£ eg«/a/‘ Articlo PHYSICAL '

CHEMISTRY u

RESEARCH
Published by the

Iranian Chemical Society

www.physchemres.org
info@physchemres.org

Phys. Chem. Res., Vol. 10, No. 3, 333-344, September 2022
DOI: 10.22036/PCR.2021.304087.1966

Experimental and Theoretical Spectroscopic Studies of the Electronic Structure of
2-Ethyl-2-phenylmalonamide

S. Selvaraj*, A. Ram Kumar’, T. Ahilan®, M. Kesavan®, G. Serdaroglu®, P. Rajkumar', M. Mani¥,
S. Gunasekaran” and S. Kumaresan®
“Department of Science and Humanities, St. Joseph College of Engineering, Sriperumbudur, Chennai-602117, Tamil Nadu, India
®PG and Research Department of Biochemistry, Indo-American College, Cheyyar-604407, Tamil Nadu, India
‘Department of Mechanical Engineering, St. Joseph'’s College of Engineering, Sriperumbudur, Chennai-602117, Tamil Nadu, India
Interdisciplinary Institute of Indian System of Medicine, SRM Institute of Science and Technology, Kattankulathur, Chennai -603203,
Tamil Nadu, India
*Faculty of Education, Mathematics and Science Education, Sivas Cumhuriyet University, Sivas 58040, Turkey
/PG and Research Department of Physics, King Nandhivarman College of Arts and Science, Thellar-604406, Affiliated to Thiruvalluvar
University, Serkkadu, Vellore-632 115, Tamil Nadu, India
ESpectrophysics Research Laboratory, PG and Research Department of Physics, Arignar Anna Government Arts College, Cheyyar-604407,
Tamil Nadu, India
"Sophisticated Analytical Instrumentation Facility, St. Peter’s Institute of Higher Education and Research, St. Peter’s University, Avadi,
Chennai-600054, Tamil Nadu, India
(Received 10 September 2021, Accepted 1 December 2021)

The present study aimed to provide a deeper understanding of the structure and spectroscopic properties of 2-cthyl-2-
phenylmalonamide. To this end, the optimized geometrical parameters, vibrational wavenumbers, and electronic spectra of 2-ethyl-2-
phenylmalonamide were calculated theoretically using density functional theory (DFT)/B3LYP with the 6-311++G(d,p) basis set. The
experimental vibrational wavenumbers were calculated by Fourier transform-infrared (FT-IR) and Fourier transform Raman (FT-Raman)
spectra recorded in the region of 4000-400 cm™. The 'H and "*C nuclear magnetic resonance (NMR) chemical shifts were calculated using
the gauge-independent atomic orbital (GIAO) method. The gas-phase UV-Vis spectrum was recorded and compared with the theoretical
spectrum. Other molecular properties, such as natural bond orbital (NBO) analysis, were also carried out to determine stability and charge
delocalization. In addition, the molecular electrostatic potential surface was stimulated to study the electrophilic and nucleophilic sites of
the title compound. The theoretically calculated values showed good agreement with the observed spectra, confirming the structure of 2-
ethyl-2-phenylmalonamide.
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INTRODUCTION activity in the brain [1,2]. In 2019, World Health

Organization (WHO) estimated that about 50 million people

As a common neurological disorder, an epileptic seizure
is found in both males and females, affects the central
nervous system, and is characterized by abnormal cortical

*Corresponding author. E-mail: sselvaphy@gmail.com

worldwide were affected by epilepsy. Brain injury, tumors,
infections (e.g., meningitis), mutations in and thus the
upregulation of the mTOR pathway, and high levels of
sodium and glucose have been reported to cause epileptic
[3-5]. Anticonvulsant

seizures drugs, also known as
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antiepileptic drugs, are used to treat epileptic seizures [6].
Antiepileptic drugs, such as valproic acid, phenytoin, and
carbamazepine, can reduce or eliminate seizures in the
majority of patients. However, these medicines are
associated with undesirable side effects, such as weight gain
[7-8].

