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ARTICLE INFO ABSTRACT

Keywords: o-Nitroacetanilide (0-NAA), an organic crystal, was synthesized and fully characterized by means of single-
NLO crystal crystal XRD, FTIR, UV-visible,'H and '3C NMR spectroscopic techniques. Its molecular structure was opti-
DFT

mized, the subsequent electronic properties, the spectroscopic spectra were quantified using quantum chemical
computations by density functional theory calculations and compared with the experimental results. Further-
more, the Mulliken atomic charges were estimated andthe molecular electrostatic potential map was plotted in
order to identify the chemical reactive sites. To study the nonlinear optical (NLO) activity of 0-NAA, the electric
dipole moment, the static and dynamic polarizability and hyperpolarizabilities were computed indicating that it
could be considered as a good candidate for NLO applications. The hydrogen bonding and the non-classical
intermolecular interactions were investigated by performing a Hirshfeld surface analysis and their contribu-
tions were analyzed via the 2D-Fingerprint plots, thus revealing that the crystal structure of the studied molecule
is mainly built up of H...H, H...0/0...H, H...C/C...H and C...0/0...C close contacts. From the 3D-molecular
energy frameworks analysis, the lattice energy of the compound was found to be — 95.15 kJ.mol™}, and has
exhibited stabilizing strong C—H...O, N—H...C, Ip...Ip, Ip...n and ... interactions.

Electrostatic interactions
Hydrogen bonding
Energy framework

1. Introduction

Acetanilide derivatives are considered as an important class of ma-
terials in both chemistry and pharmaceutical industry owing to their
large biological applications as analgesic as well as antipyretic agents
[1] for the reason that they are mostly metabolized in the human body
into paracetamol [2]. Furthermore, their applications are mainly related
to thermodynamic properties [3],peculiar spectroscopy and quantum
vibrational [4], herbicide properties [5] and their corrosion inhibition
properties for 304L stainless steel [6]. An increasing interest of organic
materials uses as nonlinear optical NLO devices has been noticed during
the last years [7-8] due to their very large second-order electric

* Corresponding author.

susceptibilities [9] and their potential applications in electro-optic
modulation [10,11], frequency conversion [12,13] and THz wave gen-
eration [14].Thus, nitroacetanilide derivatives, namely m- and p-
substituted ones were investigated both experimentally and theoreti-
cally for their interesting NLO properties [15-17]. It is worth to be noted
that a comprehensive and detailed structural literature survey of o-
nitroacetanilide (0-NAA) in the structural database (CSD, Version 5.39
[18]) revealed only the existence of one hit [19] reported in 1986, two
hits for its derivatives 4-chloro-2-nitroacetanilide (CSD refcode : ICU-
MAU [20]) and4'-Fluoro-2'-nitroacetanilide (CSD refcode: NELQIE
[21]), in addition to six more hits for the three 4-methyl-2-nitroacetani-
lide polymorphs appearing twice in the literature [22-23]. Moreover,
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the database survey returned four other heterocyclic substitutes of o-
NAA; namely 2-(3,5-Dimethyl-4-nitro-pyrazol-1-yl)-2/-nitroacetanilide,
2-(Pyrazol-1-yl)-2'-nitroacetanilide, = 2-(3,5-Dimethylpyrazol-1-yl)-2'-
nitroacetanilide and 2-(3,5-Dimethyl-4-iodo-pyrazol-1-yl)-2'-nitro-
acetanilide [24]. In order to contribute to the investigation of these
systems, 0o-NAA was synthesized and fully characterized by means of
single-crystal X-ray diffraction, FT-IR, NMR and UV-Vis spectroscopic
techniques.

Since quantum chemical computational method using the density
functional theory (DFT) is one of the reputed methods owing to its great
accuracy in reproducing the experimental values of molecular geometry,
spectroscopic parameters, atomic charges, dipole moment, thermody-
namic properties, etc, DFT calculations were therefore adopted to
optimize the structure of 0-NAA. Additionally, in order to support the
experimental results and to gain more insights into the molecular and
physical properties of the studied molecule, HOMO and LUMO analysis,
thermodynamic properties and Mulliken charges were calculated using
both B3LYP/6 — 31G(d,p) and B3LYP/6 — 311G(d,p) basis sets.
Furthermore, the 'H and '3C NMR chemical shifts of the molecule were
computed using gauge including atomic orbital (GIAO) method and
compared with the experimental results.

Moreover, the thermodynamic and the NLO properties as well as the
electrostatic potential of the organic molecule, which contains expanded
n-coupled electrons, were predicted and to the best of our knowledge
will be reported for the first time. As no detailed quantitative investi-
gation of the intermolecular interactions within the o-NAA crystal
packing was previously reported, a comprehensive Hirshfeld surface and
energy frameworks analyses of the molecule’s contacts was performed
and its intermolecular interactions were therefore fully discussed in
terms of their energies.

2. Materials and methods
2.1. Synthesis of 0-NAA

o-Nitroaniline (0.02 mol) was dissolved in acetic anhydride (0.02
mol) at room temperature as indicated by the chemical pathways in
Scheme 1. After one hour, a yellow-colored solid was obtained which
was then filtered, dried using vacuum filtration and recrystallized in
methanol. Single crystals of o-nitroacetanilide (0-NAA) were grown
after slow evaporation at room temperature.

2.2. Spectroscopic measurements

Electronic spectrum of 0-NAA was measured on a Shimadzu UV-
2600 Pc-spectrophotometer with quartz cell of 1 cm. Infrared spec-
trum was recorded on a Perkin Elmer Spectrum Two FT-IR spectro-
photometer equipped with Perkin Elmer UATR-TWO diamond ATR and
corrected by applying the ATR correction function of Perkin Elmer
Spectrum software. Its 'H and '3c NMR spectra were obtained using
CDCl3 and DMSO-dg solutions on a Varian Mercury Plus 300 MHz
spectrometer.

2.3. Single-crystal X-ray data collection and structure refinement

Single-crystal X-ray diffraction data of the studied molecule were
collected on a STOE IPDS II. All diffraction measurements were

NH, NHCOCH;

NOZ NOZ
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+ (CH;C0),0 m

Scheme 1. Synthesis of o-nitroacetanilide (0-NAA).
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performed at 298 K using monochromated MoKa radiation (A =
0.71073 f\). X-AREA and X-Red32 programs [25] were used ford ata
reduction and cell refinement, respectively. ShelxS [26] and ShelxL [27]
programs were used to solve and refine the structure, respectively. The
structure was determined by considering 1483 reflections with I > 24(D).
All non-H atoms were anisotropically refined, while H atoms were ob-
tained from the difference Fourier maps and refined using a riding mode
on their parent atoms with C-H = 0.930 A and Uiso(H) = 1.2Ueq(C). The
crystal structure validations and geometrical calculations were per-
formed using Platon [28] and Mercury software [29]. The details of the
crystallographic parameters, data collection and refinement are given in
Table 1. Furthermore, the asymmetric unit of the reported molecule is
illustrated in Fig. 1.a.

