Journal Pre-proof

Journal of

MOLECULAR
STRUCTURE

Synthesis, crystal structure, Hirshfeld surface analysis, spectral
characterization, reduced density gradient and nonlinear optical
investigation on (E)-N’-(4-nitrobenzylidene)-2-(quinolin-8-yloxy)
acetohydrazide monohydrate: A combined experimental and DFT
approach

Oumeria Kourat , Ahmed Djafri, Nadia Benhalima ,
Youcef Megrouss , Nour El Houda Belkafouf, Rachida Rahmani ,
Jean-Claude Daran, Ayada Djafri, Abdelkader Chouaih

Pl S0022-2860(20)31272-2

DOI: https://doi.org/10.1016/j.molstruc.2020.128952
Reference: MOLSTR 128952

To appear in: Journal of Molecular Structure

Received date: 1 June 2020

Revised date: 18 July 2020

Accepted date: 20 July 2020

Please cite this article as: Oumeria Kourat, Ahmed Djafri, Nadia Benhalima, Youcef Megrouss ,
Nour El Houda Belkafouf , Rachida Rahmani, Jean-Claude Daran , Ayada Djafri ,
Abdelkader Chouaih , Synthesis, crystal structure, Hirshfeld surface analysis, spectral character-
ization, reduced density gradient and nonlinear optical investigation on (E)-N’-(4-nitrobenzylidene)-2-
(quinolin-8-yloxy) acetohydrazide monohydrate: A combined experimental and DFT approach, Journal
of Molecular Structure (2020), doi: https://doi.org/10.1016/j.molstruc.2020.128952

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

(© 2020 Published by Elsevier B.V.


https://doi.org/10.1016/j.molstruc.2020.128952
https://doi.org/10.1016/j.molstruc.2020.128952

Journal Pre-proof

Highlights

e A novel quinoline derivative was synthesized and characterized.

e FT-IR, NMR, UV-Vis techniques and DFT method were used to investigate.

e Conformational analysis was performed to determine the stable geometry.

e Theoretical spectroscopic properties of NBQA were examined by BPV86 functional.

e The complete vibrational assignment and spectroscopic analysis have been carried out.
e The HS, NBO and RDG analyses explained the intramolecular hydrogen bonding.

e First hyper polarizability and HOMO-LUMO energy gap were theoretically predicted.
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Abstract

In this work, (E)-N'-(4-nitrobenzylidene)-2-(quinolin-8-yloxy) acetohydrazide monohydrate
(NBQA) crystal was synthesized and its structural characterization was carried out by single-
crystal X-ray diffraction. The intermolecular interactions in the crystal were investigated
through the Hirshfeld surface analysis and the 2D-fingerprint plot. In the solid phase, the
spectroscopic characterization was also carried out using FT-IR, *H-NMR, and *C-NMR
experimental spectroscopies. To support experimental results, DFT calculations have been
accomplished on the NBQA molecule in the ground state. First, theoretical calculations were
performed using BPV86 and GGA-PBE functionals with the 6-311G(d,p) basis set to obtain
the stable conformer of the molecule. Likewise, harmonic vibrational frequencies, *H and *C
chemical shifts, and NBO analysis were also calculated using the same level of theory and
compared to available experimental data. Furthermore, the molecular electrostatic potential
(MEP), frontier molecular orbitals (FMOQO) analysis, HOMO-LUMO energies, energy band
gap, density of state (DOS), global chemical reactivity descriptors, and some thermodynamic
functions were studied and discussed. UV-Vis spectrum was predicted by the TD-DFT
method in chloroform solvent and compared with the experimental spectrum for displaying
the involved electronic transitions in the compound. The repulsive, attractive, and Van der
Waals strong and weak interactions in NBQA were investigated via the RDG analysis. The
NLO properties of NBQA have also investigated in different available solvents by DFT and

compared to the most important compounds in the field. The first hyperpolarizability values
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of NBQA have been increased with increasing solvent polarity and decreasing the energy
band gap.

Keywords: Quinoline, H-bonding, NLO, DOS, NBO, electronic transitions
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1. Introduction

Quinoline derivatives are of interest class of bicyclic nitrogen-containing aromatic
compounds. They are attracting a considerable deal of attention owing to their implication in
various research works, their wide spectrum of biological properties, and their presence in
naturally occurring compounds [1]. As evidence of these properties, they can be found in
many drugs such as antibiotics, antimalarial, antidiabetics, anti-inflammatories [2-4]. Besides,
polysubstituted quinoline can achieve hierarchical self-assembly into a variety of meso and
nanostructures with enhanced photonic and electronic properties [5]. They are also used in the
synthesis of molecules having nonlinear optical (NLO) properties [6,7]. On the other hand,
quinoline-based hydrazones are known for their excellent biological and biochemical
activities. Otherwise, the synthetic flexibility of quinoline hydrazones allows the generation of
a broad spectrum of structurally diverse derivatives [8,9]. As it is well known, in organic
frameworks with large delocalized n-systems, m-electrons are more polarizable due to their
further enhancement by the incorporation of donor and acceptor substituents at the extremities
of the conjugated system [10]. These groups at the opposite ends are strongly responsible for
the charge transfer magnitude. The NLO activity, measured by the value of first
hyperpolarizability (B), results from the movement of electrons in the entire molecule from
electron-donor to electron-acceptor groups. Molecules with high hyperpolarizability values
can be developed into NLO materials which have potential applications in optoelectronic
devices in telecommunications, information storage, optical switching, and photovoltaic
devices such as solar cells [11,12]. The research of new NLO materials is largely based on the
theoretical prediction of precise electro-optical properties for the above-mentioned systems.
The theoretical calculation, and more precisely density functional theory (DFT) approach, is
currently the first procedure for studying NLO responses and their relation to structural
features [13].

The identification of the molecular structure of organic compounds requires different
techniques and approaches. Structural elucidation of unknown small molecules has been
always one of the most important applications of molecular spectroscopy. Although, the
strategies to confirm the presence of compounds by spectroscopy techniques with structure
elucidation are well known. The most important analytical techniques to identify unknown
small organic molecules are nuclear magnetic resonance spectroscopy (NMR) or infrared
spectroscopy and X-ray crystallography and other spectroscopic methods. Modern structure

elucidation using a combination of the above mentioned analytical techniques has enabled
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chemists to investigate large and complex biomolecules. Nowadays, experimental techniques
are not sufficient to fully characterize a molecular structure. However, these techniques are
used in combination with theoretical methods. In addition, computational methods can be an
important asset in improving the capabilities and efficiency of the elucidation process.
Modern quantum chemical methods with the appropriate level of theory and basis set are used
in our study with a view to performing conformational analysis, elucidating the electronic
structure, and predicting the corresponding vibrational properties. Computational studies,
based on density functional theory, have played an integral role in determining planar
structures and stereochemical configurations of the title molecule. Herein, we describe and
discuss the elucidation of the structure of a quinoline derivative based on spectroscopic,
chemical, and computational tools. On the other hand, the computational approach can be
used to calculate properties that were not reported by the experiment.

In a continuation of our recent research on the development of organic heterocyclic
compounds [14-19] and given the importance of quinolines, this paper reports the synthesis,
molecular structure and the Hirshfeld surface description of a new quinoline derivative,
namely (E)-N—(4-Nitrobenzylidene) 2-(8-quinolyloxy) aceto hydrazide monohydrate
(NBQA). In the present study, both experimental and molecular modeling are combined for
studying the potential energy surface (PES), molecular structural parameters, vibrational
spectra, *H and **C nuclear magnetic resonance (NMR) chemical shifts, UV-Vis transitions,
HOMO-LUMO energies, charge distribution, reduced density gradient (RDG) isosurface,
total dipole moment, polarizability and first-order hyperpolarizability (), The global
reactivity descriptors, namely, hardness, softness, chemical potential, electrophilicity index,
and thermodynamical functions are also calculated to understand the reactive nature of the
compound. in this work, all theoretical calculations were performed using the DFT method
with BPV86 and GGA-PBE functionals. These functionals associated with the DFT method
have been previously shown to provide an excellent compromise between experimental and
computational efficiency of molecular geometry, vibrational frequencies, atomic charges,
global chemical reactivity descriptors, thermodynamical functions, and especially NLO
properties for large and medium-size molecule [20-22]. Therefore, the BPV86/6-311G (d, p)
and PBE/6-311G (d, p) methods are chosen for the calculation in this work.

