8) 1.503(8) 1.524 1.517
R(3—10) 1.320(1) 1.422 1.428 R(7-13) 1.090(7) 1.092 1.092
R(3—18) 1.096 0.962 0.963 R(7—-14) 1.030(6) 1.091 1.091
R(4-5) 1.372(7) 1.396 1.393 R(9—10) 1.512(8) 1.530 1.529
R(4-8) 1.365(7) 1.401 1.395 R(9-15) 1.040(6) 1.091 1.090
R(4-9) 1.474(7) 1.465 1.464 R(9—16) 0.960(7) 1.094 1.092
R(5-6) 1.492(8) 1.523 1.516 R(10-17) 1.187 1.092 1.092
R(6-7) 1.528(9) 1.534 1.534 R(10-19) - 1.095 1.094
R(6—11) 1.120(6) 1.092 1.092
Bond Angles (°)
A(10-3-18) 91.0 109.2 109.0 A(8-7-13) 107(3) 108.6 108.7
A(5-4-8) 112.8(5) 113.3 113.0 A(8-7-14) 106(3) 108.5 108.7
A(5-4-9) 123.5(4) 122.8 123.0 A(14-7-13) 109(5) 107.0 107.4
A(8-4-9) 123.7(4) 1235 123.8 A(2-8-4) 123.6(5) 124.9 124.4
A(1-5-4) 123.1(5) 124.4 1239 A(2-8-7) 127.5(6) 127.2 127.3
A(1-5-6) 127.8(5) 1274 127.6 A(4-8-7) 108.9(5) 107.9 108.2
A(4-5-6) 109.1(5) 108.2 108.5 A(4-9-10) 113.3(5) 1133 1134
A(5-6-7) 104.6(5) 105.2 105.0 A(4-9-15) 101(4) 106.5 106.8
A(5-6-11) 115(3) 108.8 108.8 A(4-9-16) 105(4) 108.0 108.1
A(5-6-12) 115(4) 108.4 108.7 A(10-9-15) 94(4) 110.2 110.2
A(7-6-11) 109(3) 113.7 1134 A(10-9-16) 111(4) 109.2 109.2
A(7-6-12) 114(4) 1135 1133 A(15-9-16) 132(5) 109.6 109.0
A(11-6-12) 99(5) 107.0 107.4 A(3-10-9) 115.3(6) 1134 113.2
A(6-7-8) 104.3(5) 105.3 105.2 A(3-10-17) 1054 105.8 106.3
A(6-7-13) 109(3) 113.6 1133 A(9-10-17) 104.7 107.9 107.8
A(6-7-14) 121(3) 113.7 1134
Dihedral Angles (°)
D(18-3-10-9) 79.7 71.2 78.8 D(5-6-7-8) 5.4(6) 0.6 0.1
D(18-3-10-17) -165.4 -170.8 -163.0 D(5-6-7-13) —108(4) -118.1 -118.5
D(8-4-5-1) —178.1(5) 176.1 176.9 D(5-6-7-14) 124(4) 119.2 118.8
D(8-4-5-6) 2.6(6) -35 -2.7 D(11-6-7-8) 129(4) 119.5 118.8
D(9-4-5-1) -0.7(9) 3.0 1.6 D(11-6-7-13) 15(5) 0.8 0.2
D(9-4-5-6) 179.9(5) -176.6 -178.0 D(11-6-7-14) —112(5) -121.9 -122.5
D(5-4-8-2) —179.5(6) -175.6 -176.8 D(12-6-7-8) —122(5) -117.8 -1184
D(5-4-8-7) 1.1(6) 39 2.8 D(12-6-7-13) 125(6) 123.5 123.0
D(9-4-8-2) 3.2(9) -2.7 -1.5 D(12-6-7-14) -3(6) 0.8 0.2
D(9-4-8-7) -176.2(5) 176.9 178.1 D(6-7-8-2) 176.4(6) 176.9 177.9
D(5-4-9-10) —88.0(6) -74.1 -77.6 D(6-7-8-4) —4.2(6) -2.6 -1.7
D(5-4-9-15) 172(4) 164.6 160.9 D(13-7-8-2) —68(4) -61.1 -60.4
D(5-4-9-16) 33(4) 47.0 43.7 D(13-7-8-4) 112(4) 1194 120.0
D(8-4-9-10) 89.0(6) 113.6 107.6 D(14-7-8-2) 48(3) 54.9 56.2
D(8-4-9-15) -11(4) -7.7 -14.0 D(14-7-8-4) -133(3) -124.6 -1234
D(8-4-9-16) —150(4) -125.3 -131.2 D(4-9-10-17) —165.6 175.7 176.7
D(1-5-6-7) 175.7(6) -178.0 -178.2 D(4-9-10-3) —50.3(8) -67.4 —66.0
D(1-5-6-11) 56(4) 59.9 60.1 D(15-9-10-3) 54(4) 51.8 53.7
D(1-5-6-12) —58(5) -56.2 —56.6 D(15-9-10-17) -61 —65.1 —63.6
D(4-5-6-7) —5.0(6) 1.6 14 D(16-9-10-3) —~168(5) 172.1 173.4
D(4-5-6-11) —125(4) -120.6 -120.3 D(16-9-10-17) 76 55.2 56.1
D(4-5-6-12) 121(5) 1234 123.0 D(4-9-10-3) —50.2(8) -67.4 —66.0