2.4. Computational details

The ground state calculations were performed using the Gaussian 09
set of quantum chemistry codes [30]. The output files were visualized
via Gauss View 5 software [31]. The structural properties of 0-NAA were
determined by applying Becke’s three-parameter hybrid functional (B3)
for the exchange part and the Lee-Yang-Parr (LYP) correlation function
[32] with 6-31G(d,p) and 6-311G(d,p) levels in order to obtain the
optimized geometrical parameters, the vibrational wavenumbers of the
normal modes, the IR intensities and thermodynamic parameters of the
compound. The complete assignments were performed on the basis of
the Potential Energy Distribution (PED) of the vibrational modes
calculated using vibrational Energy Distribution Analysis (VEDA) 4
program [33]. The MEP and HOMO-LUMO energies were calculated at
the same level. Additionally, the dipole moment (), the mean polariz-
ability (), the first-order static hyperpolrizability (f) and the second-
order static hyperpolrizability (y) were all computed in order to eval-
uate the NLO properties of 0-NAA. The dynamic first- and second
hyperpolarizabilities were also evaluated theoretically. Furthermore, in
order to get detailed insights into the different intermolecular in-
teractions in the crystal packing of 0-NAA, a complete Hirshfeld surface
analysis together with an energy frameworks analysis were performed
using CrystalExplorerl7.5 program [34].

Table 1

Crystal data and refinement parameters of 0o-NAA.
Compound 0-NAA
Empirical formula CgHgN,03
Formula weight (M,) 180
Temperature (K) 298
Wavelengh (A) 0.71073
Crystal Monoclinic
Space group P2,/n
A 10.9245(19)
B 4.9658(6)
C 15.545(2)
B 97.877(13)
V(A% 803.4(2)
z 4
Radiation type Mo K
Density (g cm-3) 1.433
p (mm™1) 0.77
F(000) 376
6 range for data correction 24.996
Rine 0.0484
h, k1 —-13<h<13,-6<k<6,

-19<1<20

Number of measured, independent and observed
[I > 20(I)] reflections

RIF* > 26(F%)] / wR(F®) / S

Number of parameters

Apimax / Apmin (e A%

Goodness of fit F* (S)

R indices [I > 26(I)]

11870, 1844, 1483

0.0416 / 0.0556 / 1.03
123

0.71/ -0.31

1.03

R; = 0.0416. wR, = 0.111
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Fig. 1. (a) Asymmetric unit, ellipsoids drawn at 50%, and (b) optimized structure of 0-NAA.

3. Results and discussion
3.1. Molecular geometry

The optimized geometrical parameters of 0-NAA are listed in
Table 2. Its optimized molecular structure is shown in Fig. 1.b. From
Table 2, it can be seen that the computed bond lengths and angles show a
good agreement with the experimental X-ray diffraction results. The
mean C—C bond length value within the ring is found to be ~ 1.398 A at
DFT/B3LYP method with both 6-31G(d,p) and 6-311G(d,p) basis sets,
and agree well with the mean experimental value equal to 1.393 A. The
bond lengths were calculated in the range 1.222-1.516 A for 6-31G(d,p)
and 1.220-1.518 A for the 6-311G(d,p) basis set. Whereas, the opti-
mized angles were found to vary from 112.65° to 129.02° for B3LYP/6-
31G(d,p) and from 113.05° to 129.09° for B3LYP/6-311G(d,p).Thus, the
bond lengths show a maximum deviation of 0.016 A and 0.172 A

Table 2
Selected experimental and theoretical bond lengths and angles within o-NAA.

Bond lengths A)

Experimental B3LYP/6-31G(d,p) B3LYP/6-311G(d,p)
C1 Cc2 1.414 1.421 1.422
Cc2 c3 1.389 1.401 1.398
Cl C6 1.405 1.412 1.409
C3 C4 1.379 1.381 1.380
Cc4 C5 1.391 1.395 1.397
C5 C6 1.382 1.383 1.384
(e74 C8 1.500 1.516 1.518
Cc7 01 1.217 1.222 1.229
N2 02 1.234 1.231 1.220
N2 03 1.229 1.240 1.239
N1 Cl 1.394 1.387 1.389
N1 c7 1.379 1.386 1.389
N2 Cc2 1.464 1.466 1.469

Bond angles (°)

C1 N1 c7 127.2 129.02 129.09
02 N2 03 122.5 122.12 122.54
02 N2 C2 119.6 118.47 118.42
03 N2 Cc2 117.83 119.39 119.03
N1 C1 Cc2 121.9 121.11 121.33
N1 Cl C6 121.6 121.95 121.86
Cc2 C1 Cc6 116.3 116.93 116.79
C1 Cc2 Cc3 122.1 121.21 121.25
N2 Cc2 C1 121.6 123.05 123.05
N2 Cc2 C3 116.2 115.73 115.69
C2 C3 C4 120.0 120.52 120.58
Cc3 Cc4 C5 119.1 118.93 118.89
C4 C5 C6 121.1 121.36 121.34
C1 Cc6 C5 121.2 121.02 121.11
o1 c7 N1 123.8 124.57 124.62
o1 c7 Cc8 123.0 122.68 122.79
N1 Cc7 Cc8 113.1 112.65 113.05

observed for the C7—C8 and C7—01 bonds estimated using B3LYP/6-
31G(d,p) and B3LYP/6-311G(d,p), respectively. Whereas, it is found
that the maximum deviation value of the bond angles is 1.82° and 1.89°,
obtained by the B3LYP/6-31G(d,p) and B3LYP/6-311G(d,p) basis sets.
These values are associated to the C1—N1—C7 angle and are not quite
significant.

3.2. Vibrational band assignments

The vibrational spectral assignments of the recorded FT-IR spectra of
0-NAA (Fig. 2) were performed based on the theoretical predicted
wavenumbers using the 6 — 31G(d,p) and 6 — 311G(d,p) basis set as
shown in Table 3. The studied molecule consists of 21 atoms, which
undergo 57 (3 N-6) normal modes of vibrations, where N is the number
of atoms. The detailed vibrational assignments of the experimental
wavenumbers were based on normal mode analysis and compared with
the theoretically scaled wavenumbers.