(2E2PM), also known as phenylethylmalonamide, with a

and hepatotoxicity 2-Ethyl-2-phenylmalonamide
molecular formula of C;;H14N,O, a molecular weight of
206.24 g mol”, two hydrogen donors, one acceptor, and
four rotatable bonds, is a primary active metabolite of
primidone [9]. The chemical structure of 2E2PM differs
from that of primidone due to the ring cleavage. From the
structural point of view, 2E2PM contains a phenyl ring and
an ethyl group linked to malonamide. As an active and
abundant metabolite in humans, phenylethylmalonamide is
derived naturally from the ethanolic seed extract of Abrus
precatorius (L) and chemically from 2-hydroxypyrimidine,
which is prepared by alkaline hydrolysis and converted to
phenylethylmalonamide with the help of primidone, a
hepatic microsomal enzyme inducer [10-12]. While no
significant pharmaceutical activity has been reported for
phenylethylmalonamide, some studies have reported the use
of phenylethylmalonamide in the treatment of essential
tremor and epileptic seizures [13]. Some other studies have
attempted to determine and analyze the concentration of
phenylethylmalonamide in plasma and urine samples of
humans using gas chromatography [14]. A study reported
that phenylethylmalonamide enhanced the anticonvulsant
activity of phenobarbital and the hypnotic activity of
hexobarbital [15]. Moreover, phenylethylmalonamide and
primidone were found in lake water with a concentration of
0.6 pg 1" and 0.2 pg I'", respectively [16].

DFT is an effective tool to predict molecular structures
and vibrational wavenumbers of biologically active
compounds and drug molecules. The literature review
revealed that there had been no detailed theoretical and
experimental spectroscopic studies on the structure of
phenylethylmalonamide. Accordingly, the present study
investigated the structural and vibrational properties of
phenylethylmalonamide using theoretical (DFT) and
experimental (FT-IR, FT-Raman, 'H and °C NMR, and
UV-Vis spectra) methods to provide a better understanding
of the electronic, structural, and spectroscopic properties of
phenylethylmalonamide.
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MATERIALS AND METHODS

Experimental

2E2PM was obtained from Sigma-Aldrich Chemical Co
(St. Louis, MO, USA) in powder form and with 98% purity.
2E2PM is used for spectral measurements without any
modifications. The FT-IR spectrum of the titled compound
was recorded in the region of 4000-400 cm™ using Perkin-
Elmer Spectrum Two FTIR/ATR Spectrometer system with
0.5 cm™' resolution. The FT-Raman was also recorded in the
same region on a Bruker RFS 27 Stand alone FT-Raman
Spectrometer system with 2 cm’ resolution using the
1064 nm line of Nd:YAG laser with 100 mW power as an
excitation source. The 'H and "C NMR spectra were
recorded in dimethyl sulfoxide (DMSO) solution and
methanol on a Bruker high-resolution NMR spectrometer at
300 K. The chemical shifts were expressed in ppm relative
(TMS) The
ultraviolet-visible (UV-Vis) spectrum was measured in the

to internal tetramethylsilane standard.
wavelength range of 200-400 nm using a Perkin-Elmer
Lambda 35 UV Winlab V6.0 Spectrometer with a

bandwidth of 0.5-4 nm at room temperature.

Computational Details

The quantum chemical calculations were performed for
2E2PM using Gaussian 09 W program with 6-311++G(d,p)
as the basis set to determine its optimized geometry and
vibrational wavenumbers at the DFT/B3LYP level of theory
[17-20]. The vibrational assignments were made using the
Chemcraft program [21], which provided a graphic
visualization with a high degree of accuracy. The 'H and
C NMR chemical shifts were calculated in the gas phase
by the gauge-including atomic orbital (GIAO) method using
B3LYP with the 6-311++G(d,p) basis set. GIAO is one of
the most common methods used to calculate nuclear
magnetic shielding tensors and determine molecular
geometries and magnetic properties [22-23]. The UV-Vis
spectra of 2E2PM were
determined by time-dependent density functional theory
(TD-DFT) method at the B3LYP/6-311++G(d,p) level of
theory [24-25]. NBO analysis of 2E2PM was performed
using B3LYP with the 6-311++G(d,p) basis set. The
molecular electrostatic potential surface was plotted using

ArgusLab software [26].

and electronic properties
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RESULTS AND DISCUSSION

Optimized Geometry

The optimized molecular structure of 2E2PM with
atomic numbering is shown in Fig. 1. The geometrical
parameters, such as bond lengths and bond angles, were
theoretically calculated by DFT/B3LYP/6-311++G(d,p).
Since the crystal structure of 2E2PM was not available in
the literature as yet, an attempt was made to use the values
closely related to the 2-phenylmalonamide structure [27].
The calculated and experimental values of bond lengths
and bond angles of 2E2PM are presented in Table Sl

(Supplementary material).
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Fig. 1. The optimized molecular structure of 2-ethyl-2-
phenylmalonamide.