title molecule. For this reason, the energy barriers of rotation
around the N4-C9 bond were calculated at the B3LYP/
6—311++G(d,p) level of theory. For the modeling of the PES scan,
the initial guess of N2HES was taken from the X-ray coordinates.
According to X—ray study [21], the dihedral angle of N4-C9-C10-03
is —50.2(8)°, whereas it has been calculated at —67.4° for the B3LYP
method in the gas phase. The N4-C9-C10-03 dihedral angle of
N2HES was increased by steps of 10° from —72.9° to 360°, while all
other geometrical parameters have been simultaneously relaxed.
PES scan for the selected dihedral angle has depicted in Fig. 2.
The total energies of every single point given in Hartree unit
were converted into the relative energies (kcal/mol) that are the
difference between conformer and the lowest energy conformer. It
is seen from Fig. 2 that there are four maximum points on the
potential energy surfaces predicted at —12.93° with the energy
value of 4.51 kcal/mol, at 67.07° with the energy value of 0.94 kcal/

mol, 137.07° with the energy value of 3.53 kcal/mol, and at 247.07°
with energy value of 5.72 kcal/mol. The lowest energy value was
considered as 0.0 kcal/mol. According to the results of the PES
scans, the other minimum points determined as relative energy are
located at 47.07°, 87.07°, 117.07°, and 307.07° having energy of
0.65 kcal/mol, 0.00 kcal/mol, 2.01 kcal/mol, and 0.58 kcal/mol,
respectively.

4.3. Vibrational analysis

Vibrational frequencies for N-(2-Hydroxyethyl) succinimide
(N2HES) in ethanol solvent and gas phase were computed by using
the B3LYP functional with the 6—3114+G(d,p) basis set. The as-
signments of vibrational modes in ethanol solvent for the B3LYP
method were carried out based on percentage potential energy
distribution (PED) analysis by using VEDA 4 program [15]. The
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Fig. 1. Molecular structure of N-(2-Hydroxyethyl) succinimide.
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Fig. 2. Potential energy surface (PES) scan of N2HES using the B3LYP/6—311++G(d,p)
level of theory.

computed unscaled and scaled vibrational frequencies along with
the percentage of PEDs are compared with the FT-IR and FT-Raman
experimental corresponding data and summarized in Table 2. In
B3LYP method, unscaled calculated wavenumbers were scaled by
the factor of 0.958 for wavenumbers over 1100 cm~! and 0.983 for
wavenumbers lower than 1100cm~'. The experimental and
computational (ethanol solvent and gas phase) IR and Raman
spectra drawn for comparison purpose are shown in Fig. 3 and
Fig. 4, respectively.

4.3.1. O-H vibrations

The vibrational band of a non-hydrogen bonded or a free hy-
droxyl group takes place as a strong bond in the region between
3700 and 3550 cm~! [24]. The O-H stretching vibration »(OH) peak

was observed at 3407 cm™! in the FT-IR spectrum and at 3398 cm™!
in the FT-Raman spectrum. This peak has computed at 3679 cm™!
in the gas phase, 3671 cm~! in ethanol solvent with the B3LYP
method. Furthermore, this vibration peak is a pure made by 100%
contribution for ethanol solvent in both methods. The observed O-
H stretching vibrations in the FT-IR and the FT-Raman spectra show
deviation of 272—281 cm ™! with scaled frequency values in the gas
phase and ethanol solvent: this deviation may be due to the fact
that the formation of intramolecular hydrogen bonding. It should
also be noted that the experimental results belong to the solid
phase and the theoretical calculations to the gas phase.

The bands observed at 1327, 1165 cm~ /1329, 1155cm™! are
assigned to O-H scissoring ¢(HOC) vibrations of the title compound
in the FT-IR/FT-Raman spectra, respectively. The corresponding
¢(HOC) modes appeared at 1330, 1318, 1180 cm ™! in the gas phase
and at 1334, 1318, 1189 cm~! in ethanol solvent using the B3LYP
method. The band observed at 272 cm ™! in the FT-Raman spectrum
is assigned as the O-H torsion T(HOCC) mode. The O-H torsion
7(HOCC) mode is calculated at 260 cm~! and 283 cm™! with 66%
PED contribution in the gas phase and ethanol solvent using the
B3LYP method, respectively.

4.3.2. C=O0 vibrations

The carbonyl (C=0) stretching vibrations are the most charac-
teristic vibrations of the IR and Raman spectra, which occur in the
region of 1725+65cm~". The observed bands at 1771 and
1697 cm ™! in the FT-IR spectrum and at 1757 and 1707 cm™! the FI-
Raman spectrum can be attributed to the »(C=O0) stretching vi-
brations of succinimide ring. The calculated C=O0 stretching modes
were obtained at 1763, 1701 cm™! (gas) and 1724, 1640 cm™!
(ethanol) with PED 86, 87% for the B3LYP/6—311++G(d,p) level.