None of the predicted vibrational bands of 0-NAA have an imaginary
frequency, implying that the optimized geometry is located at the local
lowest point on the potential energy surface. The DFT levels over-
estimate the vibrational wavenumbers due to the well-known systematic
errors. Thus, the scaling factor of 0.9614 was used to calibrate the
calculated vibration frequencies. The detailed assignments of the vi-
bration modes were provided by means of the potential energy distri-
bution (PED) analysis. The detailed assignments of the vibration
frequencies for 0-NAA were presented in Table 3, by providing com-
bined experimental and theoretical results.

The N—H stretching vibration should occur in the region 3450-3250
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Fig. 2. Experimental and theoretical IR spectra of 0-NAA.



N. Boukabcha et al.

Table 3
Measured and calculated frequencies (em™Y), IR intensity (km/mol) and prob-
able assignments characterized by PED of the molecule 0-NAA.

FT- B3LYP/6-31G(d, B3LYP/6-311G Assignments with PED >
IR p) (dp) 10%
Scaled Ig Scaled Ir
freq. freq
3369 3492 150.97 3353.28 150.93 v NH (99)
3270 12.51 3139.2 12.51 v CH (99)
3252 297  3121.92 2.97 v CH (96)
3216 10.02  3087.36 10.02 v CH (81) + v CH (16)
3119 7.23  2994.24 7.23 v CHasym (50) + v CH sym
(50)
3054 2.43  2931.84 2.39 v CH3(100)

1717 1798 165.5 1726.08 170.23 v OC (82)

1611 1601 115.7 1604.16 116.04 v ON asym (11) + v CC sym
(11) + v ON (21)

1588 1577 151.10  1571.52 150.01 v CCasym (16) + SHNC
(24) + 8CCC asym(13)

1560 87.44  1556.16 86.54 v ON (19) + v CC sym (15)
+ v ON (16)

1501 1494 8.46 1492.8 605.15 v CC sym (10) + v NC (11)
-+ 8HNC 17) + SHNC asym
1y

1456 1435 6.72  1434.24 8.46  SHCH asym (37) + SHCH
sym (37) + T HCCNasym
(20)

1432 1403 9.3 1424.64 7.47  8HCH asym (31) + 8HCH
sym (22)

1367 1359 80.65  1346.88 96.31  SHCH sym (79)

1338 1311 206.74  1325.76 241.01 v ON (39) + v NC (10)

1316 1300 75.78 1304.64 80.65 v CC sym (29) + v CC asym
(29)

1277 1250 122.64  1258.56 206.74  vONasym (14) +v CCasym
(13) + v NC (17) + 8HCC
(26)

1163 1190 8.11 1200 122.64 v NC (28) + v CC asym (13)
-+ 8HNC (13) + 80CC (12)

1082 1103 33.84 1123.2 52.90 v CCsym (29) + 8HCC asym
(25) + 8HCC (18)

1045 1010 35.68 1010.88 5.04  8HCH (10) + 8HCH asym
(10) + T HCCNasym(13) + 7
HCCN(26) + t HCCN asym
(13) + yOCNC(10)

958 982 1.72 969.6 1.46 S8HCH (11) + T HCCN(22) +
7 HCCNasym(23)

899 865 22.45  866.88 2.12 1 HCCCasym(35) + 1
HCCCsym(55)

797 16.57 814.08 1.79 v CC (18) + v NC (11) +
S80ONO (10) + 8CCC (12).
766 29.40  765.12 16.57  t HCCC(63) + yYOCON(20)

651 666 9.07 677.76 T CCCC(35) + yOCON asym
(25) + YNCCC(22)

593 640 8.23  639.36 7.21 v CC(11) + pCCCasym(12)
-+ 80CC(10) + 8CCC(32)

531 535 13.38  539.52 9.07 v CC(10) + 80CC(10) +
8ONCasym(13) +
8CCCasym(13) +
8CCCasym(15) + SNCC(18)

422 297  405.12 8.54 v NC(35) + 6CCC(12) +

S8CCN(11)+

v: stretching ; sym: symmetric ; asym: asymmetric; f: in plane bending ; y: out-of
plane bending ; 7 : twisting ; &: bending. Vibrational modes are based on the
potential energy distribution (PED) and only contributions over 10% are given.
Scaled frequencies are in the unit cm ™! and I infrared intern are in km.mol L.

em™! [35] and is observed to be at 3369 cm™! in the experimental
spectrum (Fig. 2). On the other hand, the corresponding values calcu-
lated with the B3LYP/6-31G(d,p) and B3LYP/6-311G(d,p) methods
were found to be respectively 3492 and 3353.28 cm ™, based on the
results of the PED analysis shown in Table 3.

Aromatic structures show the presence of C—H stretching vibrations
in the characteristic region 3100-3000 cm ! [36-38] and the experi-
mental band is hence found to share with the N—H stretching mode the
wavenumber 3369 cm~!. The computed wave numbers at 3139.2,

Inorganic Chemistry Communications 133 (2021) 108884

3121.9 and 3087.3 cm ! obtained from the B3LYP/6-31 1G(d,p) method
correspond to the C—H symmetric stretching vibrations with PED values
of 99%, 96% and 81%, respectively. It is worth to be noted that both the
C—H symmetric and asymmetric stretching bands are computed at
2994.2 cm™'with a PED of 50%. The corresponding values obtained from
the B3LYP/6-31G(d,p) method are respectively 3270, 3252, 3216 and
3119 cm! with the same PED values.

From the previously reported C=O0 stretching frequencies [35,39],
the wavenumbers appear within the range 1850-1600 cm L. In this
study, the experimental C—O vibration is observed at 1717 cm .
Moreover, the calculated wavenumbers by the B3LYP/6-31G(d,p) and
B3LYP/6-311G(d,p) methods being at 1798 and 1726 em™! are well
consistent with the experimental values, as shown in Table 3.

Whereas, the asymmetric stretching bands in -NOz-containing mol-
ecules are expected to appear in the region 1625-1540 cm™! and the
symmetric ones in the region 1400-1360 em ™! [40-43]. The asymmetric
stretching mode of the N—O bonds is calculated via B3LYP/6-31G(d,p)
and B3LYP/6-311G(d,p) methods with a PED value of 11 % at 1601 and
1604.1 cm™?, respectively. However, the N—O symmetric stretching
vibration was computed to be 1560 and 1556.1 cm ™! with a PED of 19%.
Thus, the experimental band appearing at 1622 cm™lis attributed to
these corresponding N—O vibrations. The nitro group is additionally
capable of different bending vibrations such as scissoring, wagging,
rocking and twisting. All these vibrations give rise to several variable
intensity bands at lower wavenumbers.