2. Experimental and computational details

2.1. Synthesis, crystallization and spectral measurements
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The NBQA compound was synthesized as indicated by the chemical pathways in scheme 1.
The condensation of 8-hydroxyquinoline (0.01 mol) (1) along with ethyl bromoacetate (0.01
mol) in dry acetone for 12 hours in the presence of anhydrous K,CO3 yielded ethyl(quinoline-
8-yloxy)acetate (2). The latter (0.01 mol) was mixed with hydrazine hydrate (0.02 mol) in
ethanol and the mixture was refluxed for 1 hour. The obtained solid was isolated, washed with
cold water, filtered, dried, and recrystallized from ethanol to yield 2-(quinolin-8-yloxy)
acetohydrazide (3). Thereafter, para-nitrobenzaldehyde (0.01 mol) was added to a solution of
the obtained intermediate (compound 3) (0.01 mol) in absolute ethanol to obtain compound
(4). Then, the title compound (E)-N'-(4-nitrobenzylidene)-2-(quinolin-8-yloxy)
acetohydrazide (4) with moderate yield 75% and melting point 211°C was filtered and dried
after refluxing for 12 hours. Single crystals of the title compound suitable for X-ray
diffraction were obtained with recrystallization from ethanol solution.

FT-IR spectral characterization was performed on a JASCOFT/IR4200 Fourier transform
infrared spectrometer. FT-IR spectrum (4000-400 cm*) was recorded as KBr pellets in the
solid phase at room temperature with the number of scans 8 and resolution 4 cm™. *H and
BC-NMR spectra were recorded with a Bruker AC250 spectrometer at 25°C in
deuterochloroform solution. Chemical shifts are given as ¢ (ppm) relative to tetramethylsilane
(TMS) as an internal standard. The ultraviolet absorption spectrum of NBQA was measured
in deuterochloroform solution using a Unicam UV2 spectrophotometer in the range of
200-800 nm.

IR (KBr, cm™): 3466 (N~H, CONH), 1674 (C=N), 1184 (N-N), 1084 (C-O-C), 749 (C-H);
'H NMR (CDCls, 500 MHz) & (ppm) : 12.49 (s, 1H, N-H), 8.96 (d, 1H, H-quinolin near N),
8.48 (s, 1H, N=CH), 8.28-7.33 (m, 9H, Ar-H), 4.99 (s, 2H, OCH,); *C NMR (CDCls, 125
MHz) & (ppm): 176.44(C=0),165.76, 165.01(C-NO,), 154.25(C=N quinolin), 152.21, 148.99,
148.67, 146.02, 139.85, 137.09, 129.79, 128.27, 127.29, 123.92, 122.71, 122.14, 114.88,
71.44 (O-CHy).

Scheme 1

2.2. X-ray data collection and structure determination

A single crystal with dimensions of 0.20 x 0.15 x 0.10 mm was used for the collection of X-
ray diffracted intensities. Raw data have been obtained with Bruker APEX Il Quazar four-
circle diffractometer with graphite monochromated MoKa radiation (A = 0.71073 A). Data

reduction and integration were performed with the help of SAINT [23]. Peak indexing was
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carried out using APEX2 [24]. The SADABS program [25] was used to apply absorption
correction. In addition, the programs Shelxs and Shelxl were used to solve and refine the
structure [26,27]. The refinement was carried out by using the Full matrix least square on F2.
All non-hydrogen atoms were refined anisotropically by considering all reflections with
[ > 20(I). The 16 hydrogen atoms of NBQA were fixed geometrically without any
constraints and refined with isotropic thermal coefficients. The Olex-2 program [28] was used
for visualization of the crystal structure. Experimental, crystallographic, and refinement
details for NBQA are summarized in Table 1.
Table 1

2.3. Computational details

All the theoretical calculations for the title compound were carried out with the assistance of
Gaussian 09 software package [29] using BPV86 (Burke and Perdew’s 1986 functional with
correlation replaced by Vosko et al..) [30,31] and GGA-PBE (the 1996 exchange functional of
Perdew, Burke, and Ernzerhof) [32] methods in conjunction with 6-311G (d, p) basis set. The
molecular structures were visualized employing the GaussView program [33]. The theoretical
vibrational spectra of the title compound and their detailed assignments were performed and
interpreted based on potential energy distribution (PED) analysis by using the VEDA 4
program [34]. *H and *3C chemical shifts were calculated with the gauge-independent atomic
orbital (GIAO) approach using corresponding TMS shielding calculated at the BPV86/6-
311G(d,p) level. The natural bond orbital (NBO) analysis was performed using the NBO 3.1
program [35]. Ultraviolet-visible spectra, excitation energies, absorbance, and oscillator
strengths for the title compound at the ground state optimized geometry were obtained in the
framework of TD-DFT [36,37] calculations with the BPV86/6-311G(d,p) and GGA-PBE/6—
311G(d,p) methods. Moreover, the HOMO and LUMO together with the band-gap energies
were calculated using the same level of theory. The density of states (DOS) diagram of the
title compound has been obtained and plotted by the GaussSum 2.2 program [38]. Molecular
electrostatic potential (MEP) surface was investigated by using BPV86 and GGA-PBE
functionals with a 6-311G (d, p) basis set using the Gaussian 09 program. RDG and sgn (A2)p
functions were computed using Multiwfn [39] and drawn with the VMD program [40],
respectively. DFT calculations were also used to reach the dipole moment, the mean

polarizability, and the total first static hyperpolarizability in different solvents.

3. Results and discussion
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3.1. Potential energy surface (PES) scans study

Due to the flexibility of (E)-N’-(4-nitrobenzylidene)-2-(quinolin-8-yloxy) acetohydrazide
monohydrate (NBQA) and possible rotational isomerism, the potential energy surface (PES)
scans are performed. The conformational study was carried out to obtain the most stable
conformers of the title compound by using the BPV86/6-311G(d,p) calculation level of
density functional theory. In this context, the dihedral angles C9—C8-01-C10 and N9-C12—
C13-C18 are suitable coordinates for the flexibility of conformation within the molecule.
During the scan procedure, the entire geometrical parameters were simultaneously relaxed,
while the C9—C8-01-C10 and N9-C12-C13-C18 dihedral angles were varied in steps of 2°
ranging from 0° to 360°. 3D PES highlighting the variation of dihedral angles (C9-C8-O1-
C10 and N9-C12-C13-C18) and their relative energies are displayed in Fig. 1. The graph
clearly shows that there is one conformer at the minimum energy level. The local minimum is
observed at (61 = 176° and 62 = 180°) dihedral angles with an energy value of —1291.0255
Hartree. The obtained geometry was confirmed by the frequency analysis as minima with no
imaginary frequency.