The vibrational bands of the carbonyl group appear in the region
between 555/322 cm~! in the gas phase and between 558 (55%)/
330 (15%) cm~! in ethanol solvent using the B3LYP method are
assigned to the in-plane bending deformation ¢(OCC) ring modes.
The ¢(OCC) in-plane bending bands have observed experimentally
at 569cm™! in the FI-IR and at 569, 349 cm~! in the FT-Raman
spectrum. The y(O=CNC) out-of-plane bending vibrations of the
carbonyl group in succinimide ring are observed in the region 586
and 577 cm~! in the FT-IR spectrum, while the vibrations bands
located at 569, 563/569, 565 (36, 34%) cm~! are likely due to the
v(0=CNC) out-of-plane bending vibrations in the gas phase and
ethanol solvent with the B3LYP method, respectively.

4.3.3. CH, vibrations

The antisymmetric and symmetric stretching bands of methy-
lene hydrogens (CH,) fall in the region around 3000-2900 cm™!
and 2900-2800 cm ™' [25]. In succinimide ring, the antisymmetric
CH, stretching vibrations usually observed at 3035, 2986 cm™!/
3030, 2987cm~! while the symmetric CH, stretching modes
appear to be 2947, 2884 cm1/2942, 2885cm™! in the FT-IR/FT-
Raman spectra, respectively. The corresponding v,s(CH2) and
»(CH,) modes have appeared at 2981, 2966 and 2943, 2938 cm ™' in
the gas phase and at 2989, 2976 and 2948, 2943 cm~! with PED
contributions of ~100% in ethanol solvent using the B3LYP method,
respectively. Similarly, the antisymmetric and symmetric CH;
stretching bands for hydroxyethyl of the title compound have
summarized in Table 2.

The CH; scissoring vibrations appear normally in the region
1490-1435cm™! as medium intense bands [26]. In our present
investigation, FT-IR band at 1401, 1374 cm™! and FT-Raman band at
1406 cm~! have been assigned as CH, scissoring vibrations. The
CH, scissoring modes were calculated at 1417, 1403 cm ™! (gas) and
1403, 1389 cm™! (ethanol) with 73, 90% PED contributions for the
B3LYP/6—311++G(d,p) level. The CH; wagging vibrational modes
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Table 2

The observed FT-IR and FT-Raman spectra and calculated reduced masses (amu), vibrational wavenumbers with PED contributions using the B3LYP/6—311++G(d,p)method for

N2HES in ethanol solvent and gas phase.

Experimental B3LYP/6—311++G(d,p)

Assignments via PED% at ethanol solvent

Wavenumbers (cm™")