Additionally, the C—N stretching band should appear in the region
1260-1380 cm'. In the experimental spectrum of 0-NAA, these vi-
bration modes occur within 1163-1338 cm’l, whereas the associated
B3LYP/6-31G(d,p) and B3LYP/6-311G(d,p) calculated values are in the
region 1190-1311 and 1200-1325.7 em L.

3.3. 'H and "*CNMR spectra analysis

The 'H and '*C NMR chemical shifts of 0-NAA are calculated using
the gage-including atomic orbital (GIAO) method by applying the
B3LYP/6-31G(d,p) and B3LYP/6-311G(d,p) levels. Their values were
obtained by subtracting isotropic magnetic shielding (IMS) values,
which are calculated with GIAO, from the IMS values of TMS [44-47].
Hence, a comparison of the corresponding experimental and theoretical
chemical shifts in ppm useful to perform correct assignments in the
spectra of 0-NAA is given in Table 4. The computed °C NMR chemical
shift values are ranging from 17.5 to 154.09 ppm for B3LYP/6-31G(d,p)
and from 27.3 to 172.15 for the B3LYP/6-311G(d,p) level. Whereas, the
measured ones are found to be in the range 25.46-169.19 ppm.

Table 4
The experimental and calculated 'H and '*C NMR chemical shifts of 0-NAA.

Chemical shifts (ppm)

Experimental B3LYP/6-31G(d,p) B3LYP/6-311G(d,p)

'HNMR

H3 8.76 8.76 8.56
H4 7.65 7.29 7.68
H5 7.65 7.83 7.09
H6 8.20 9.89 9.62
H1 10.3 11.97 11.49
H8A 2.29 2.00 1.85
H8B 2.29 2.56 2.35
H8C 2.29 2.56 2.35
13CNMR

C1 134.75 127.51 145.46
C2 136.52 122.76 141.33
C3 125.63 115.04 131.98
C4 123.25 108.54 125.70
C5 135.81 124.43 143.06
C6 122.25 109.14 125.70
Cc7 169.19 154.09 172.15
c8 25.46 17.50 27.30
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Additionally, the computed 'H NMR chemical shifts, varying from 2.00
to 11.97 ppm and from 1.85 to 11.49 ppm using respectively the B3LYP/
6-31G(d,p) and the B3LYP/6-311G(d,p) levels, are comparable with the
experimental ones being in the range 2.29-10.3 ppm, as it can be seen
from Table 4. Therefore, the overall computed and measured 'H and '3C
NMR chemical shift of 0-NAA are in agreement except for the C4 atom.

3.4. UV-Visible spectral analysis

The UV-Visible spectrum of 0-NAA was calculated by means of TD-
B3LYP/6-31G(d,p) and TD-B3LYP/6-311G(d,p) methods and compared
along with the measured UV-Visible data (Table 5 and Fig. 3). The ab-
sorption maxima for the low laying singlet states of 0-NAA, which are
functions of electron availability calculated by both methods, appear at
370, 274 and 250 nm for both levels. As concluded from Table 5, the
maximum absorption wavelength corresponding to the contribution of
HOMO - LUMO (+97%), HOMO-2 — LUMO (92%), HOMO — LUMO +
1 (5%), HOMO-3 — LUMO (53%), HOMO-1 — LUMO (41%) and HOMO-
5 — LUMO (3%) are associated to the n — n* electronic transition.

3.5. Mulliken atomic charges

The calculated Mulliken atomic charges of the studied compound are
presented in Table 6. The obtained values show that the C3, C4, C5, C6,
C8, 01, 02, 03 and N1 atoms have larger negative atomic charges.
While those of the C1, C2, C7 and N2 atoms are largely positive. The
charge of the H1 atom has the maximum magnitude of 0.3073 among
the remaining hydrogen atoms present in the molecule at both the
B3LYP/6 — 31G(d,p) and B3LYP/6 — 311G(d,p) theoretical levels.
However, all the hydrogen atoms exhibit net positive charges and their
magnitudes are varying between [0.1028-0.3073] for B3LYP/6 — 31G
(d,p) and between [0.1063-0.2646] for the B3LYP/6 — 311G(d,p) level.
It is worth to be noted that in the 0-NAA molecule, the C8 atom has a
highest negative value.

3.6. Frontier molecular orbitals analysis

Named as frontier molecular orbital (FMOs), both the highest
occupied molecular orbital (HOMO) is an electron donor and the lowest
unoccupied molecular orbital (LUMO) is an electron acceptor one. In the
present study, the HOMO and LUMO energies were predicted at B3LYP

Table 5
Experimental and theoretical electronic transitions, oscillator strength and
major contributions for 0-NAA.

Experimental  Theoretical

A =342 nm A Osc. Major contributions with B3LYP/6-311G(d,
(nm) strength p)

370 0.0888 HOMO -
LUMO
(97%)
274 0.1494 HOMO -2 HOMO —
— LUMO LUMO + 1
(92%) (5%)
250 0.0500 HOMO -3 HOMO -1 HOMO-5
— LUMO — LUMO — LUMO
(53%) (41%) (3%)
A Osc. Major contributions with B3LYP/6-31G(d,
(nm) strength p)
370 0.0882 HOMO —
LUMO
(97%)
272 0.1502 HOMO -2 HOMO —
— LUMO LUMO + 1
(92%) (5%)
249 0.135 HOMO -3 HOMO -1
— LUMO — LUMO
(58%) (36%)

Inorganic Chemistry Communications 133 (2021) 108884

method with the 6-31G(d,p) and 6-311G(d,p) basis sets. According to
the obtained results, the energy gap between the HOMOs and LUMOs
represents the critical parameter in determining the molecular electrical
transport properties which help the electron conductivity measurement.
The distributions and energy levels of (HOMO — LUMO), (HOMO-1 —
LUMO + 1) and (HOMO-2 — LUMO + 2) orbitals of the studied molecule
are shown in Fig. 4, in order to understand its bonding feature. Thus,
their frontier molecular gap values were found to be 4.06, 6.55 and 7.69
eV respectively. This electronic absorption corresponds to the transition
from the ground to the first excited state and is mainly described by one
electron excitation from HOMO to LUMO. The HOMO is located over the
NH and NO;, group, while the LUMO is located over the nitrobenzene.