Figure 1

3.2. Geometry description

The single-crystal X-ray analysis reveals that the NBQA compound crystallizes in the
monoclinic space group P21/n with the following cell parameters a = 9.4094(10) A, b =
9.3066(10) A, ¢ = 20.960(2) A, and g = 99.0375(10)°. The 3D-X-ray structure of NBQA
along with the optimized structure at BPV86/6-311G(d,p) level of theory are depicted in Fig.
2 (a) and (b), respectively. The selected bond lengths, bond angles, and dihedral angles are
listed in Tables S1, S2, and S3 (see supplementary material), respectively. The compound
contains two planar rings connected by a hydrazide moiety. The first one is the nitrobenzene
ring (N4, 03, 04, C13-C18) and the second is the quinoline which is composed of two rings
(N1, C1-C9). The two aromatic rings of quinoline are fused almost coaxially, with a dihedral
angle between their planes of N1-C9—-C4—C5 = 178.91(6)°. The nitrobenzene and quinoline
groups are in an antiperiplanar conformation with experimental torsion angle
C11-C10-01-C8 = -179.68 (1)°. On the other hand, the hydrazide fragment adopts a fully
extended conformation characterized by a nitrogen to nitrogen covalent bond. The dihedral
angle between the plane containing the quinoline moiety and the plane formed by the

nitrophenyl ring is 17.48(2)°, which indicates that the two moieties are almost coplanar. The
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ethyl group C—C bond lengths are in the range 1.5083 (13) — 1.5232 (13) A and are consistent
with previously reported values [41]. The C8-01 bond length [1.376 (1) A (X-ray) and 1.366,
1.364 A (BPV86, PBE)] is notably shorter than the normal C-O single bond [1.427 A] [42]
due to the conjugation. The C10—-O1 bond length [1.419 (1) A (X-ray) and 1.436, 1.433 A
(BPV86, PBE)] is normal for the C—O single bond. The deviation of the bond length values
for C8-01= 1.376 (15), N2-N3 = 1.387 (15), and C11-N2 = 1.344 (19) A from the standard
values which can be attributed to the Sp2 hybridization of the quinoline and benzene rings. In
the crystal structure of NBQA, the C—C bond lengths in the quinoline moiety are observed in
the range of 1.3525 (2) — 1.4209 (18) A [X-ray] and calculated in the range of 1.380 — 1.440
A [BPV86 and PBE]. the experimental and theoretical bond lengths are consistent with
previous works on quinoline containing molecules [43-45]. Likewise, the C11 = O2 bond
lengths of 1.2225 (10) A [X-ray], 1.228 A [BPV86] and 1.227 A [PBE] are in good agreement
with the standard value [1.20 A], indicating a double bond character. In the nitro group, the
experimental N4—O3 and N4—0O4 bond length values are slightly lower than the corresponding
theoretical values due to the presence of intermolecular interactions involving oxygen atoms.
Additionally, in the title compound, good compatibility was observed between experimental
and theoretical bond angles. The C8-01-C10 and O1-C10-C11 experimental bond angles
were found at 115.71 (10) and 111.63 (12)°, respectively. These angles were calculated at
(117.45 and 117.44°) and (112.80 and 112.88°) using BPV86 and PBE functionals,
respectively. It is always useful to remember that the experimental data are obtained in the
solid phase, while computational results are carried out in the gaseous phase for an isolated
molecule. Considering the above findings, it can be said that there is a good agreement
between experimental and theoretical geometric parameters.

Figure 2

3.3. Supramolecular features and Hirshfeld surface description

In the crystal, O-H---O, C—H---O and N-H---O hydrogen bonds involving the solvent water
molecule, and C—H---n interactions (Table 2) link the molecules into a three-dimensional
supramolecular architecture. The crystal is constructed of molecular stacks extending along
the b and ¢ axes. The closest centroid-centroid distance between the nitrobenzene group and
the quinoline ring of neighboring molecules is 3.553 A, and between the two nearly parallel
quinoline rings is 3.494 A thus indicating, however, no observed m-stacking interaction

between those groups.
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Intermolecular interactions are very useful to understand the molecular packing in the crystal.
Quantitative information and contribution of each intermolecular interaction are provided
using the Hirshfeld surface (HS) and the fingerprint plots. The HS analysis was described by
the normalized contact distance (dnorm). Three-dimensional d,om surfaces were obtained from
X-ray diffraction results by using the equation reported in the literature [46]. The
CrystalExplorer 17.5 program [47] was used to draw the 3D-HS map and 2D-fingerprint plot.
The generated HS for NBQA is shown in Fig. 3(a). In this figure, the dnom surfaces are
mapped from —0.5332 to 1.3126 A and the close-contact interactions are indicated by the
large and deep red spots. These spots are associated to the weak O—H---O, C-H---O, and N—
H---O intermolecular interactions responsible for the hydrogen bonding in the crystal.
The 2D fingerprint plot is displayed in Fig. 3(b) based on d. and d; distances from 0.6 to 2.8
A. As shown in Figure 3(b), the H---H contacts are the most important ones on the surface
with a contribution of 32.1% to the HS of NBQA. Other significant contributions are
highlighted in Fig. 3(b).

Figure 3

Table 2

3.4. Spectroscopic characterization

3.4.1. Vibrational analysis

IR spectroscopy has always been a real tool to find vibrational modes and recognize the
functional groups in organic compounds. NBQA was characterized by FTIR and vibrational
frequencies were calculated using BPV86 and PBE functionals with 6-311G (d,p) basis set.
The NBQA molecule consists of 43 atoms and hence it shows 123 normal modes of
vibrations, from 3500 to 15 cm ™, of which the strongest absorption mode is observed at 2903
cm?, and the weakest one is observed at 405 cm™. The observed FTIR modes with their
relative intensities, computed frequencies, and assignments are collected in Table S4 (see
supplementary material). The experimental FTIR spectrum of NBQA recorded between 400
and 4000 cm ™ and simulated IR spectrum using BPV/86/6-311G (d,p) and PBE/6-311G (d,p)
methods are displayed in Fig. 4(a). The potential energy distribution (PED) for each normal
mode was calculated. Due to the overestimation from the experimental values of the DFT
calculation, the recommended set of transferable scale factors [48] was used to refine the scale
factors. Therefore, the estimated scaling factors for the main vibrational modes were derived
as follows: ~1.0074 for v(C-H), 1.065 for v(N-H), and ~0.9363 for v(O-H) [49-51]. As can be
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seen in Fig. 4 and from Table 6, the vibration mode 123 is related to the O—H stretching
vibration. This vibration was observed at 3500 cm* justifying the presence of water molecule
in the structure of our compound. The v(OH) vibration wavenumbers were calculated using
BPV86 and PBE functionals, and the corresponding scaled values are 3500 and 3506 cm ™,
respectively. To well compare the vibrational frequencies, the correlation graph showing the
calculated wavenumbers (obtained by BPV86/6-311G(d,p) method) versus the experimental
ones is plotted in Fig. 4(b). The correlation value R* = 0.9997 confirmed the good agreement
between calculated and experimental frequencies.

Figure 4

Nitro group vibrations

NO; stretching vibrations are the most characteristic bands in the IR spectra of aromatic
compounds with nitro moiety in their structures. These vibrations vary between symmetric
(vs(NO>)) and asymmetric (vas(NO2)) stretching vibrations with strong absorption intensities.
vas(NO3) and vs(NO>) stretching vibrations appeared in the range 1570-1485 and 1370-1320
cm™, respectively [52]. In our study, vas(NO2) and vs(NO,) stretching vibrations are observed
at 1504 cm™ and 1338 cm™, respectively. The corresponding theoretical values appeared at
1497 cm™ (BPV86) and 1507 cm™ (PBE) for vas(NO,) stretching vibration, and 1337 cm™
(BPV86) and 1338 cm™ (PBE) for vs(NO,) stretching vibration.

Carbonyl group vibrations

The stretching vibrations of carbonyl (C=0) are expected in the frequency range 1870-1540
cm * [53]. In the present investigation, the corresponding FTIR band is observed at 1671 cm™,
and the computed values are 1690 cm™ using BPV86/6-311G (d,p) and 1700 cm™ using
GGA-PBE/6-311G(d,p) with a contribution of 63 %. The DFT computed values are found to

be very close to the experimentally observed value.