From the literature review, C=C and C-C bond lengths
were expected to fall in the range of 1.35 and 1.45 A
[28,29]. The optimized bond lengths of C=C and C-C were
calculated theoretically in the range of 1.395-1.403 A and
1.391-1.569 A and experimentally at 1.386-1.391 A and
1.376-1.384 A, respectively. The bond lengths of Cs-Cg, Cs-
C;, Cs-Cg, Cs-Cy, and C¢-Cio had values higher than the
expected range, which can be attributed to the influence of
oxygen and nitrogen ions on the carbonyl and amine groups
tending to attract electrons to themselves. Due to the regular
hexagonal structure of the benzene ring, the bond angles
around the carbon atom are expected to be 120° [29]. The
C-C-C bond angles were experimentally observed in the
range of 110.2-121.4° and theoretically calculated in the
range of 105.5-123°. The title compound, which has two
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carbonyl groups (C=0) attached to carbon (Cs), is expected
to be in the range of 1.22 A [30]. Based on the geometrical
properties, the bond length of C=0O was theoretically
calculated in the range of 1.220-1.226 A and experimentally
observed in the range of 1.231-1.237 A whereas the C-O-H
and O-C-C bond angles were theoretically calculated in
the range of 103.0° and 118.5-124.8°, respectively, and
118.8-121.6°.
obtained showed good agreement with those reported in the

experimentally observed at The values
literature.

The bond length of the intramolecular hydrogen bonding
was theoretically calculated at 1.875 A. The intramolecular
charge transfer between the amine and the carbonyl group
suggested the formation of a new partial bond between
hydrogen and oxygen. The bond length of C-H was
theoretically calculated in the range of 1.082-1.093 A and
experimentally observed at 0.952-1.017 A whereas the
C-C-H and H-C-H bond angles were theoretically calculated
in the range of 106.8-120.5° and 107.5-107.9°, respectively,
118.6-121.6°. The
optimized bond lengths of N-H and N-C were theoretically
calculated in the range of 1.008-1.015 A and 1.353-1.360 A
and experimentally observed at 0.853-0.950 A and 1.321-
1.324 A, respectively. The bond angles of O-C-N, H-N-H,
C-N-H, and N-C-C were theoretically calculated in the
range of 120.6-123.4°, 118.5-120.8°, 116.6-121.2°, and
114.4-118.1°, respectively, which were in agreement with
the experimental data observed at 122.5-123.2°, 120.2-
120.3, 117.8-121.7°, and 115.9-118.0°, respectively. The
theoretically optimized values were in good coincidence

and experimentally observed at

with the experimental values, with a linear coefficient value
(Ry) of 098194 for bond lengths and 0.44112 for bond
angles. The correlation graph between the experimental and
theoretical values is shown in Fig. S1 (Supplementary
material).

Vibrational Spectral Analysis

2E2PM consists of 29 atoms, 81 normal modes of
vibrations, and (3N-6) vibration degrees of freedom. From
(&
compound is distributed as 14 stretching vibrations, 31 in-

point group symmetry, the vibration of the title

plane bending vibrations, and 36 out-of-plane bending
vibrations. The theoretical and experimental spectra are
shown in Figs. 2 and 3, and the complete theoretical and
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Fig. 2. The theoretical and experimental FT-IR spectra of 2-
ethyl-2-phenylmalonamide.
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Fig. 3. The theoretical and experimental FT-Raman spectra

of 2-ethyl-2-phenylmalonamide.

experimental wavenumbers are presented in Table S2
(Supplementary material). Based on the results, it can be
said that 2E2PM has six characteristic bands (i.e., CC, CH,,
CH;, CH, CO, and NH,) in the functional group region
and bending vibrations in the fingerprint region. The
experimental results were compared with the theoretical
obtained by DFT/B3LYP with the 6-
311++G(d,p) basis set. The characteristic spectral vibrations
are discussed below. The calculated vibrational frequencies
were obtained by a scaling factor of 0.96 for all frequencies.