The frontier molecular orbitals’ energies (Egomo, ELumo) were used
to calculate the global chemical reactivity descriptors of the molecule
such as the ionization potential electron affinity, the electronegativity,
the global hardness, the global softness, the chemical potential and the
electrophilicity index [48-53]. These important descriptors are calcu-
lated as follows:

lonizationpotential : Ip = — Eyopmo

Electronaffinity : Ex = — Erymo
- 1
Electronegativity : y = — 5 (ELumo + Enomo)

Chemicalpotential : P = 1/2(E.ymo + Enomo)
Globalhardness : 7 = 1/2(Eryyo — Enomo)

Globalsoftness : S = 1/25

2
Electrophilicityindex : @ = }24—’7

Where A is the ionization potential and I is the electron affinity of the
molecule. Both parameters can be expressed through HOMO and LUMO
orbital energies as I = -Egomo and Ex = —Epymo. The electroaffinity and
the Ionization potential of 0-NAA are given in Table 7. The calculated
values of the softness, the hardness, the chemical potential, the elec-
tronegativity and the electrophilicity index of the molecule are found to
be respectively 1.02, 2.03, -4.97, 4.97 and 6.08 eV by B3LYP/6-311G(d,
p) and 1.01, 2.01, -4.75, 4.75 and 5.61 eV by B3LYP/6-31G(d,p). The
soft molecule represents a small HOMO-LUMO gap, while that of the
hard molecule is supposed to be large.

3.7. Nonlinear optical properties

Nonlinear optical (NLO) effects arise from the interactions of the
electromagnetic fields in various media to produce new fields altered in
phase, frequency amplitude or other propagation characteristics from
the incident fields [54]. The NLO property is at the forefront of current
research because of its importance in providing the key functions of
frequency shifting, optical logic and optical memory for the emerging
technologies such as telecommunications, signal processing and optical
interconnections [55-58]. To investigate the NLO behavior of 0-NAA,
the electric dipole moment, the polarizability and the first and second
order hyperpolarizabilities were calculated using the DFT/B3LYP
method with 6-31G(d,p) and 6-311G(d,p) basis sets. The polarizability
and hyperpolarizability tensors (oxx, Oxy, Oyy, Oxz, Oyz, Ozz, and Pyxx, Pxxys
ﬁxyyy ﬁyyy’ Bxxzs Bxyz, ﬁyyz; Pxzzs ﬁyzz: Brzzs a0 Vs Vyyyys Vazzzs Vxxyys Vxxzzs
Yyyzz) €an be obtained by a frequency job output file of Gaussian 09. The
total dipole moment, the mean polarizability (o) and the first order
hyperpolarizability (B||) can be calculated using the following equation
[59]:

1
3

1
3

1
po= (1 ) a =2 (an + ay + az)i Bl = (B2 + 53 + B2)
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Fig. 3. Experimental and theoretical UV-Visible spectra of 0-NAA.

Table 6
Mulliken atomic charges within o-NAA.
Atoms DFT/B3LYP
6-31G(d,p) 6-311G(d,p)

C1 0.3199 0.2161
Cc2 0.2288 0.1331
Cc3 —0.1036 —0.0696
C4 —0.0938 —0.0891
C5 —0.0829 —0.0725
Cc6 —-0.1073 —0.0977
Cc7 0.5716 0.3285
c8 —0.4077 —0.3349
N1 —0.6403 —0.4550
N2 0.3767 0.1780
01 —0.4768 —0.3457
02 —0.4422 —0.3259
03 —0.3888 —0.2566
H3 0.1419 0.1392
H4 0.1028 0.1063
H5 0.1075 0.1105
H6 0.1542 0.1521
H1 0.3073 0.2646
H8A 0.1412 0.1372
HS8B 0.1502 0.1445
H8C 0.1412 0.1372

The complete equation for calculating the magnitude of the first
order hyperpolarizability is given as follows:

Bl = (Bt B+ B) + (B + B+ B) + (B + o+ ,)'

o

The average (or absolute value) of static second-order hyper-
polarizability can be simplified via the Kleinmann [60] approach and
computed through the expression:

1
7= 5 (aeee + apyy F Vazee T Wy + e + 2 pec)

The calculated dipole moment (), isotropic polarizability (o), static
first order hyperpolarizability (f)|) and the static second order hyper-
polarizability (y) for o-NAA are listed in Table 8. It is well known that
the higher the values of the dipole moment, the molecular polarizability
and the hyperpolarizabilities, the more active NLO properties will be.
Moreover, the polarizability and the hyperpolarizabilities are reported
in the atomic units (a.u) (for « 1 au = 0.1482 x 10~%* esuy, for § 1 au =
8.63922 1032 esu and for y1au=>5.03670 10749 esu). The values of the
dipole moment obtained respectively from B3LYP/6-31G(d,p) and
B3LYP/6-311G(d,p) are equal to 1.29309 and 1.32949 D, which are
similar to the values reported in the literature for organic molecules

[61,62]. The highest value of the dipole moment is observed for u,
component. Furthermore, the calculated polarizability values of 0-NAA
are found to be 16.397 x 10~2* esu for B3LYP/6-31G(d,p) and 17.221 x
10~24 esu for B3LYP/6-311G(d,p). For this parameter, the highest value
is obtained for a,, component with 159.613 au which means that there
is a considerable delocalization in this direction. The magnitude of the
molecular hyperpolarizability § is one of important key factors in an
NLO molecular system. Thus, the first hyperpolarizability () values of
0-NAA calculated at B3LYP/6-31G(d,p) and B3LYP/6-311G(d,p) levels
are equal to 2.312 x 1073 esu and 2.226 x 107" esu, respectively.
Similarly, the computed second-order hyperpolarizability (y) values for
the 0-NAA molecule using 6-31G(d,p) and 6-311G(d,p) basis sets along
with the B3LYP functional are 5.82 and 7.42 x 107°° esu, respectively.
Based on the above results, the 0-NAA molecule could be considered as
one of the typical molecules for optoelectronic and NLO applications.
For a molecular system, the NLO properties can be determined by
their dynamic hyperpolarizabilities. In this work, dynamic parameters
of 0-NAA were calculated using B3LYP functional with the two basis sets
6-31G(d,p) and 6-311G(d,p) at A = 1139.1 and A = 911.3 nm, respec-
tively. These results are presented for a(—w;») and f}jz(—w;®,0) corre-
sponding to the Pockels electro-optic effect, and p)z(—2w;w,0)
associated to the second harmonic generation (SHG). The dynamic
hyperpolarizabilities y(—®;®,0,0) and y(—2w;»,,0) are related to the
quadratic electro-optical Kerr effect (dc-Kerr effect) and dc-SHG. The
dynamic polarizability a(—w;») values are 16.6905 and 17.7293 x
1072* esu calculated at B3LYP/6-31G** and B3LYP/6-311G** levels,
respectively. The dynamic hyperpolarizabilities related to the electro-
optical Pockels effect, p|jz(—w;»,0) and the second harmonic genera-
tion, B}jz(—2w;0,0) were predicted and the corresponding values are
close to zero reflecting the centrosymmetry of the medium. The pre-
dicted values for B)z(—w;»,0) and Bjjz(—2w;0,0) are 0.000033 and
0.000187 x 10~ esu obtained at B3LYP/6-31G** level, and — 2.78597
and — 7.07814 x 1073 esu obtained at B3LYP/6-311G** level,
respectively. The calculated values of the frequency dependent second
hyperpolarizability for the dc-Kerr effect, y(—0;0,0,0) and the electric-
field induced second harmonic generation, y(—20;0,0,0) are 6.76974
and 10.2631 x 1073 esu obtained at B3LYP/6-31G** level, and
9.29214 and 23.0055 x 1076 esu obtained at B3LYP/6-311G** level,
respectively. The second-order hyperpolarizability values correspond
well to the previously published results [63]. In addition to the above
discussion, the title molecule exhibits a huge third-order nonlinearity.