C-H and N-H vibrations

In aromatic compounds, the C-H stretching vibrations are identified between 3100 and 3000
cm™ [54]. For NBQA, the v(C—H) vibrations are observed at 3093 and 3174 cm ™. As detailed
in Table S4 (see supplementary material), these vibrations are calculated in the regions 3174—
3010 cm™ and 3179-3023 cm™ using BPV86/6-311G(d,p) and GGA-PBE/6-311G(d,p)

functionals, respectively. It is also well known that in-plane and out-of-plane C—H bending
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vibrations occur in the ranges 1300-1000 cm™ and 1000-750 cm™, respectively [55]. The
C—-H bending vibrations appear at 1257-1082 cm™ for the in-plane vibration modes and at
850 cm™ for the out of plane vibration modes. These vibrations are also computed at 1257—
1002 cm™ [1262-1086 cm™ using PBE functional] and 851 cm™, respectively. For the v(N-H)
vibration modes of the amide group, symmetric stretching vibrations appear as a strong broad
bands in the region 3500-3300 cm * [56]. In the present study, the N—H stretching vibration,
with a PED of 53%, is found at 3462 cm* in the FT-IR spectrum. According to the DFT
calculations, the values of this mode are 3463 and 3362 cm * calculated using BPV86 and
PBE functionals, respectively. Furthermore, the NNH deformation band [6(NNH)], with a
PED of 54%, is observed at 1545 cm* in the FT-IR spectrum. The corresponding theoretical
wavenumbers are found to be 1545 and 1549 cm™* computed using BPV86 and PBE levels,

respectively.

C—C vibrations

As reported previously, the vibrational wavenumbers in the region 1600-1400 cm™ are
attributed to the C—C stretching vibrations [57]. Therefore, the C—C stretching vibrations for
the title compound are found at 1587 and 1430 ¢cm™ in the FT-IR spectrum. These modes are
confirmed by their PED values, which are presented in Table S4 (see supplementary
material). The associated theoretical values are calculated in the range of 1585-1437 cm * and
1590-1439 cm! using BPV86/6-311G(d,p) and GGA-PBE/6-311G(d,p) functionals,
respectively. As can be noted, both of the experimental and theoretical vibrational spectra are

in good agreement.

CH, group vibrations

The bands corresponding to CH, groups can be observed between 3000 and 2865 cm ™ [58].
In our research work, the six vibration modes of the CH, group were easily assigned. The
experimental symmetric and asymmetric stretching vibrations are observed at 2916 cm™*. The
corresponding theoretical stretching vibrations are predicted in the range 2955-2951 cm™* and
2923-2903 cm ' using BPV86/6-311G(d,p) and GGA-PBE/6-311G(d,p) functionals,

respectively.

C-N, C=N, and N-N vibrations
For the aromatic compound which contains a hydrazide group, the C—N stretching modes are

expected in the range 1300-1100 cm ™' [59]. In the present case, the v(C—N) vibration band is
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observed at 1082 cm* in the IR spectrum and the corresponding calculated value is 1086
cm * with both BPV86 and PBE levels and a PED contribution of 21%. This mode is not pure
but contains a significant contribution from in-plane C-H mode. Usually, the vibrational
modes in the region 1650-1550 cm ™" are assigned to the stretching vibration bands of C=N
[60]. For NBQA, the observed frequency at 1590 cm* in the FTIR spectrum is attributed to
C=N stretching vibrations. The theoretical v(C=N) stretching mode appears at 1598 and 1605
cm * computed with BPV86 and PBE levels of theory, respectively. According to the above
results, a good correlation between calculated and experimental values for this mode is noted.
For the N-N stretching vibrations, in the hydrazide fragment, this mode was calculated at
1172 cm* using the B3LYP/6-31++G(d,p) method [61]. In the present vibrational analysis,
this vibration mode was observed at 1112 cm* in the IR spectrum and was identified at 1113
and 1123 cm* by BPV86 and PBE levels of calculations, respectively, with a PED
contribution about 32%.

Quinoline and phenyl ring vibrations

In NBQA, in addition to C-H bond, quinoline-and phenyl aromatic rings are formed by C=C,
C—C, and C—N bonds. The C=C stretching vibrations have been observed at 1671, 1587, and
1504 cm™. These stretching vibrations have been also calculated at 1621, 1585, and 1491
cm ™t with the PED contributions of 38%, 53%, and 22%, respectively. The C—C stretching
vibrations in aromatic compounds, in general, appear in the region of 1650—1430 cm™ [62].
In the NBQA compound, for both quinoline and phenyl rings, these vibrations are observed at
1590, 1587, 1504, 1430, and 1300 cm™ in the FT-IR spectrum. The theoretically estimated
values are 1598, 1585, 1497, 1437, and 1288 cm™ with BPV86/6-311G(d,p). The
corresponding PBE frequencies are close to experimental and BPV86 values. For the v(C-N)
vibration bands of the quinoline ring, the stretching vibrations are well explained in the above
C-N vibrations section. These vibrations are observed at 1082 cm™ and calculated at 1086
cm*. In the quinoline ring, for the C-H in-plane bending vibrations the usual region is 1000-
1300 cm™ in which peaks with strong and weak intensity are observed [63]. In the case of the
present study, the C-H in-plane bending vibrations arise as weak bands at 1257 and 1112
cm . The calculated values are 1257 and 1113 cm™ with BPV86 functional, and 1262 and
1123 cm™ with PBE functional. The C-H out-of-plane bending vibrations occur in the region
of 700-900 cm* [64]. The C-H out-of-plane bending vibration of NBQA arises as a peak with

medium intensity at 748 cm™. The calculated values are 749 and 751 cm™ with BPV86 and
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PBE functionals, respectively. On the other hand, the bands occurring at 850, 688, and 468
cm* (814, 663, 499 cm™ with BPV86 and 815, 665, 496 cm™* with PBE using 6-311G (d,p)

basis set) are assigned to CCC in-plane bending modes.

3.4.2. *H and **C NMR spectral analysis

The combination of theoretical and experimental nuclear magnetic resonance (NMR) methods
has become an adequate possibility to obtain faithful structural results. The NMR
spectroscopy was always used as an efficient tool for the determination of molecular
structures of organic compounds. The theoretical isotropic chemical shifts of *H and **C
NMR for NBQA were obtained using the gauge-independent atomic orbital (GIAO) method
with respect to tetramethylsilane (TMS) using the BPV86/6-311G(d,p) level of theory with
chloroform as a solvent and the results are summarized in Table S5 (see supplementary
material). The corresponding experimental chemical shiit values are also presented in the
same table. The experimental and theoretical NMR spectra are shown in Fig. S1 (see
supplementary material). It should be noted that the TMS shieldings calculated values by
BPV86/GIAO/6-311G(d,p) are 31.59 ppm and 183.80 ppm for 'H and *C NMR,
respectively.

As can be seen from *H-NMR results reported in Table S5 (see supplementary material),
throughout the molecule, protons give resonance experimentally in the range 4.99-12.49 ppm.
Generally, the aromatic protons show chemical shifts at the range of 7.00-8.00 ppm [65].
However, the chemical shifts can be affected by the proton electronic environment. As
expected, the CH protons of quinoline and phenyl rings of NBQA generate resonance in the
range 7.33-8.96 ppm. The corresponding values were computed in the interval 7.25-9.05 ppm
and appear as a multiplet. "H-NMR experimental spectroscopy data also show that NH proton
gives resonance at a higher value (12.49 ppm) due to the electronegative character of N atom.
This value is calculated at 14.71 ppm. In this investigation, CH, (H10a and H10b) protons
generate resonance at 4.99 ppm. This large value is directly related to the coordination of the
electronegative oxygen atom and the two protons of the CH, group are in the same
environment. Likewise, the theoretical *H chemical shift value for CH, protons is calculated
to be 4.81 ppm with BPV86/6-311G(d,p) level. According to the above results, experimental
and theoretical *H-NMR chemical shifts are in good agreement.