calculations
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NH, Vibrations

The title compound contained two NH, groups. Hence,
one can expect it to have two symmetric and asymmetric
vibrations. In general, NH, symmetric and asymmetric
stretching vibrations appear in the range of 3450-3250 cm™
and 3550-3330 cm’', respectively [31]. In the present study,
the asymmetric stretching modes were calculated at 3557-
3152 cm’, respectively, and experimentally observed at
3473 cm™ in the FT-IR spectrum with a deviation of 39 cm™
due to the intermolecular hydrogen bonding between the
amino group and the carbonyl group. The symmetric
stretching vibrations were experimentally observed at
3336 cm’ in the FT-IR spectrum and theoretically
calculated at 3436-3343 cm™. The bending vibrations of
NH,, such as scissoring, rocking, wagging, and twisting,
were observed in the region of 1630-1610, 1090-1060, 700-
500, and below 500 cm™ [32]. Based on the above literature,
scissoring vibrations of NH, were calculated theoretically at
1683, 1654, 1574, 1555, 1552, and 1527 cm™ and assigned
experimentally at 1557 cm™ in the FT-IR and at 1604 cm™
in the FT-Raman spectrum. NH, rocking vibrations were
observed at 1105, 1081, 1060, and 1053 cm™, showing good
agreement with the experimental FT-IR spectrum at
1084 cm™ and the FT-Raman spectrum at 1080 cm™. The
wagging vibrations were observed and assigned at 777, 648,
620, and 503 cm™ in the FT-IR spectrum and at 617 cm™
the FT-Raman spectrum, and the corresponding
theoretical values were calculated at 741, 731, 669, 658,
614, 548, and 506 cm’. The twisting vibrations of NH,
were calculated theoretically at 440, 338, and 373 cem” and

in

observed experimentally at 442 cm’ in the FT-Raman
spectrum.

CH Vibrations

The CH stretching vibrations usually appear in the range
of 3100-3000 cm™ [33,34]. In the present investigation, the
CH stretching vibrations were calculated theoretically at
3076, 3061, 3050, 3040, 3033, and 2972 cm™ and observed
experimentally at 3179 ecm™ in the FT-IR spectrum and at
3068 cm™ in the FT-Raman spectrum. The in-plane and out-
of-plane bending vibrations appear at 1530-1000 cm™ and
1000-750 cm™, respectively [35,36]. Based on the results,
CH in-plane bending vibrations of 2E2PM showed three
bands at 1557, 1148, and 1084 cm™' in the FT-IR spectrum
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and six bands at 1452, 1192, 1152, 1080, 1031, and
1002 cm’
theoretically calculated bands were in the range of 1574-

in the FT-Raman spectrum whereas the

1010 cm”. The CH out-of-plane bending vibrations were
calculated theoretically at 976-741 cm” and observed
experimentally at 777 cm™ in the FT-IR spectrum.

CH; Vibrations

The title compound contains a single methyl group and
electron-donating substitutions in the aromatic ring system.
One can expect nine fundamental vibrations, such as
asymmetric stretching, symmetric
deformation, asymmetric deformation, in-plane rocking,

symmetric stretching,

out-of-plane rocking, twisting mode, and wagging mode, in
the methyl group. The symmetric and asymmetric methyl
group stretching vibrations are generally observed in the
range of 2870 and 2980 cm™ [37]. In this study, the
asymmetric vibrations were calculated theoretically at 2972,
2965, and 2912 cm’, which showed good agreement with
the experimental FT-Raman spectrum at 2880 cm™'. The
asymmetric and symmetric bending vibrations are expected
to fall in the range of 1465-1440 and 1390-1370 cm’,
respectively [38]. The CH; asymmetric bending vibrations
of the title compound were calculated theoretically at 1464,
1444, and 1441 cm’', which showed excellent correlation
with the experimental FT-IR spectrum at 1445 ¢cm™ and the
FT-Raman spectrum at 1452 cm™. The CH; symmetric
bending vibrations were calculated theoretically at
1365 cm’', which showed good agreement with the
experimental FT-IR and FT-Raman spectra at 1384 and

1383 cm’', respectively.