3.8. Molecular electrostatic potential

The molecular electrostatic potential (MEP) is basically a three
dimensional plot for the total electron density which is used to analyze
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Fig. 4. The frontier molecular orbitals of 0-NAA computed using the B3LYP/6-311G (d,p) method.
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the physical/chemical properties in chemical structures [64]. In order to
predict the reactive sites of the electrophilic or nucleophilic attack for
the investigated compound, its MEP was calculated at the B3LYP/6 —

Table 7
Calculated quantum chemical molecular orbital properties for o-NAA.

Parameters DFT/B3LYP 31G(d,p) and B3LYP/6 — 311G(d,p) levels. These sites give information
6-31G(d,p) 6-311G(d,p) about the region from where the compound can have intermolecular

Enomo (€V) _6.77 _7.00 intera.ctions. Mathematically, MEP can be defined by the following
Erumo (eV) -2.74 -2.94 equation:
Enomo — Erumo (eV) 4.03 4.06
Ip (eV) 6.77 7.00 Vo =S (A - / ¥ = 1)
Ea (eV) 2.74 2.94 () (w(r)/r

v 4.75 4.97
3(] Ezvg 2.01 2.03 With Z, is the nucleus charge which is located at R and p(r’) is the
SEev™h 1.01 1.02 electron density.
P (eV) —-4.75 -4.97 Different standard colors such as red, orange, yellow, green and blue
o (eV) 5.61 6.08

are used in the MEP frame to explain the degree of the electrostatic
potential which increases in this order red < orange < yellow < green <

Table 8

Electric dipole moment (p), static linear polarizability (a), static first-order hyper polarizability (§) and static second-order hyper polarizability (y) values of 0-NAA in
gas phase.

NLO parameters DFT/B3LYP NLO parameters DFT/B3LYP

6-31G(d,p) 6-311G(d,p) 6-31G(d,p) 6-311G(d,p)
Dipole moment Pyyy —377.998 0.081
Hx —0.01453 0.0 Prxz 0.007 14.874
Hy —0.00178 0.0 By —0.024 ~0.169
Hy 1.29300 1.32949 Pyyz 0.026 —16.126
s 1.29309 1.32949 Paxz —5.491 191.241
Polarizability Bays —25.825 0.818
xe 154.262 159.613 Przz —0.036 —382.096
Qxy 4.232 0.203 B (au) 267.587 257.653
ayy 133.601 51.195 £11%x107%° (esu) 2.312 2.226
Qg 0.011 5.037 Second-order hyperpolarizability
Ay 0.002 —0.104 Vexxx 30041.1 36860.6
gy 44.100 137.823 Ty 199.566 878.684
a (au) 110.654 116.210 Yezzz 15342.4 18755.3
a x 102 (esu) 16.397 17.221 Frxyy 188.462 671.953
First-order hyperpolarizability Yxxzz 5749.29 7206.92
P 43.5835 7.744 Tyyez 140.667 690.282
Prxy 20.4467 0.013 (y) (au) 11547.981 14726.579
Byxy 189.765 —05.474 () x 10736 (esu) 5.82 7.42
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blue. Furthermore, the red color represents the most negative electro-
static potential and the favored site for the electrophilic reactivity, as
shown in Fig. 5. On the other hand, the nucleophile loving site with most
positive potential is indicated by blue color [65,66]. The studied
molecule has several possible sites for electrophilic attacks at the 01, 02
and O3 atoms which are highlighted as red-colored zones. Moreover, the
MEP drawing shows that the positive potential sites illustrated in green
are around the hydrogen atoms indicating the electron deficient zone
which implies that the encounter of nucleophilic can take place on this
region.

3.9. Thermodynamic properties

For a better understanding of o-NAA properties, the correlations
between the statistical thermodynamics and the temperature were also
obtained (Table 9 and Fig. 6). It can be seen that the heat capacities, the
entropies and the enthalpies increase when increasing the temperature
of a molecule, as well as the intensity of the molecular vibrations. The
standard statistical thermodynamic functions such as the standard heat
capacities, the standard entropies and the standard enthalpy changes (0
— T) were obtained and are listed in Table 9. Hence, the standard heat
capacities, the entropies and the enthalpy changes increase at any
temperature ranging from 100 to 1000 K. By increasing, the temperature
causes also an increase in the intensity of the molecular vibration. The
correlation graphs are shown in Fig. 6. All the thermodynamic data
supply helpful information for the understanding of o-NAA. Conse-
quently, these data can be used to compute other thermodynamic en-
ergies according to the thermodynamic functions relationships and can
also estimate directions of chemical reactions according to the second
law of thermodynamics in thermochemical field [67].

3.10. Hirshfeld surface and energy frameworks analyses

Hirshfeld surface analysis is a powerful tool used to understand the
intermolecular interactions nature within a crystal structure. The func-
tion dporm displays a surface with a red-white-blue-colored scheme, in
which the white color represents the contacts around the van der Waals
radii, while the red and blue-colored are as indicate the shorter and
longer intermolecular contacts of the molecule, respectively. It was
generated using a standard high surface resolution with the 3D isosur-
face mapped over a fixed color scale of —0.2522 (red) to 1.0523 A (blue).
Consequently, Hirshfeld surfaces HSs and their subsequent 2D-finger-
print plots FPs were calculated in order to quantify and analyze the
intermolecular contacts present within the crystal structure of 0-NAA
and their associated energy frameworks EFs, using CrystalExplorerl7
[341], which will help understanding both their geometry and strength.
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Table 9
Thermodynamic properties for o-NAA.