Gas phase Ethanol

FT-IR FT-Raman Unscaled Scaled PED% Unscaled Scaled
1 3407 3398 3840 3679 100 3832 3671 »(OH)
2 3304 3309 3128 2997 96 3130 2999 Vas(CH3)
3 3035 3030 3112 2981 100 3120 2989 Vas(CH2)Ring
4 2986 2987 3096 2966 100 3106 2976 Vas(CH2)Ring
5 2966 2964 3092 2962 96 3096 2966 vas(CH3)
6 2947 2942 3072 2943 100 3077 2948 »(CH2)Ring
7 2884 2885 3067 2938 99 3072 2943 V(CH2)Ring
8 2719 2713 3056 2928 98 3067 2938 »(CHy)
9 2699 2698 3032 2905 99 3048 2920 »(CH3)
10 1771 1757 1840 1763 86 1800 1724 »(C=0)
11 1697 1707 1776 1701 87 1712 1640 y(C=0)
12 1436 1423 1504 1441 74 1496 1433 6(CHy)
13 1401 1406 1480 1417 73 1464 1403 6(CH2)Ring
14 1382 1379 1467 1405 64 1460 1399 o(CHy)
15 1374 — 1464 1403 90 1450 1389 6(CHa)Ring
16 1354 1354 1416 1356 41,11,20 1408 1349 6(HCO), Y(HCCN), y(HCOH)
17 - - 1408 1348 10, 35 1407 1348 ¥(NC), Y(HCNC)
18 1327 1329 1388 1330 13,23 1392 1334 T(HCCN), 6(HOC)
19 — — 1376 1318 21 1376 1318 6(HOC)
20 1301 1288 1344 1288 16,20 1352 1295 6(HCC), T7(HCNC)
21 1253 1255 1320 1266 30,42 1320 1265 ¥(CC)Ring, Y(HCCN)
22 1218 1221 1280 1226 50 1280 1226 Y(HCCN)
23 1179 1180 1248 1196 55 1248 1196 6(HCC)Ring
24 1165 1155 1232 1180 13,14,26 1240 1189 T(HCNC), Y(HCOH), o(HOC)
25 1118 1115 1176 1127 43 1168 1119 6(HCC)Ring
26 1091 1097 1104 1085 11 1096 1077 ¥(CC)Ring
27 1071 1074 1080 1062 26,13,30 1083 1065 ¥(CC)Ring, ¥(CC), »(NC)
28 1060 1053 1056 1038 47,14 1048 1030 ¥(0C), »(CC)
29 1007 1003 1027 1010 40 1028 1011 6(HCC)ging
30 999 — 1016 999 65 1016 999 6(CCN)Ring
31 975 978 984 967 13 984 967 V(CO)Ring
32 920 918 920 904 10,12,11 920 904 B(HCO), B(OCC), T(HCCN)
33 851 852 864 849 24,24 856 841 »(0C), »(CC)
34 820 823 832 818 25 832 818 Y(HCCN)
35 706 708 696 684 47,13 696 684 ¥(NC), »(CC)Ring
36 672 665 672 661 17,57 672 661 »(NC), 6(CCN)Ring
37 608 613 608 598 19 616 606 6(CNC)ging
38 586 — 579 569 14,11,36 579 569 T(HCCN), 7(CCNC)Ring, Y(O=CNC)
39 577 — 573 563 34 575 565 Y(0=CNC)
40 569 569 565 555 55 568 558 6(OCC)Ring
41 492 496 488 480 26,18 488 480 6(0CC), 6(CCN)
42 — 382 384 377 44,19 384 377 6(OCC)Ring, G(CNC)Ring
43 — 349 328 322 15,21,10 336 330 6(OCC)Ring, 6(CNC), 6(0OCC)
44 - 272 264 260 66 288 283 T(HOCC)
45 — 239 248 243 21,15,14 256 252 6(CNC), 6(0CC), y(CCCN)
46 — 185 160 157 23,22,14 168 165 Y(CCCN), 6(CNC), o(CCN)
47 - 131 112 110 54 112 110 T(CCNC)Ring
48 — — 91 89 39,40 96 94 T(HCCN)Ring, T(CCNC)ging
49 — — 80 79 20,21,37 88 87 6(CCN), T(OCCN), y(CCCN)
50 - — 40 39 63 56 55 T(CCNC)

Abbreviations; v, stretching; B, in-plane bending; o, scissoring; p, rocking; vy, out-of-plane bending; =, torsion; s, symmetric; as, antisymmetric.

in the succinimide ring are observed as 1253,1218 cm™! in the FT-IR
spectrum and 1255, 1221 cm~! FT-Raman spectrum. The CH,
wagging (torsion) vibrational modes are found as 1266, 1226 cm ™"
(89 cm~1)/1265, 1226 cm™! (94 cm ™) in gas/ethanol.

4.34. C-N, and C—C vibrations

The C-N and C-C stretching vibrations which are difficult to
identify as they usually couple with other bands usually appear at
1150-850 cm ™! [27]. In succinimide ring, the C-N stretching vibra-
tion peak has observed at 1071 cm~'/1074cm™! in the FT-IR/FI-
Raman spectrum. These peaks in gas phase and ethanol solvent
were calculated at 1348, 1062 cm ™! and 1348, 1065 cm™! with 10,
30% PED using the B3LYP level of theory. The C-C stretching vi-
brations of the five-membered ring have observed at 1091,

975 cm~1/1097,978 cm™~! for the FT-IR/FT-Raman spectra of N2HES.
Calculated these modes in gas phase/ethanol solvent have
appeared at 1085, 967 cm~'/1077, 967 cm~! obtained at the B3LYP
level of theory, respectively.

In succinimide ring, the ¢(CCN) and ¢(CNC) in-plane bending
vibrations in gas phase/ethanol solvent computed at 999 and
598 cm 1/999 (65%) and 606 (19%) cm~' by the B3LYP/
6—311++G(d,p) method show excellent agreement with the FT-IR
band at 999 and 608 cm~' and FT-Raman bands at 613 cm™},
respectively. In succinimide ring, 7(CCNC) out-of-plane bending
vibrations were both calculated counterpart at 110 cm~! in the gas
phase and ethanol solvent with a PED contribution of 54% for the
B3LYP/6—311++G(d,p) level of theory, respectively.
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Fig. 3. Experimental and theoretical calculated at the B3LYP/6—311++G(d,p) level in the FT-IR spectra of N2HES.
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Fig. 4. Comparison of the experimental and simulated FT-Raman spectra using the B3LYP/6—311++G(d,p) level of N2HES.

4.4. FMOs and ultraviolet—visible (UV-Vis) spectral analysis occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) predicts the molecular interactions with
The frontier molecular orbitals (FMOs) called the highest other species and has a significant role in electronic, electric, and
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optical properties as well as in the quantum chemistry and UV-Vis
spectra [28]. The 3D plots of frontier molecular orbitals for N2HES
calculated at the DFT/B3LYP/6—311+-+G(d,p) level shown in Fig. 5
predict that HOMO is covered the entire molecule in the gas
phase and ethanol solvent. On the other hand, the LUMO is local-
ized mainly on the succinimide ring in the gas phase and ethanol
solvent as shown in Fig. 5.