CH; Vibrations

The CH, group shows six fundamental frequencies,
including symmetric, asymmetric, two in-plane bending
vibrations (i.e., scissoring and rocking), and two out-of-
plane bending vibrations (i.e., wagging and twisting). The
symmetric and asymmetric stretching vibrations are
observed at 3000-2900 and 3100-3000 cm™, respectively
[39]. In the present study, the calculated wavenumbers
observed at 2986, 2965, 2924, and 2912 cm™ were assigned
to and observed

asymmetric vibrations

experimentally at 2937 cm™ in the FT-Raman spectrum.

stretching

The bending vibrations were observed in the region below
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1500 cm™ [40]. Based on the results, the CH, scissoring
modes were calculated theoretically at 1441, 1430, 1416,
and 1365 cm™, and a single band was observed at 1384 and
1383 cm™ in the experimental FT-IR and FT-Raman spectra.
The bands at 1277 and 1281 cm’ in the FT-IR and
FT-Raman spectra, respectively,
experimental CH, wagging vibration and were calculated
theoretically at 1316, 1271, 1269, 924, and 888 cm™. The
CH, twisting vibrations were calculated theoretically at
1256, 1122, 1105, 1081, 926, and 881 cm™, and a single
band was observed at 1084 in the experimental FT-Raman
spectrum and at 1080 cm™” in the FT-IR spectrum. The
rocking vibrations of CH, were calculated theoretically at
780, 741, and 589 cm™ and observed experimentally at 805
and 777 cm’” in the FT-IR spectrum and at 799 cm’ in
the FT-Raman spectrum, respectively. The theoretical

corresponded to the

wavenumbers showed a good correlation with the

experimental observations.

CC and C=0 Vibrations

The CC stretching vibrations are very prominent and
highly characteristic in aromatic rings and usually appear in
the range of 1650-1200 cm™ [41]. From the theoretical
calculation, five bands were observed at 1654, 1574, 1555,
1269, and 1256 cm’, and a single band was observed
experimentally at 1557 cm™ in the FT-IR spectrum. The
carbonyl group is very sensitive to physical and chemical
factors. The C=O stretching vibrations are expected to fall
in the range of 1850-1550 cm™ [42]. In the present study,
the C=0 stretching vibrations were calculated theoretically
at 1683-1654 cm™ and observed experimentally at 1635 in
the FT-IR spectrum and at 1604 cm” in the FT-Raman
spectrum, respectively. In the theoretical and experimental
FT-IR, the broadband was observed at 1683 and 1635 cm’
due to a protonated carbonyl group.

CN Vibrations

It is very difficult to evaluate the CN vibration due to
the mixing of several bands in the same region. While the
frequencies of the C=N group are expected to be around
1500 cm™, frequencies around 1300 cm indicate the
presence of C-N for aromatic compounds [43-45]. In a
study, a band at 1310 cm™ was observed in the FT-Raman
spectrum as the CN stretching mode [46]. In the present
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investigation, these bands were observed experimentally at
1277 em™ in the FT-IR spectrum and at 1281 cm™ in the
FT-Raman spectrum and calculated theoretically at 1271-
1256 cm’™.

Chemical Shifts

NMR is a common technique used to determine the
molecular structure and magnetic properties of chemical
[47]. The
experimentally observed spectra of >C and 'H NMR for
2E2PM are presented in Table 1. The experimental 'H and
BC NMR spectra of 2E2PM are shown in Figs. 4, 5, 6, and
7. In organic compounds, carbon atoms are observed in the

compounds theoretically calculated and

range of 150-100 ppm and hydrogen atoms in the range of
8.00-7.00 ppm [48-50]. The title compound contains eleven
carbon atoms, six carbons (Cs, C;, Cg, Co, Cyy, and Cy;) in
the benzene ring structure, one carbon in the methyl group,
one in the methylene group, two carbons attached to oxygen
atoms, and one carbon linked to the ring structure. In this
study, the carbon atoms (Cs, C;, Cg, Co, Cyg, and Cy;) in the
benzene ring structure were observed experimentally at
127.34-141.99 ppm in DMSO and at 128.85-142.63 ppm in
methanol and calculated theoretically in the range of
130.04-143.01 ppm. Carbon atom C¢ in the methyl group,
shielded by protons, showed an upfield region of the
spectrum observed experimentally at 10.34 ppm in DMSO
and at 10.73 ppm in methanol and calculated theoretically at
11.38 ppm. Carbon atoms C, and Cs, surrounded by two
adjacent electronegative atoms and with more deshielded
shifts, were observed experimentally at 174.67 in DMSO
and at 178.13 in methanol and calculated theoretically at
176 ppm. The carbon atom C, in the CH, group was more
shielded at 37.94 ppm in DFT and at 27-29 ppm in
experimental chemical shifts.