T(K) B3LYP/6-31G(d,p)

B3LYP/6-311G(d,p)

S/ Cp(J/ ddH(kj/ S/ Cp(J/ ddH(kj/

mol.k) mol.k) mol) mol.k) mol.k) mol)
100 295.38 72.20 4.86 293.65 69.98 4.76
200 360.43 120.91 14.52 357.65 119.22 14.21
293 414.66 165.82 27.86 410.88 164.47 27.42
298 417.57 168.26 28.72 413.76 166.90 28.27
300 418.62 169.13 29.03 414.80 167.77 28.58
400 473.57 214.26 48.25 469.28 212.20 47.62
500 525.71 253.41 71.68 520.83 250.04 70.80
600 574.88 285.88 98.70 569.26 281.01 97.40
700 621.01 312.42 128.66 614.52 306.09 126.80
800 664.20 334.15 161.03 656.78 326.53 158.47
900 704.62 352.13 195.37 696.24 343.41 191.99
1000  742.53 367.21 231.36 733.18 357.56 227.06

80g
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(g 704 #— Cp:B3LYP/6-31(d.p)
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Fig. 6. Correlation graph of the thermodynamic parameters for o-NAA.

By partitioning the complete FP provided in Fig. 7.a into the
decomposed FPs related to the contribution of each contact type sepa-
rately, it can be seen that the crystal packing of 0-NAA is mainly
dominated by H...H contacts followed by H...O/0...H contacts with the
largest two contributions over the total HS of 35.3% (Fig. 7.b) and
28.6% (Fig. 7.c), respectively.

It is of interest to point out that the H...H contacts situated in the
middle of the scattered points in the FP (Fig. 7.b) display a high con-
centration at about d; = d, ~ 1.2 A associated to both reciprocal H6...
H8a/H8a...H6 and H4...H8b/H8b...H4 contacts displayed as two

(@)

Fig. 5. (a) MEP surface and (b) 2D contour map for 0-NAA.

(b)
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Fig. 7. The 2D-FP plots showing the overall contribution to the total HS area and the individual percentages of the diverse intermolecular contacts of 0-NAA.

orange spots mapped on the d; (or d.) representation (Fig. 8.a and Fig. 8.
b), which indicates that they are significant short range H...H contacts.
Furthermore, the H...0/0...H contacts appearing as two sharp spikes in
the FP (Fig. 7.c) are highlighted in Fig. 8.c and Fig. 8.d as large bright
red spots plotted on the dyom, function. These two spikes are indicative of
strong intermolecular hydrogen-bonding interactions resulting from the
O1 atom acting as a double acceptor in the two reciprocal interactions
C5—H5...01/01...H5—C5 and C8—H8c...01/01...H8c—C8, being
respectively 2.1 A and 2.26 A long.

The second two contributors among the interacting atoms to the total
HS area are the H...C/C...H (Fig. 7.d) and C...0/0...C (Fig. 7.e) con-
tacts, thus covering 13.6% and 10.7 % of the global surface, respec-
tively. Two large lateral points distribution in the vicinity of d; + d, ~ 2.8
A were observed for the H...C/C...H contacts and were associated to the
shortest C4—H4...C3/C3...H4—C4 intermolecular interactions visual-
ized on the d; surface (Fig. 8.a). Furthermore, the HS mapped over d;
exhibits an additional short H...C/C...H contact appearing at around d;
+d, ~ 3.28 10\, and attributed to the N1—H1...C6 interaction (Fig. 8.a)
and its reciprocal C6...H1—N1 (Fig. 8.b).As for the shortest C...0/0...C
contacts, they reveal the existence of x...Ip/Ip...n interactions resulting
from the reciprocal C7...03/03...C7 contacts (d; + d, ~ 3.10 ;\), which
were displayed on the HS mapped on dpom, (Fig. 8.d) as small light-red
spots between the subsequent donors and acceptors.

Regardless of the contributions of the remaining observed contacts
towards the crystal packing of 0-NAA, which were found to be less than
4%, they represent short non-classical interactions contributing to the

stabilization of the studied molecule crystal packing. Therefore, the 02
atom was found to be involved in many Ip...Ip interactions resulting inter
alia from the N...O/0...N contacts which contribute to 3.5% (Fig. 7.f) of
the total Hirshfeld area. This is consequently confirmed by the HS
exhibited by representing the dpoq, function which showed the recip-
rocal shortest interactions N2...02/02...N2 (Fig. 8.d) appearing as
medium bright-red spots at d, + d; ~ 2.88 A. Additionally, the O2 ox-
ygen interacts with O1 and O3 thus yielding to O...O contacts, which
cover 3.0% (Fig. 7.g), and resulting in other short Ip...Ip interactions,
being respectively 3.02 A and 3.08 A long. As shown in (Fig. 9.a) visu-
alized on the shape index representation, the two reciprocal short O2...
01/01...02 and 02...03/03...02 contacts are noticeable as big orange
spots.

It is worth to be noted that another type of non-conventional contacts
was observed in the crystal structure of 0-NAA, namely H...N/N...H
contacts which witnesses of the occurrence of C—H...N/N...H—C in-
teractions through the shortest contact between H6 and N1 being
approximately 3.12 A long, with a percentage of 2.7% towards the full
HS (Fig. 7.h). Moreover, a contribution of 1.3% (Fig. 7.i) was observed
for the N...C/C...N contacts through the subsequent N2 and C5 atoms
which appear to be the shortest Ip...n/x...Ip interaction of about 3.48 A
long. (Fig. 7.j) illustrates the distribution of the C...C contacts of 1.2%
presented as small scattering points in the upper corner of the total FP
plot, which could be attributed to the =x...7 stacking resulting mainly
from the interaction of the C2 and C6 atoms and corresponding to a short
length of around 3.64 A. The three interactions types are highlighted in
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H8c...01
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02...03
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(Fig. 9) by showing a shape index representation of the HS.

An energy frameworks EFs analysis [68,69] was adopted serving as a
comprehensive study of the interactions topology and their strength in
the crystal packing of 0o-NAA. Therefore, the molecules clusters were
generated within a radius of 3.8 A around the central molecule and the
interaction energies IEs between pairs of molecules were performed
based on the CE-B3LYP/6-31G(d,p) level of theory. The total IE is

03...02

10
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Fig. 8. (a) Shortest H...H contacts mapped over the d; function, and (b) HS mapped on dyom, visualizing the shortest C—H...0/0...H—C hydrogen bonds.

C6...C2

C6-H6...N1

N1...H6-C6

C7...C5
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Fig. 9. Shape index representation showing (a) the Ip...n/x...Ip, (b) the x...n and the C—H...N/N...H—C interactions occurring within the crystal packing of o-NAA.

obtained by the combination of the electrostatic energy E, the ex-
change repulsion energy Ep, the polarization energy E,y and the
dispersion energy Eg;s [69,70].