The Gauss-Sum 2.2 program [16] was used to calculate the total
(DOS) and partial (PDOS) density of states diagram which were
drawn by plotting molecular orbital data. The DOS and PDOS dia-
grams of N2HES in the gas phase and ethanol solvent are shown in

similar behavior. The PDOS of the CH; groups of N2HES in the gas
phase and ethanol solvent almost exhibits the total density states of
the title molecule.

Table 3 provides the effect of solvent on FMOs related molecular

Table 3

Total energy (in a.u.), Eyomo, Erumo, AELumo-Homo, iOnization potential I, electron
affinity A, global hardness 7, chemical potential y, electrophilicity index w, (all in eV),
and global softness ¢, (in eV~!) values of N2HES using the TD-DFT method.

B3LYP/6—311++G(d,p)

Fig. 5. The DOS plot gives the number of states per energy interval Gas Ethanol
for both virtual and occupied energy levels. The lines at the starting Total Energy 5145119 5145287
end of the energy axis of the plot that is from —20eV to —5 eV, are Enomo —7.6229 —7.6444
called occupied orbital and from —5eV to 0eV, are called virtual Ewumo -1.1045 —-1.0495
orbital. The HOMO and LUMO orbitals measure the electron-donor IAELUMO-HOMO s'ggg g'giﬁ
and electrqn—acceptgr character, respectively. Th_e virtual orbital is A 11045 1.0495
not occupied and is also called acceptor orbital, whereas the 7 3.2592 3.2975
occupied orbital is called donor orbital. As it is seen in Fig. 5, the 4 0.3068 0.3033
DOS graphs of N2HES in the gas phase and ethanol solvent have K —4.3637 —4.3470
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Fig. 5. The 3D orbital pictures of the HOMO, LUMO and DOS, PDOS diagrams calculated at the DFT/B3LYP/6—311++G(d,p) level in the gas phase and ethanol solvent for N2HES.
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properties. The total energies obtained at the DFT/B3LYP level of
theory for gas phase and ethanol solvent in Table 3 were given as
the sum of the total electronic energy and the zero-point vibra-
tional energy (ZPVE). The energy difference between the LUMO and
HOMO energies which is called as energy gap (AE ymo-Homo) helps
to characterize the chemical reactivity and kinetic stability of the
molecule. The decrease in the value of AEjymo-nomo indicates
strong molecular interaction with in the molecule. A molecule with
a small frontier orbital gap is generally associated with a high
chemical reactivity (low kinetic stability) and is known as soft
molecule [28]. The HOMO-LUMO energy gap value (6.5949 eV) in
ethanol solvent is higher than in the corresponding value
(6.5184 eV) in the gas phase computed at the TD-DFT/B3LYP/
6—311++G(d,p) level. The DFT calculation suggested that the
compound with the large HOMO-LUMO energy gap value in
ethanol solvent tend to have higher kinetic stability and lower
chemical reactivity.

Ultraviolet spectra analyses of N2HES have been observed
experimentally in ethanol solvent. In order to gain a better un-
derstanding of the energetic behavior of N2HES, additional the
time-dependent density functional theory (TD-DFT) calculations
including solvent influence with ethanol as a solvent were per-
formed using the B3LYP level. The experimental absorption wave-
lengths (energies) and calculated results involving the oscillator
strengths (f), absorption wavelengths (1), excitation energies (E),
and major contributions of transitions designated with the aid of
Gauss-Sum 2.2 program [16] in the gas phase and solvent (ethanol)
are listed in Table 4. The experimental and theoretical UV spectra of
the N2HES are shown in Fig. 6. The experimental absorption peaks
in ethanol solvent were obtained at 186 and 192 nm owing w—m*
transition. As can be seen in Fig. 6, the TD-DFT/B3LYP calculation
predicts intense electronic transition at 151 and 181 nm in the gas
phase and 156 and 179 nm in ethanol solvent for N2HES in the UV-
Vis spectrum. The percentages of the transition of N2HES are given
in Table 4 only major contributions. From the TD-DFT, the HOMO-
LUMO gap energies (6.5184eV in gas phase and 6.5949eV in
ethanol solvent) that can be calculated using formula E = hc/x (h,
Planck’ s constant and c, speed of light) were converted to the
wavelength. The calculated wavelength values from the HOMO-
LUMO gap energies were found to be 190.24 nm in the gas phase
and 188.02 nm in ethanol solvent, which is very close from the
experimental peak at 192 nm in case of ethanol. The molecular
orbital geometry indicates that their visible absorption maximum
of the title compound resembles the electronic transition between
frontier molecular orbitals (HOMO and LUMO).

Table 4
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Fig. 6. The UV-Vis absorption spectrum in gas phase and ethanol solvent of N2HES by
the TD- DFT/B3LYP/6—311++G(d,p) method.