In the **C-NMR spectra of NBQA, the quinoline and phenyl carbons resonated at the range
114.88-165.76 and 123.92-165.01 ppm, respectively. The calculated chemical shifts of these
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two rings are in the range 112.536—158.745 and 127.663—-152.738 ppm. Literature reported
that the chemical shift range of aromatic carbon atoms in organic molecules is generally
greater than 100 ppm [66]. The chemical shifts of C8 and C16 carbon atoms exhibit the
highest values because they are directly linked to oxygen atoms which are known for their
large electronegativity. The carbon to which the carbonyl group is attached has the highest
chemical shift value and generates resonance at 176.44 ppm. The corresponding calculated
value is 164.298 ppm at the BPV86 level by using the GIAO method. The **C-NMR
experimental spectrum exhibits the presence of a peak with the lowest chemical shift value at
71.44 ppm (72.651 ppm with BPV86/6-311G(d,p)) due to the resonance of the methylene
carbon atom C10. The carbon atom of the methine group (C12) shows a signal at 148.99 ppm.
Furthermore, the chemical shift of the C12 atom is calculated in the high resonance region

with a value of 147.089 ppm due to the effect of the imino group (C=N).

3.5. Electronic properties

3.5.1. Frontier molecular orbital (FMO) analysis

The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) constitute the frontier molecular orbitals (FMOs). Moreover, it is well known that
FMOs are involved in the optical properties of materials [67]. Thus, the electron affinity of a
molecule is measured by its LUMO energy, while the ionization potential is directly related to
the HOMO energy value. The difference between HOMO and LUMO gives the energy band-
gap which helps investigate the stability and chemical activity of a molecule [68]. The 3D plot
of FMOs determined using the BPV86/6-311G(d,p) method for NBQA is depicted in Fig. 5.
As highlighted by Fig. 5, the HOMO is localized over the whole molecule except the nitro
group whereas the LUMO density is concentrated on nitrobenzene, hydrazide, and carbonyl
fragments. The present HOMO-LUMO analysis reveals that the charge transfer occurs from
quinoline moiety to the nitro-phenyl group. The energy values for HOMO, LUMO, and band-
gap calculated at BPV86 and PBE functionals with 6-311G(d,p) are listed in Table 3. The
energy gap (HOMO-LUMO) values are 2.1336 and 2.1624 eV obtained using BPV86 and
PBE functionals, respectively. The BPV86 method has the lowest energy gap values
compared to those calculated by other methods [22]. The small energy gap values indicate
that the NQBA molecule is more reactive and can be very promising for NLO applications.

Figure 5

3.5.2. UV-Vis spectra
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TD-DFT calculations were performed for ten excited states using BPV86/6311G (d,p) level of
theory with the non-polar chloroform solvent to obtain the most important electronic
transitions in terms of their oscillator strengths and excitation energies of NBQA. The implicit
conductor-like polarizable continuum model (CPCM) was used to simulate the solvent effects
[69]. The calculated absorption wavelengths (L), oscillator strengths (f) and excitation
energies (E) are given in Table 4 along with their assignments and contributions. The
experimental and theoretical UV-Vis spectra of NBQA are shown in Fig 6(a). The UV-
Visible spectrum of NBQA is measured in deuterochloroform solvent. In the present analysis,
the significant contributions of the HOMO-LUMO transitions were obtained using the Gauss-
Sum 2.2 software [70] based on TD-DFT results. The electronic absorption depends on the
transition from the ground to the first excited states and is principally described by the
excitation of electrons from the HOMO to the LUMO. The simulated absorption spectrum of
NBQA consists of intense transition bands (by TD-DFT with the BPV86 level) at 572.79,
458.47, 456.65 and 373.95 nm with oscillation strengths 0.0116, 0.4740, 0.0197 and 0.0573,
respectively. These transitions correspond to 43%, 78%, 96% and 34% contributions from
HOMO to LUMO, HOMO-1 to LUMO, HOMO-2 to LUMO and HOMO-1—-LUMO+1,
respectively, with a charge transfer character from electron-donor (HOMO) to electron-
acceptor (LUMO). From the results of Table 4 and as can be seen in Fig. 6(a), the absorption
peak observed at 374 nm (f = 0.0573) indicates good agreement with the measured
experimental wavelength of 372 nm. This electronic absorption corresponds to the transition
from the ground state to the eighth excited state and is mainly described by excitation from
HOMO-1 to LUMO+1 and HOMO to LUMO+1 with 34% and 57% contributions,
respectively. All-of these bands are attributed to the combination of n—»zn* and n—n*
transitions. The total density of states (TDOS) provides the character of the molecular orbitals
and demonstrates their compositions [71]. The DOS diagram obtained at the BPV86/6-
311G(d,p) method for NBQA is plotted in Fig. 6(b). In the TDOS drawing, the red and green
lines designate the virtual and occupied orbitals, respectively. Commonly, the DOS diagram
occurs from the simultaneous effect of donor and acceptor groups on the electron
delocalization.
Table 4
Figure 6

3.6. Global reactivity descriptors and thermodynamic parameters
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As mentioned in several research works, the stability of organic molecules can be described
by using calculated chemical hardness and softness parameters [72, 46]. Moreover, soft
molecules were found to be more polarizable than the hard ones due to their small energy for
excitation[73]. In this perspective, the global chemical reactivity descriptors (GCRD) for a
molecule are calculated utilizing HOMO and LUMO energy values. The theoretical GCRD
parameters of compounds such as electronegativity (), chemical hardness (1), chemical
potential (P), chemical softness (S), and electrophilicity index (w) are obtained using the

following equations [74]:

where I = —Eyomo and A = —E ;o are the ionization potential and electron affinity,
respectively. The GCRD parameters were evaluated by using BPV86 and GGA-PBE
functionals with 6-311G(d,p) basis set and the computed values are gathered in Table 3. The
lonization potential (1) and an electron affinity (A) of the title compound calculated by
BPV86 and GGA-PBE levels are 5.7676, 5.6574 eV and 3.6340, 3.4940 eV, respectively. The
chemical hardness (7) is one of the most important parameters used to indicate that the charge
transfer occurs within a molecule. The values of this parameter obtained with BPV86/6-
311G(d,p) and GGA-PBE/6-311G(d,p) are 1.0668 and 1.0812, respectively. Besides, the
molecular stability of the title_ compound can be explained by the negative values of the
chemical potential (P) (-4.7008 and —4.5762) obtained with BPV86 and GGA-PBE
functionals. Whereas, the chemical reactivity of the title molecule is measured by its softness
which has low values (0.4687 and 0.4625) obtained with BPVV86 and GGA-PBE functionals.
The values of selected thermodynamic parameters of the title compound at 298.15 K in the
ground state are obtained from the calculated harmonic frequencies. These parameters are
estimated using BPV86 and GGA-PBE functionals with the 6-311G(d,p) basis set and are
summarized in Table 3. As can be seen in the table, the variation in zero-point vibrational
energies calculated using BPV86 functional is lower than the corresponding value obtained
from the PBE functional. Whereas, no changes were noticed for the other thermodynamic
parameters using both functionals.
Table 3

3.7. Reduced Density Gradient (RDG) analysis
To explore intra and inter non-bonded interactions in a molecular system, the reduced density

gradient (RDG) is used. The regions of these interactions and their graphical visualization are
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provided by using the RDG analysis based on the electron density and its derivatives [75, 76].
The RDG is given by the following equation:

1 [Vo(r)l
2(3nr2)1/3 p(r)*/3

where p(r) is the electron density and Vp(r) is the gradient of p(r) at the point r. The

RDG(r) =

graphical representation of p(r) versus sign(A2)p, where sign(A2)p is the second eigenvalue
of the electron density, provides useful information regarding the strength and nature of the
interactions. The value and sign of sign(A2)p are used to explain the nature of interactions.
The repulsive, attractive and Van der Waals (VDW) interactions correspond to sign(A2)p > 0,
sign(A2)p < 0 and sign(A2)p ~ 0, respectively. The 2D scatter plot and the 3D RDG isosurface
densities of NBQA are shown in Fig. 7. As can be seen in Fig. 7, red region indicates strong
repulsive interactions mainly observed in centers of quinoline and aromatic rings, blue region
indicates strong attractive interactions corresponding to the strong hydrogen bonds N,—H---O,
and O,—H-:-Ny, and the green region can be identified as intermediate interactions or VDW
weak attractive interactions due to H---H interaction. On the other hand, the strong steric
effect is indicated by the red color. RDG analysis confirms the previous results obtained by
the HS analysis to identify interacting regions in the molecular packing of NBQA.
Figure 7