The chemical shift of hydrogen atoms, attached to
carbon atoms in the benzene rings (Hs, H;, Hg, Ho, and Hy,),
was observed experimentally at 7.32-7.99 ppm in DMSO
7.35-7.39 pm
theoretically at 7.44-7.89 ppm. The methyl group protons

and at in methanol and calculated
(Hs, Hy, and Hs) were experimentally observed at 0.82-
0.85 ppm in DMSO and at 0.92-0.95 ppm in methanol as a
triplet and theoretically calculated at 0.98-1.22 ppm. The
hydrogen atom in the methylene group (H;, H,) was

observed experimentally at 2.31-2.30 ppm in DMSO and at

338

Table 1. Experimental and Theoretical 'H and "°C NMR
Chemical Shifts of 2-Ethyl-2-phenylmalonamide

Theoretical Experimental
Atoms
B3LYP/6-311++ DMSO Methanol
G(d,p)

H; 2.126 2.313 2354
H, 2.086 2.300 2.340
H; 1.219 0.857 0.953
H, 1.228 0.843 0.938
Hs 0.981 0.829 0.924
Hg 7.877 7.998 7389
H; 7.673 7.386 7.385
Hg 7.441 7.361 7357
Ho 7517 7.344 7389
Hio 4313 7.311 7.299
Hy 4.099 7.261 7.269
Hyp, 4.170 7.248 7235
Hi; 4322 7.236 7.233
Hyy 7.439 7.326 7392
C, 63.12 61.81 63.59
C, 37.94 27.93 29.98
Cs 143.01 141.99 142.63
Cy 176.29 174.67 178.13
Cs 176.14 174.67 178.13
Cs 11.38 10.34 10.73
C, 130.04 127.42 130.21
Cs 123.72 127.34 129.24
Cy 136.92 128.60 128.85
Cio 136.70 128.60 128.85
Cq 132.72 128.60 128.85

2.35-2.34 ppm in methanol and calculated theoretically in
the range of 2.08 and 2.12 ppm. The hydrogen atoms (H,o,
Hi,, Hyp, and H3) in amino groups were observed at 7.23-
7.31 ppm in DMSO and at 7.23-7.29 ppm in methanol and
calculated theoretically at 4.17-4.32 ppm due to the
influence of nitrogen atoms. The theoretically optimized
values were in good coincidence with the experimental
values with a linear coefficient value (R,) of 0.99797 for
DMSO and 0.99738 for methanol. The correlation graph
between experimental and theoretical values is shown in
Fig. S2 (Supplementary material).
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Fig. 4. The experimental '"H NMR spectrum of 2-ethyl-2-
phenylmalonamide in DMSO.
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Fig. 7. The experimental °C NMR spectrum of 2-ethyl-2-
phenylmalonamide in methanol.

Table 2. Experimental and Calculated Wavelengths (&),
Excitation Energies (E), Absorbance Values,
Oscillator Strengths (f), and Major Contributions

of 2-Ethyl-2-Phenylmalonamide

Experimental TDDFT/B3LYP/6-311++G(d,p)
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Fig. 5. The experimental °C NMR spectrum of 2-ethyl-2-
phenylmalonamide in DMSO.
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Electronic Properties

The theoretical electronic spectrum of 2E2PM was
calculated by TD-DFT calculations with B3LYP/6-
311++G(d,p) level of theory. Furthermore, the experimental
electronic spectrum was measured in ethanol solvent, and
the results were compared with those of the theoretical
spectrum. The theoretical absorption, wavelength (A),
excitation energies (E), oscillator strength (f), experimental
absorption, and wavelength (L) are presented in Table 2,
and the corresponding spectra are shown in Figs. 8 and 9.
From the experimental analysis, one sharp band was
obtained at 225 nm and one weak band at 259 nm, and the
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Fig. 9. The experimental electronic spectrum of 2-ethyl-2-
phenylmalonamide.

corresponding theoretical spectra were calculated at 259.63
and 253.46 nm. The theoretical and experimental results
were nearly close to each other and showed a good
correlation.