4.5. Molecular electrostatic potential (MEP) analysis

Molecular electrostatic potential (MEP) helps to predict the
reactivity of a wide variety of biomolecules in electrophilic and
nucleophilic reactions as well as the study of biological recognition
processes and hydrogen bonding interactions [29]. The different
values of the electrostatic potential at the surface are represented
by different colors: red and blue represent the regions of maximum
negative and maximum positive which preferred site for electro-
philic attack and nucleophilic attack, respectively. To predict reac-
tive sites for the electrophilic and nucleophilic attack, MEP surfaces
are plotted over optimized geometry of N2HES calculated at the
B3LYP/6—311++G(d,p) level in the gas phase and ethanol solvent.
The negative and positive potential values are —0.05724, —0.06741e
and 0.05724, 0.06741e indicate the strongest repulsion and stron-
gest attraction (electrophilic attack and nucleophilic attack) for gas
phase and ethanol solvent, respectively. The 2D contour maps and
the 3D surfaces of molecular electrostatic potential (MEP) by the
DFT/B3LYP/6—311++G(d,p) level in the gas phase and ethanol
solvent for N2HES have been displayed in Fig. S1, respectively. As
can be seen from Fig. S1, negative region for electrophilic attack is
mainly localized over the oxygen atoms of succinimide and the
hydroxyl group. The maximum positive region is localized on the
CH, groups of succinimide ring indicating a possible site for
nucleophilic attack.

Experimental and calculated the oscillator strengths (f), absorption wavelengths (1), and excitation energies (E) of N2HES in gas phase and ethanol solvent using the B3LYP level

with the 6—311++G(d,p) basis set.

Experimental

TD-DFT/B3LYP Major contributions

A (nm) E (eV)
Ethanol Ethanol
192 6.4583
186 6.6667
— — Gas

A (nm) f(au) E (eV)

244.68 0.0014 5.0671 H—L(93%)
222.29 0.0017 5.5777 H-2—-1(70%)
205.73 0.119 6.0265 H-1-1L(87%)
191.69 0.0022 6.4679 H—L+1(74%)
190.64 0.0075 6.5034 H-1—-L+1(80%)
186.39 0.0172 6.6517 H—L+2(70%)
248.60 0.0011 49873 H—L(87%)
225.54 0.0004 5.4973 H-2-1(61%)
207.55 0.0574 5.9736 H-1-1(81%)
202.68 0.0034 6.1173 H—L+1(90%)
200.08 0.0042 6.1967 H-1-L+1(86%)
192.94 0.0106 6.4259 H— L+2(67%)
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4.6. Global reactivity descriptors

By using the ionization potential (I =—Egomo) and electron af-
finity (A =—-ELumo) values, global hardness (7), global softness (o),
chemical potential (u), and electrophilicity index (w) are given by
the following relations

n=(-A)/2, 6 =1/n, Pi=—~(I+A)/2, =P /2 (1)

The ionization potential (I), electron affinity (A), global hardness
(n), global softness (o), chemical potential (1), and electrophilicity
index (w) for N2HES have been calculated at TD-DFT(B3LYP) level of
theory in the 6—311++G(d,p) basis set, and results obtained from
solvent (ethanol) and gas phase for these parameters are listed in
Table 3. A molecule with a small energy gap is generally associated
with a high chemical reactivity and low kinetic stability than hard
one and hence molecule is said to softer [30]. The values of n/s of
N2HES are found to be 3.2592eV/0.3068eV! (gas phase) and
3.2975 eV/0.3033 eV-! (ethanol solvent) obtained at the TD-DFT/
B3LYP method, respectively. As can be seen from the results, it
may be observed that the global hardness/softness values of the
studied molecule increase/decrease when the solvent was taken
into account. There is a linear relationship between global hardness
and the HOMO — LUMO energy gap as shown in Table 3. The global
hardness () values were increased with increasing the HOMO —
LUMO energy gap values calculated at the TD-DFT/B3LYP level of
theory in the presence of ethanol solvent. The results of large n and
AE1 umo—nomo Values obtained by the TD-DFT methods also support
the stability of the title molecule in ethanol solvent. The values of
chemical potential (1) and electrophilicity index (w) for N2HES
calculated using the TD-DFT/B3LYP level of theory are summarized
in Table 3.

4.7. Mulliken atomic charges

The atomic charges continue to play an important role in the
application of quantum chemical calculations of molecular system
because of the atomic charges determine the dipole moment,
polarizability, electronic structure, vibrational spectra and more
properties for a molecular system [31]. Atomic charges can be
defined mainly by Mulliken, Hirshfeld charges or atomic polar
tensor (APT) charges. Table S1 contains the atomic charges gener-
ated from the Hirshfeld and Mulliken population analysis, and the
APT charges for N2HES calculated at the B3LYP level of theory in the
gas phase and ethanol solvent. The represented graphical form of
the results is shown in Fig. 7.