3.8. Molecular electrostatic potential analysis

The molecular electrostatic potential (MEP) and the total electron density are two important
parameters to identify regions responsible for hydrogen bonding interactions [77] as well as
potential electrophilic and nucleophilic sites in the molecule [78]. In addition, the charge
distributions of molecules are illustrated using the MEP surfaces. The knowledge of these
distributions can be used to investigate the nature of the chemical bonds and how molecules
interact with one another. The MEP can be defined at a given point r(x,y,z) in the space

around a molecule (in atomic units) by the following equation:

Z4 j’p(r)dr'

R,—r| r'—r
TR =7

V(r) =

where Za is the charge on nucleus A located at Ra and p(r) is the electron density. The first
term in the expression represents the effect of the nuclei and the second characterizes that of
electrons. V(r) is a real physical property which can be determined by X-ray diffraction
experiment or theoretical methods [79,80]. The 3D MEP for the title compound was
calculated by using BPV86/6-311G(d,p) level and the corresponding plot is shown in Fig. 8.
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Electrostatic potential correlates with sites of chemical reactivity of the molecule. Thus, the
positive regions of the MEP picture with the blue colour are related to nucleophilic reactivity
and the negative regions with the red colour indicate sites for electrophilic reactivity [81]. In
Fig. 8, the negative regions are mainly located over the nitro group and carbonyl O2 atom,
whereas the positive region, is more concentrated on hydrogen atoms indicating a possible
site for nucleophilic attack.

Figure 8

3.9. Population charge analysis
3.9.1. Natural bond orbital (NBO)
Natural bond orbital (NBO) analysis is defined as a potent method for investigating molecular
packing insured by intra and inter-molecular interactions. At the same time, NBO analysis
helped in understanding the stability of the molecule arising from hyper-conjugative
interaction, stabilization energy, and charge transfer in the molecular system by utilizing a
second-order perturbation approach [82, 83]. In this context, all possible interactions
including different types of donor-acceptor and their stabilization energies in the NBO basis
can be evaluated by using the second-order Fock-matrix [84]. The stabilization energy (E(2))
related to the delocalization from the donor (i) to the acceptor (j) is evaluated using the
following equation:
2

E®@ = AE; = qi%
Where g; is the donor orbital occupancy; ; and ¢; are the diagonal elements and F ;) is the
off-diagonal NBO Fock-matrix element. For the most strong hyperconjugative interactions,
the parameters such as electron density (ED), donors and acceptors, stabilization energy
(E(2)), energy difference (gj—¢i) and polarization energy F(i, j) obtained using BPV86/6-
311G(d, p) method are displayed in Table 5. The high E(2) value indicates the more intensive
interaction between electron donors and acceptors [85]. The results in the gas phase showed
that the strongest interactions (n—m*) are from the lone pair of electrons n3(O4) to the anti-
bonding orbitals m©*(N4-O3) with the stabilization energy of 158.99 kcal.mol™®. The
intramolecular hyperconjugative interactions of = (C1-N1) orbital to n* (C2-C3) and n* (C4-
C9) leading to stabilization energy of 10.40 kJ/mol and 18.59 kJ/mol, respectively. In the
same way, the case of © (C16-C17) orbital to n* (N4-O3) shows strong stabilization energy of
32.11 kJ/mol. Furthermore, the NBO analysis shows that the antibonding orbitals-z*(C1-N1),
*(C4-C9), n*(C7-C8), n*(C12-N3) and n*(C16-C17) NBO's conjugate with n*(C4-C9),
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*(C5-C6), n*(C5-C6), n*(C13-C18) and n*(C14-C15) leading to the enormous stabilization
energies of 133.87, 141.13, 168.97, 146.44 and 171.53 kcal/mol respectively.
Table 5

3.9.2. Atomic charges

Atomic charge calculations are helpful to quantify the electronic structure changes due to
atomic displacements and can be used to explain the changes in molecular properties like
nonlinear optical properties [86]. The atomic charge values calculated by Mulliken and
natural bond orbital (NBO) analysis for NBQA at the BPV86 functional with the 6-311G(d,p)
basis set are summarized in Table 6. The better represented graphical configuration of our
results is illustrated in Fig. S2 (see supplementary material). According to the NBO and
Mulliken results, all of the hydrogen atoms are positively charged. In the NBQA molecule,
the Hw2, Hwl and H atoms have high positive NBO charges 0.492, 0.465 and 0.422 e, and
Mulliken charges 0.313, 0.265 and 0.291 e, respectively. These charges are important
compared to the other hydrogen atoms due to the electronegative character of the Ow and N2
atoms. The presence of intra and inter-molecular hydrogen bonding in the crystal packing is
indicated by the large positive charge values of hydrogen atoms. On the other hand, the
oxygen and nitrogen atoms, namely, Ow, O1, 02, O3, 04, N1, N2 and N3 have the most
negative charges in the title molecule. The carbon atoms C1, C8, C9, C11, C12 and C16
bounded to the N1, N2, N3, N4, Oland O2 atoms have positive charges due to the electron-
withdrawing nature of nitrogen and oxygen atoms. The calculated NBO and Mulliken charges
using BPV86/6-311G(d,p) level of theory are in good agreement with the molecular
electrostatic potential results.

Table 6

3.10. Nonlinear optical activity

Parameters such as dipole moment (u), polarizability (o) and the first order
hyperpolarizability(p) are determined to study the nonlinear optical properties (NLO). In this
work, the NLO properties for the title compound were evaluated by using BPV86 and GGA-
PBE functionals with 6-311G(d,p) basis set. The y, a and B are defined as [21]:

1
u= 0+ 15+ u2) 2

a = 1/3 (e + Qyy + Q)

B=(p2+p2+ p2)"
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Where

Bx = (Bxxx + Bxyy + Bxzz)

By = (Byyy + Byxx + Byzz)

Bz = (Bzzz + Bzxx + Bazyy)
The a and B values of Gaussian output are in atomic unit (a.u.), therefore they were converted
into electrostatic unit (esu) (for a; 1 a.u. = 0.1482 x 10-24 esu and for §; 1 a.u. = 8.6393 x 10~
33 esu).
In the gas phase, the calculated NLO properties for the title compound are summarized in
Table 7. The molecular dipole moment values are 13.67 and 13.54 D for BPV86 and GGA-
PBE levels, respectively. The molecular polarizability (o) values are equal to 44.97 x 10
and 44.85 x 10 esu for BPV86 and GGA-PBE levels, respectively. It is clearly observed
from Table 7, the B values in the gas phase, calculated with BPV86 and GGA-PBE
functionals, are 56.68 x10%° (293 times that of urea [87]) and 55.98 x10~>° esu (290 times
that of urea), respectively. In addition, the most important obtained value for B in the gas
phase is comparable with other NLO compounds as shown in Figure 9. Therefore, all these
results predict that the title compound could be a potential candidate for future researches of
nonlinear optical properties.
As the NLO properties are affected by the environment [88], the molecular dipole moment,
the polarizability and the first order hyperpolarizability were computed by considering the
polarizable continuum model (PCM) [89,90] at the same level of theory and using solvents
found in Gaussian program (CCl4, diethylether, chloroform, acetone, ethanol, acetonitrile,
DMSO and water). The NLO parameters along with HOMO-LUMO energy gap for the title
compound were calculated and listed in Table 7. As can be seen from this table, the BP\VV86
method gives meaningful results compared to the PBE method. On the other hand, with
increasing solvent polarity, NLO properties for the title molecule are increasing and HOMO-
LUMO energy gap is decreasing. These conclusions confirm the results of previously
published work on NLO materials which concluded that BPV86 gives accurate results
compared to the other DFT functionals [22].