Table 10 shows the results of the IE calculations for 0o-NAA provided
by respective colors. While the overall energies of the possible inter-
molecular interactions in the crystal packing are found to be in the range
[-0.3, —26.8] kJ~mol_1, the lattice energy of the studied molecule equals
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Table 10
Interaction energies (kJ/mol) in 0-NAA. N refers to the number of molecules with an R molecular centroid-to-centroid distance (10\).
N | Primary interaction Symmetry code R Ea | Epot | Edgis | E'vp | Etot
B 2 |C4H4..C3 Xty tazts [ 778 | <10 | 0.7 [-127 ] 88 | 7.2
x...Ip (C7...03)
2 | Ip.dp(N2...02) | -x+Yoy+Vh-z+%s | 5.05 | -12.9 | -3.8 | 244 | 17.7 | 26.8
Ip...Ip (02...03)
NI1—H1...C6
Ip...Ip (02...01)
2 | Ip..t(N2...C5) X,V,Z 498 | -11.9 | -2.8 | -28.6 | 22.7 | -25.5
C8—HS&c...01
.1 (C2...C6)
2 | H3...H8b xt+%,-y+hz+n | 920 | -1.2 | 0.7 | 8.6 | 7.0 | -5.0
1 | C6—H6...N1 -X,-V,-Z 1.6 | -09 | -248 | 9.9 |-14.5
2 | H4...H8b X+, y+hz+s | 577 | -45 | -1.4 | 9.2 5.7 | -10.3
1 | C5—H5...01 -X,-V,-Z 9.05 | -19.7 | 4.6 | -13.1 | 21.5 | -22.3
1 | =n.n(C8...C8) -X,-V,-Z 7.41 1.1 -0.1 | -1.5 | 0.1 -0.3
1 | H8a...H8b -X,-V,-Z 947 | -0.1 | -04 | -54 | 24 | -3.6

—95.15 kJ-mol~!. From Table 10, it can be seen that the orange-colored
molecule being at a distance of 5.05 A from the centroid of the selected
molecule with symmetry operation (-x-+',y+',-z+'.) presented the
highest total interaction energy Eg, of — 26.8 kJ -mol . Whereas, the
purple-colored one, with the symmetry code (-x,-y,-z), positioned at
about 7.41 A from the same centroid displayed the lowest total inter-
action energy of — 0.3 kJ-mol ™.

The energy framework EF diagrams through the b-axis are graphi-
cally illustrated in Fig. 10 with respect to the symmetry-coded molecules
around the central one. The IE components and their distribution
pattern in the framework revealed that the dispersion energy is the
dominate component in the crystal packing of o-NAA.

From Table 10 and Fig. 10, it can be concluded that the much
stronger intermolecular interactions have the highest IEs which are
shared between the pair-molecules related through the non-classical
(n...Ip, Ip..Ip) and (C—H...0O, N—H...C, Ip...lp, Ip...7, n...1) in-
teractions with total IEs of — 26.8 kJ-mol™! and — 25.5 kJ-mol~},

180°

respectively. Both IEs are graphically visualized as large cylinders along
the [101] direction and the b-axis, respectively. The involved molecular
pairs are primarily stabilized by the dispersion and repulsion compo-
nents. Additionally, these interactions are followed by the CG—H...O
hydrogen bond highlighted by large tubes running through the [110]
direction and mainly stabilized by the electrostatic and repulsive com-
ponents, with a total IE being — 22.3 kJ-mol~!. Whereas, the remaining
weak interactions are found to be interconnecting the large cylindrical
tubes crosswise.

4. Conclusions

In the present work, synthesis, characterization by single-crystal
XRD, FTIR, UV-visible, 'H NMR and '3C NMR spectroscopic studies of
0-NAA were reported. Furthermore, the molecular geometry, the
vibrational frequencies and the infrared intensities of the molecule in
the ground state were calculated by using the DFT/B3LYP method with

Fig. 10. (a) Symmetry-coded molecules in 0-NAA and their energy frameworks: (b) electrostatic, (c) dispersion and (d) total energies.
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the 6 — 31G(d,p) and 6 — 311G(d,p) basis sets. The assignments of all the
fundamental modes of the reported molecule were made unambiguously
based on the results of the PED output. It was found that both levels
reproduce very well the geometry and the properties of the molecule.
Additionally, the experimentally observed and theoretically calculated
'H and '3C NMR chemical shifts were similarly compared and found to
be in a very good agreement. On the other hand, the estimation of the
UV-Visible spectrum of 0-NAA has proven that the maximum absorp-
tion wavelength could be associated to the n — n* electronic transition.
The frontier orbital energies were evaluated explaining the charge
transfer interactions taking place within the molecule. The reactivity of
0-NAA was further estimated by computing the global chemical reac-
tivity descriptors. Moreover, calculated Mulliken atomic charges of the
studied molecule were computed and discussed, and the thermodynamic
properties were estimated with the DFT method using the same basis set.
The calculated molecular electrostatic potential (MEP) map has as ex-
pected shown that the negative potential sites are on the electronegative
atoms,whereas the positive potential sites are around thehydrogen
atoms. These sites give information about the possibleareas for inter-
and intramolecular hydrogen bonding.The NLO properties of 0-NAA
were theoretically investigated by estimating the dipole moment, the
polarizability, the first and second-order hyperpolarizabilities at B3LYP/
6-31G(d,p) and B3LYP/6-311G(d,p) levels of theory. Theoretical cal-
culations carried out using the 6-311G(d,p) basis set gave better results
for dipole moment (1.329 D), polarizability (17.22 x 10~2* esu) and
second-order hyperpolarizabilities (7.42 x 1073 esu) compared to the
results obtained by the 6-31G(d,p) basis set. The values of the average
second hyperpolarizability are found almost similar to urea (4.16 x
10736 esu). To show that the molecule of 0-NAA exhibits a huge third-
order nonlinearity, the dynamic polarizability and hyper-
polarizabilities were also predicted. The obtained values have thus
demonstrated that the studied molecule has a promising NLO behavior.
The Hirshfeld surface analysis and the subsequent 2D-fingerprint plots
have indicated that it was clear that the H...H, H...0/0...H, H...C/C...H
and C...0/0...C contacts, were the most significant contributors among
the interacting atoms. However, the N...0/0...N, O...0, H...N/N...H,
N...C/C...N and C...C close contacts have played an interesting role in
stabilizing the crystal structure of the studied molecule, which was
proved by computing the intermolecular energies. Furthermore, the
crystal packing of 0-NAA was further analyzed in terms of 3D-molecular
energy frameworks, in order to get quantitative insights into the inter-
molecular interactions nature and their strength. The obtained results
have therefore demonstrated the significance of the much stronger
intermolecular interactions, namely C—H...O, N—H...C, Ip...Ip, Ip...n
and n...m, in stabilizing the packing of 0-NAA.
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