In this study, the C6 and C7 carbon atoms of CH, groups ob-
tained from the Hirshfeld and Mulliken population analysis, and
the APT charges in the succinimide ring are showed negative
charges except carbon atoms attached (C5, C8, and C10) with ox-
ygen atoms (01, 02, and 03), which are donor atoms. However, the
C5/C8 and C10 atoms attached to the carbonyl groups and OH group
hold the highest positive APT charges (1.095e/1.111e and 0.456e for
the gas phase 1.503e/1.518e and 0.580e for ethanol solvent) in the
title compound for the B3LYP level.

According to plot of the Hirshfeld and Mulliken population
analysis, and the APT charges (Fig. 7), the positive charge is
distributed over all the hydrogen atoms except H16, H17, and H19
for the APT charges. The hydrogen Hirshfeld and Mulliken charges
are changed to 0.030—0.144 (gas phase), 0.034—0.156 (ethanol
solvent) and 0.177—0.248 (gas phase), 0.189—0.286 (ethanol sol-
vent) by B3LYP method. In N2HES, the H18 atom has the most
positive charge (0.248e/0.236e in gas phase and 0.286e/0.311e in
ethanol solvent obtained from the Mulliken/APT charges)
compared with other hydrogen atoms due to the electron-

withdrawing nature of the O3 atom. It can be seen that the
magnitude of the charges in the 01, 02, 03, and N4 (except for
Mulliken) atoms from Table S1 is negative because these are elec-
tronegative atoms. But the Mulliken charges (gas phase and ethanol
solvent) calculated for N4 atom on the succinimide ring are found
to be positive. The main problem in the Mulliken charges arise from
the Mulliken population analysis is explicitly sensitive to the basis
set choice. The reason for the small charge on 01 and 02 is possibly
the existence of electron resonance between the two carbonyl
groups and nitrogen atom as the electron pair of nitrogen is delo-
calized over the two carbonyl groups in the succinimide structure.

4.8. Nonlinear optical (NLO) properties

Nonlinear optics deals with the interactions of various materials
in applied electromagnetic fields to produce new fields altered in
phase, frequency, amplitude, or other physical properties [32].
Some of the nonlinear optics properties that can be obtained by DFT
calculations are of fundamental importance because of its
outstanding performance in technologies such as frequency shift-
ing, optical modulation, optical data storage, optical switching,
optical telecommunications, signal processing, and other related
fields [33].

The nonlinear optical (NLO) properties like the dipole moment
u, polarizability (), the anisotropic of the polarizability (A«), and
the mean first-order hyperpolarizabilities § values using the X, y, z
components of N2HES were studied using the DFT/B3LYP/
6—311++G(d,p) level of theory technique in gas phase and ethanol
solvent in order to show any indication of NLO character according
to its calculated dipole moment, polarizability and first-order
hyperpolarizability [34]. To have polarizability and mean first-
order hyperpolarizability tensors (axx, @xy, tyy, Oxz, 0z, 0zz and
Brxxs 6xxy, Bxyyv 6yyya Brxzs 6xyz: 5yyzv Bxzz, 5y227 B) are utilized a
frequency job of GAUSSIAN-09W output [11]. Since the polariz-
ability and the mean first-order hyperpolarizability values of the
Gaussian output are given as atomic units (a.u.), they have been
changed into electronic units (esu) by the following factors: 1
a.u. =0.1482 x 10 **esu for ¢, 1 a.u. = 8.6393 x 1033 esu for 8 [35].

The dipole moments (u), the polarizabilities («), the anisotropy
of the polarizabilities ((A«)), and the mean first-order hyper-
polarizabilities (§) of N2HES were calculated using the B3LYP/
6—311++G(d,p) level of theory in the gas phase and ethanol sol-
vent and were presented in Table S2. The higher values of dipole
moment are important in well known for more active NLO

1.0 m Mulliken Gas m APT Gas = Hirshfeld Gas
m Mulliken Ethanol = APT Ethanol = Hirshfeld Ethanol

04 HI4 His  opyg

Fig. 7. Mulliken atomic charges distributions of N-(2-Hydroxyethyl) succinimide ob-
tained at the B3LYP level of theory with the 6—311++G(d,p) basis set in gas phase and
ethanol solvent.
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properties. The calculated values of dipole moment for N2HES by
the B3LYP/6—311++G(d,p) level are 3.1492 D (gas), 4.0368 D
(ethanol). The studied molecule has relatively heterogeneous
charge distribution, and it has large dipole moments in the gas
phase and ethanol solvent.

In this study, the mean first-order hyperpolarizability () values
were calculated at 2.0019 x 10730 esu (gas) and 2.9834 x 10~ esu
(ethanol) using the B3LYP level of theory, respectively. The order of
decreasing the ( is both ethanol > gas phase. As seen in Table S2, it
is clear that the mean first-order hyperpolarizability significantly
increased with ethanol solvent. When it is compared to the urea
that is a prototypical molecule [36] (8 of urea is 0.13 x 1030 esu), it
was found that the mean first-order hyperpolarizability of the title
molecule was found to be greater than urea by 15 (gas) and almost
23 (ethanol) times. The obtained results are evidence for that
N2HES can be subjected to future studies to probe its NLO
properties.