Figure 9
Table 7

4. Conclusion
In the current work, a novel quinoline derivative (E)-N'-(4-nitrobenzylidene)-2-(quinolin-8-yloxy)

acetohydrazide monohydrate (NBQA) was synthesized and investigated by using single crystal X-ray
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diffraction, spectroscopic (FT-IR, NMR and UV-Vis) analysis. NBQA crystal belongs to the
monoclinic crystal system with space group P2i/n. Furthermore, the geometry optimization and
vibrational frequencies were obtained by theoretical calculations based on DFT method using both
BPV86 and GGA-PBE functionals with 6-311G(d, p) basis set. Conformational analysis for NBQA
was accomplished, and the most stable conformer was selected. Structure elucidation using NMR, IR,
X-ray crystallography, and other spectroscopic techniques is a challenging field of research. With
technical progress, data analysis and spectral interpretation became the most certain way of structural
elucidation. In this context, prediction of *H and *C NMR chemical shifts and vibration frequencies
by DFT computation have been demonstrated to be a viable strategy for the determination of the
molecular structure and the relative configuration of new molecules. In addition, computations of
UV/Vis spectra using DFT method with the appropriate basis set have been central to the elucidation
of the electronic structure of NBQA. According to this study, the experimental and theoretical
structural parameters are in good agreement. A good linearity between calculated and experimental
vibration frequencies was also observed. In the crystal packing, molecules were linked into 3D-
network by C—H---O and N-H---O intermolecular interactions responsible for the hydrogen bonding.
These interactions have been studied using HS and fingerprint tools displaying that the major
contributions are H---H contacts with 32.1%. The UV-Visible characterization of NBQA in
deuterochloroform solvent was performed in which experimental and TD-DFT spectra reveal that
absorption bands are related to n—=n* and n—x* electronic transitions. Donor and acceptor groups
effect on the electron delocalization was highlighted based on the DOS diagram. The GCRD
parameters obtained using the same levels of theory with the help of HOMO-LUMO band gap indicate
that the title molecule has high Kingetic stability explained by the negative values of the chemical
potential and lower chemical reactivity. The thermodynamic parameters are also calculated. The
energy band gap values between HOMO and LUMO levels were found to be 2.1336 and 2.1624 eV
obtained using BPV86 and PBE functionals, respectively. These energies confirm that the charge
transfer occurs within the title molecule and it can be very promising for NLO applications. The
reduced density gradient (RDG) approach allowed to analyze the weak attractive interactions, strong
attraction, and steric repulsion existed in the title compound. On the other hand, hyperconjugation
interactions and stabilization energies were displayed using NBO calculation. The MEP drawing
showed that the electronegative atoms of nitro and carbonyl groups represent the most negative
potential sites and the hydrogen atoms are the most positive potential sites. These sites provide details
about the possible regions for inter- and intramolecular hydrogen bonding. Moreover, a complete NLO
analysis was carried out using the most known solvents. This analysis allowed us to obtain the
molecular dipole moment, the average polarizability, and the first-order hyperpolarizability. NLO
results indicate that the title molecule has a good S value (56.68 x10*° esu in the gas phase which is

293 times that of urea) compared to the other known compounds in the field. In addition, the decrease
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in the HOMO-LUMO energy gap and the increase in solvent polarity were accompanied by an

increase in the hyperpolarizability values.

Supplementary crystallographic data

Crystallographic data for the structure reported in this article have been deposited with
Cambridge Crystallographic Data Center, CCDC 2006263. Copies of this information may be
obtained free of charge from the Director, CCDC, 12 Union Road, Cambridge, CBZ IEZ, UK.
Facsimile (44) 01223 336 033, E-mail: deposit@ccdc.cam.ac.uk or
http//www.ccdc.com.ac.uk/deposit.
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Scheme 1 Chemical pathways of NBQA formation.
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Fig. 1 3D plot of potential energy surfaces of the title molecule obtained by using BPV86/6-
311G(d,p)
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(b)
Fig. 2 General view of the molecular geometry for NBQA: (a) the X-ray structure and (b) the

optimized structure at BPVV86/6-311G(d,p)
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Fig. 3 HS view of NBQA (a) 3D HS mapped over dnorm and (b) 2D fingerprint plot.
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Fig. 4 (a) FT-IR spectrum and simulated (BPV86, PBE) IR spectra for NBQA, (b)
Experimental and DFT/BPV86-IR correlation of NBQA
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Energy gap (BPV86)=2.1336 eV
Energy gap (PBE)=2.1624 eV

Fig. 5 HOMO-LUMO plot for NBQA with BPV86/6-311G(d,p) approach.
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Fig. 7 2D scatter and Isosurface density plots illustrating the non-bonded interactions of
NBQA
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Fig. 8 MEP picture for the title compound at BPV86/6-311G (d,p) level
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Fig. 9 Comparison between hyperpolarizabilities (B) of some NLO compounds
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Table 1 Experimental conditions and crystallographic details

Empirical formula C1gH14N4O4, H,O
CCDC reference no. 2006263

Formula weight 368.35

Crystal size (mm) 0.20x 0.18 x 0.16
Temperature (K) 173(2)

Crystal system, space group Monaclinic, C2/c
Unit cell dimensions

a(A) 21.885(2)

b (A) 11.896(2)

c(A) 13.042(2)

B 92.620(10)
Wavelength (A) 0.71073

Volume (A% 3391.9(8)

Z, calculated density (Mg/m?®) 8/1.443

F(000) 1536

0 range for data collection 3.28 —28.07
Limiting indices —27<h <26, -15<k <14, -16<1 <17
Reflections collected/unique observed 3567/2700
with I >2a(1)

Refinement method Full-matrix least-squares on F* data
Parameters 309

Goodness of fit on F? 1.014

Final R indices

R: 0.0368

WR; 0.0858

R indices (all data)

Ry 0.0544

WR, 0.0948

Table 2 Hydrogen-bonds (A, °)

D—H---A D—H H---A D---A D—H:--A
C12—HI2---Ow 0.954 (16) 2.541(16) 3.249 (18) 131.1 (12)
N2—H:--01 0.909 (18) 2.315(16) 2.664 (14) 102.6 (12)
N2—H:--Ow 0.909 (18) 1.905(18) 2.793 (18) 165.2 (15)
Ow—HwA---01 0.91 (2) 2.588(18) 3.021 (15) 110.1 (13)
Ow—HwA---N1 0.91(2) 1.88 (2) 2.783 (16) 172.5 (17)
Ow—HwB--02" 0.87 (2) 2.01(2) 2.743 (16) 142 (2)

C12—H12--02¢ 0.954 (16) 2.455 (17) 3.377(2) 162.3 (13)
C7—H7--ow" 0.958 (16) 2.434 (16) 3.211(2) 137.9 (12)
C1—H]1---04™ 0.964 (17) 2.455 (16) 3.097 (2) 123.9 (12)

Symmetry codes : (i) —x+1/2, y—1/2, —z+1/2; (ii) x, —y+1, z—1/2; (iii) —x+1/2, —y+1/2, —z+1.