NBO Analysis
The second-order perturbation energy analysis based on
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the NBO analysis was introduced by Weinhold and
colleagues [51-55] to describe the non-covalency, H-
bonding, and conjugative interactions, efc. For a specific
system, the second-order perturbation energy lowering of
the donor (i) — acceptor (j) interaction is defined as
follows:

()’

E® =AE, =¢
(5/' _Si)

ij i

where E7 is the donor-acceptor stabilization energy, gi is
the donor orbital occupancy, ¢ and ¢ are donor and
acceptor orbital energies (diagonal elements), and Fij is the
off-diagonal NBO Fock matrix element.

Due to their importance in the biomedical and related
scientific  disciplines, intramolecular interactions for
different kinds of molecular systems have been reported in
previous studies [56-58] to explore/evaluate conjugative
interactions. In this work, the NBO study of the 2E2PM was
performed, and the results of the second-order perturbation
energy analysis are presented in Table S3. As expected from
previous reports [59-60], the biggest contribution to E® was
due to the charge movement from the lone pair of the
nitrogen to the unoccupied molecular orbital energies. The
E® for both interactions, namely, LP (1) N3(ED; =
1.76175¢) — n* C;-Og (ED;j=0.24879¢) and LP (1) N4 (ED;
=1.76186¢) — m* C;-Og (ED;= 0.24879¢), was determined
by the energy of 55.12 kcal mol™. Moreover, the electron
movement on the unsaturated ring of the 2E2PM had an
essential role in lowering the energy. The interactions on the
unsaturated ring were estimated as w C;-Cp— =n*
C1-Ci3(E® = 18.94 keal mol™), ©1 C,-Cj,— m* Cu4-Cis
(E® = 20.02 kcal mol"), n C;;-Cjs— n* CCp, (E? =
25.65 kcal mol'), m C;-Cs— 7* Ci-Cs (E?
2021 keal mol'), © C4-Cis— w* C-C;, (E@
18.30 kcal mol"), and m Cy-C;s— n* C;-C;3 (E? =
20.46 kcal mol™). It should be noted that these interactions
were responsible for changing the polarity on the molecular

surface and thus affecting the chemical reactivity.

Molecular Electrostatic Potential Surface

The molecular electrostatic potential of 2E2PM is
illustrated in Fig. S3 (Supplementary material) and was used
to determine its molecular structure and physiochemical
properties. In molecular electrostatic potential surface, the
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values are represented by different colors, and the potential
increases in the order of red < orange < yellow < green <
blue [61]. Red color indicates more negativity, the preferred
site for electrophilic attack, and strongest repulsion whereas
blue color indicates the strongest attraction site for
nucleophilic attack. From the results, it was clear that
oxygen had a significant red color, indicating that
electronegativity is an electron-rich site. Blue also indicates
positive charges around hydrogen atoms. The intensity of

the color is directly proportional to the potential energy.
CONCLUSIONS

In this study,
vibrational wavenumbers,

the optimized molecular geometry,
and magnetic properties of
2E2PM were recorded and analyzed for the first time. The
calculated optimized geometrical parameters showed good
agreement with the experimental data. The experimental
FT-IR and FT-Raman spectra were done and compared with
the recorded theoretical wavenumbers. The results were
promising and showed a good correlation between
experimental and calculated normal modes of vibration. The
chemical shifts of C and 'H NMR were calculated
theoretically and compared with the experimental values.
The results showed that carbon atom C, had a more shielded
signal at 37.94 ppm in theoretical and at 27 and 29 ppm in
experimental chemical shifts. The gas-phase UV-Vis
spectrum was also recorded by TD-DFT, and the values
were in good agreement with the experimental values. In
addition, NBO confirmed that the strongest intramolecular
interaction was 55.12 kcal mol" via LP N3 and N, to ©*
0;-Cg. The charge distribution and electric potential on the
surface were determined by molecular electrostatic potential
surface. The detailed experimental and theoretical findings
were in good agreement, confirming the structure of the title
compound.
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