4.9. Reduced density gradient (RDG)

The methodology derived from electron density for reduced
density gradient (RDG) was developed by Johnson et al. [37]. The
RDG is a dimensionless quantity, and it was the first gradient found
in the literature. The RDG is defined as, following:

1 [Vp(r)]
— (6)
2(3m2) p(n”

RDG(r) =

where p(r) is electron density and Vp(r) is the gradient of p(r) at the
point r. The plot p(r) against A, sign will help to understand the
nature and strength of the interactions which measured in terms of
the value of density at low gradient spikes. The large and negative
values of sign(4;,)p are indicative of attractive interactions (such as
dipole—dipole or hydrogen bonding), and positive ones indicate
nonbonding interaction such as strong repulsion or steric effect in
the ring. The values near zero were indicated very weak van der
Waals interactions. The sign of A,, the second greatest eigenvalue of
the Hessian matrix of the p(r), utilized to distinguish the bonded (4,
< 0) from non-bonded (4, > 0) interaction. The RDG isosurfaces of
N2HES were graphed by Multiwfn software [17], and the VMD
program [18] was used to plot the color-filled isosurface graphs.
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Fig. S2 shows the 3D RDG isosurfaces of N2HES as drawn with
isosurface value of about 0.5 a.u. The isosurfaces in Fig. S2 depicts
where weak interactions occur; the red and green (or earth green)
colors indicate the stronger repulsive (stronger steric effect in the
ring) and van der Waals interaction, respectively. Fig. S2 shows the
interaction of the regions marked by red in the center of the suc-
cinimide ring system reflect strong repulsion (steric effect). The
green or light brown colors between succinimide ring and CH,
groups denote van der Waals interactions.

4.10. Molecular docking

The title compound was selected to be docked into the active
site of the HIV-1 Protease 1HSG protein [38], retrieved from RCSB
(Research Collaboratory for Structural Bioinformatics) protein data
bank (http://www.rcsb.org/pdb/home/home.do). ADT was used to
remove the non-aminoacid residues, such as water molecules, ions,
ligands that are in the complex. Polar hydrogen atoms were added
to the protein, atomic charges added to each atom were calculated
by Kollman method, and Lamarckian generetic algorithm (LGA)
were utilized for molecular docking calculations. The ligand and
protein were then saved in PDBQT file format. A grid box size of
60 x 60 x 60 A> with 0.375 spacing centered on 13.284, 27.589, and
1.548 was created around the binding site of HIV-1 Protease 1THSG
protein using Autogrid. The 2D and 3D representations for inter-
action of title compound taken as the ligand with protein 1HSG are
shown in Fig. 8. In Fig. 8, the yellow dotted lined denote the for-
mation of hydrogen bond of the ligand with target proteins. The
amino acids in active site which were ARG57 and GLU35 (Fig. 8) is
also illustrated using the PyMol software [39]. The 2D representa-
tion for hydrogen bond interaction between the ligand and protein
was visualized using Discovery Studio Visualizer. The title molecule
acted as the ligand was docked in the active sites of the selected
protein, and minimum binding energy value was examined. The
1HSG protein exhibit the minimum binding energy of —3.59 kcal/
mol, intermolecular energy of —4.48 kcal/mol, and inhibition con-
stant of 2.34 mM. After the completion of the molecular coupling,
the deviation between the ligand and protein was analyzed, where
the root mean square deviation (RMSD) value found to be 11.92 A.
The ARG57 and GLU35 residues form H-bond with C=0 and O of
the title ligand with hydrogen bond length of 2.1 and 1.7 A shows
the existence of the ligand-protein interaction, respectively.

Fig. 8. 2D (left) and 3D (right) docking of receptor THSG with N2HES.
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5. Conclusions

The structural, spectroscopic (FT-IR, FT-Raman, UV-Vis), and
electronic properties of N-(2-Hydroxyethyl) succinimide (N2HES)
were experimentally and theoretically obtained from the DFT and
TD-DFT (B3LYP) method in ethanol solvent and gas phase. The
calculated HOMO and LUMO energies and energy gap analysis
explain charge transfer in the molecule, which show its bioactive
properties. The results indicate that the compound with the large
HOMO-LUMO energy gap value in ethanol solvent has higher ki-
netic stability. The NLO properties of N2HES were calculated at the
level of theory B3LYP/6—311++4G(d,p), and the obtained values of
these parameters were compared with prototype molecule urea.
The mean first-order hyperpolarizabilities (8) results reveal that
N2HES molecule is up to 15 (gas) and ~23 (ethanol) times more
polarizable than urea. The UV-Vis absorption spectrum was
examined in ethanol solvent and compared with the calculated one
in the gas phase and ethanol solvent using TD-DFT approach. The
theoretical absorption peaks at ~208 nm and ~206 nm in gas phase
and ethanol solvent was attributed to a H-1—L owing as m—=*
transition. Besides, HIV-1 protease (PDB ID: 1HSG) was used as
target protein for molecular docking to explore the biological
agents of the title molecule in the present study.
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