Table 3 Calculated energy values and thermodynamic parameters for NBQA at BPV86 and
PBE functionals with 6-311G(d,p)

Parameters BPV86 GGA-PBE
Eromo (eV) -5.7676 -5.6574
ELumo (eV) -3.6340 -3.4940
Eromo — ELumo gap (eV) 2.1336 2.1624
lonization potential 1 (eV) 5.7676 5.6574
Electron affinity A (eV) 3.6340 3.4940
Electronegativity 4.7008 45762
Chemical potential P —4.7008 —4.5762
Chemical hardness M 1.0668 1.0812
Chemical softness S (eV) 0.4687 0.4625

Electrophilicity index o 10.3569 9.6841
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Zero—point vibrational energy (Kcal.mol™) 197.4181 197.8642

Zero—point correction (Hartree/Particle) 0.3146 0.3153
Thermal correction to energy 0.3389 0.3396
Thermal correction to enthalpy 0.3399 0.3406
Thermal correction to Gibbs free energy 0.2573 0.2582

Table 4 Experimental wavelength and calculated electronic transitions for NBQA using TD-
DFT/BPV86 method with the 6-311G(d,p) basis set in chloroform solvent

Experimental Theoretical
A (nm) A (nm) Osc. strength (f)  Energy (eV) Major contributions (>10 %))
572.79 0.0116 2.1646 HOMO—LUMO (43%)
384 458.47 0.4740 2.7043 HOMO-1—-LUMO (78%)
HOMO—LUMO (12%)
456.65 0.0197 2.7151 HOMO-2—LUMO (96%)
411.71 0.0027 3.0114 HOMO-1-LUMO+1 (64%)
HOMO—LUMO+1 (36%)
399.72 0.0026 3.1018 HOMO-3—LUMO (99%)
381.16 0.0001 3.2528 HOMO-6—LUMO (20%)
HOMO-5—LUMO (79%)
380.08 0.0001 3.2620 HOMO-6—LUMO (79%)
HOMO—-5—LUMO (19%)
372 373.95 0.0573 3.3155 HOMO-1—-LUMO+1 (34%)
HOMO—LUMO+1 (57%)
370.70 0.0001 3.3446 HOMO-4—LUMO (98%)
357.81 0.0069 3.4651 HOMO-1—-LUMO+2 (15%)

HOMO—LUMO+2 (84%)

Table 5 Second order perturbation theory analysis of Fock matrix in NBO basis for NBQA

Donor () P ED()(e) Acceptor) P . ED ()  E@ (kealimol) (g-s) (au) FG.j) (a.u)

of bond of bond
C1-N1 P 1.80479 C2-C3 Tk 0.22730 10.40 0.35 0.054
C1-N1 P 1.80479  C4-C9 T 0.45709 18.59 0.34 0.076
C2-C3 n 1.70538 Ci-N1 ok 0.32863 26.69 0.27 0.076
C2-C3 n 1.70538 C4-C9 ok 0.45709 15.47 0.29 0.062
C4-C9 P 1.54485 Ci1-N1 T 0.32863 15.93 0.25 0.058
C4-C9 n 1.54485 C2-C3 ok 0.22730 17.26 0.28 0.066
C4-C9 P 1.54485  C5-C6 ok 0.25298 14.30 0.29 0.061
C4-C9 P 1.54485 C7-C8 ok 0.31989 17.01 0.28 0.064
C5-C6 P 1.74717 C4-C9 T 0.45709 18.19 0.28 0.067
C5-C6 P 1.74717 C7-C8 ok 0.31989 15.82 0.28 0.061
C7-C8 P 1.72614  C4-C9 ok 0.45709 14.84 0.29 0.061
C7-C8 P 1.72614  C5-C6 ok 0.25298 18.35 0.31 0.068
Cl2-N3 g 1.90989 C13-Ci18 ok 0.36341 10.01 0.35 0.057
C13-C18 g 1.59838 C12-N3 ok 0.18047 16.96 0.27 0.064
C13-C18 g 1.59838 C14-Ci15 T 0.25911 16.77 0.28 0.064
C13-C18 g 1.59838 C16-C17 T 0.38919 24.39 0.27 0.073
Cl4-C15 g 1.66311 C13-Ci8 T 0.36341 20.58 0.28 0.069
Cl4-C15 g 1.66311 C16-C17 T 0.38919 19.55 0.27 0.066
C16-C17 g 1.64084 C13-Ci18 T 0.36341 17.38 0.29 0.064
C16-C17 g 1.64084 C14-Ci5 T 0.25911 19.09 0.30 0.069
C16-C17 1.64084  N4-03 T 0.63834 32.11 0.14 0.064
N4-03 P 1.98611 04 N3 1.46093 11.81 0.17 0.077
C1-N1 T 0.32863 C2-C3 T 0.22730 83.92 0.03 0.082
C1-N1 T 0.32863 C4-C9 T 0.45709 133.87 0.02 0.074
C4-C9 T 0.45709 C5-C6 T 0.25298 141.13 0.02 0.077
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C7-C8 ok 0.31989  C5-C6 ok 0.25298 168.97 0.01 0.077
C12-N3 g« 0.18047 C13-C18 ok 0.36341 146.44 0.01 0.067
C16-C17 g« 0.38919  C14-C15 ok 0.25911 171.53 0.02 0.080
N4-O3 ok 0.63834  C16-C17 ok 0.38919 16.07 0.15 0.061
01 N, 1.84059  C7-C8 ok 0.31989 30.83 0.35 0.096
02 N, 1.86135 C10-Cl1 o* 0.06337 20.44 0.62 0.102
02 Ny 1.86135 C11-N2 o* 0.08175 26.93 0.71 0.125
03 N, 1.90260 C16-N4 o* 0.09809 11.81 0.59 0.074
03 n; 1.90260 N4-O4 o* 0.05664 19.16 0.70 0.105
04 N, 1.90254  C16-N4 o* 0.09809 11.82 0.59 0.074
04 N, 1.90254  N4-O3 o* 0.05655 19.14 0.70 0.105
04 N3 1.46093  N4-O3 ok 0.63834 158.99 0.14 0.138
N2 N 1.61217 C11-02 ok 0.29650 63.80 0.27 0.120
N2 N 1.61217  C12-N3 ok 0.18047 28.46 0.27 0.083
N3 N 1.93757  C12-H12 o 0.03232 10.00 0.85 0.081

Table 6 Atomic charges distribution for NBQA calculated by Mulliken and the natural bond
orbital (NBO) methods using the BPV86/6—-311G(d,p) level in gas phase.

Atoms NBO Mulliken Atoms NBO Mulliken
o1 -0.513 —-0.338 Ci4 -0.175 -0.047
02 -0.597 -0.357 C15 -0.189 -0.072
03 —-0.386 -0.270 C16 0.061 0.159
04 -0.387 -0.271 C17 -0.189 —0.069
Oow —-0.959 —-0.533 C18 -0.183 —-0.086
N1 -0.500 -0.467 H1 0.203 0.137
N2 -0.410 -0.299 H2 0.230 0.135
N3 -0.244 -0.193 H3 0.226 0.128
N4 0.478 0.119 H5 0.223 0.117
C1 0.077 0.109 H6 0.223 0.129
Cc2 -0.241 -0.212 H7 0.233 0.149
C3 -0.135 0.071 H10a 0.215 0.172
C4 -0.079 -0.153 H10b 0.214 0.173
C5 -0.214 -0.071 H12 0.202 0.120
C6 -0.178 -0.112 H14 0.238 0.126
Cc7 -0.292 -0.132 H15 0.247 0.149
C8 0.328 0.192 H17 0.247 0.147
C9 0.149 0.180 H18 0.227 0.129
C10 -0.144 -0.098 H 0.422 0.291
Ci11 0.642 0.307 Hwl 0.465 0.265
Ci12 0.033 0.114 Hw2 0.492 0.313
C13 -0.061 —-0.152

Table 7 Dipole moments (Debye), molecular polarizabilities (x107%* esu) and hyper-
polarizabilities (x10~*° esu) in different solvents of the title compound.

Solvent 12 o B Enomo—ELumo (V)
BPV86 PBE BPV86 PBE BPV86 PBE BPV86 PBE

Gas (e=1) 13.67 13.54 4497 44.85 56.68 55.98 2.35 2.37

CCly (e=2.2) 15.18 15.02 5291 52.73 109.23 106.26 2.24 2.26

Diethylether (¢=4.3) 15.89 1571 56.96 56.74 143.72 139.20 2.15 2.18
Chloroform (¢=4.9)  15.96 16.01 57.46 57.23 14846 14377 2.13 2.16
Acetone (€=20.7) 16.57 16.39 61.20 60.93 188.06 181.84 2.00 2.04
Ethanol (e =24.5) 16.61 16.42 6141 61.14 19051 18420 1.99 2.03
Acetonitrile (¢=36.6) 16.65 16.47 61.72 61.44 19410 187.64 1.98 2.02
DMSO (e=46.7) 16.68 16.49 61.89 61.61 196.09 189.55 1.98 2.01
Water (e=78.4) 16.71 16.53 62.10 61.83 198.71 192.06 1.97 2.00




