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(E)-1-[(2,4,6-Tribromophenyl) diazenyl]-naphthalen-2-ol azo dye, an organic crystal, was fully character-
ized by three reliable spectroscopic techniques (Fourier-transform infrared, ulltra-violet-visible, and nu-
cleaire magnetic resonance). To support experimental results, a theoretical study has been realized to
predict the best molecular structure, physico-chemical properties, and spectroscopic spectra by using the
density functional theory calculations. Thus geometrical parameters, electronic transitions, vibrational fre-

Keywords: quencies, and 'H and 3C nuclear magnetic resonance are evaluated via comparison with experimental
Azo dyes data. The effect of the medium dielectric constant was allowed for via self-consistent reaction field the-
UV-Vis ory calculations using the polarizable continuum model with ethanol and dimethyl sulfoxide as solvents.
FI-IR In addition, some electric properties such as polarizability and hyperpolarizability in the static and dy-
ELMOR namic regimes are calculated and discussed. The analysis of the obtained results of the density functional

Hirshfeld surface analysis

theory and time-dependent density functional theory calculations are in good agreement with the exper-
imental data. This azo dye compound exhibits more stability and less reactivity at high polar media with
a nonlinear optical aspect. In adition, Hirshfeld surface and 2D-fingerprint plots analysis shows that the
H...H, O...H/H...O, C...H/H...C, N...H/H...N and Br...H [H...Br contacts are the most significant contribu-

tors.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Azo dyes are synthetic compounds widely used in various fields
of science and technology such as textiles, papers, leather, xe-
rography laser materials, laser printing, materials for organic so-
lar cells and chemosensors, etc [1-4]. Their production volume
does not stop growing and their relative importance may even
increase in the future. Azo dyes represent the most important
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class of dyes and constitute more than 70% of all commercial dyes
[5]. Different synthetic routes have been proposed allowing ob-
taining the desired color properties, the yield and particle size of
azo dyes. The most cited pathways are: the diazotization of an
aromatic primary amine followed by coupling with one or more
electron-rich nucleophiles, reduction of nitroaromatic derivatives
in alkaline medium, reduction of nitroso compounds by AlLiHy,
and oxidation of primary amines by permanganate potassium [6-
8]. The azo dyes can form covalent bonds with the textile sub-
strates; they give permanent color highly resistant to external fac-
tors [9]. Unfortunately, its effluent released cause environmental
pollution [10]. The azo dyes may be classified as mono azo, diazo,
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or poly azo dye based on the number of azo groups present in
them [11].

Heterocyclic azo dyes such as (E)-1-[(2,4,6-Tribromophenyl)
diazenyl]-naphthalen-2-ol which constitutes the object of this
study, have found several applications in many fields such as op-
tical switching, molecular switches, nonlinear optical devices, etc
[12-14]. They also offer other valuable properties such as their
various biological activities as anti-tumor, anti-inflammatory, anti-
bacterial, and anti-fungal agents [15,16]. Like all azo dyes, the
chemical structure of E-TPDN dye is constituted by a backbone
and it has an auxochrome group (OH) and a chromophoric group
(N=N) bonded to the benzene ring and the naphthalene group
[17,18]. The presence of halogen (brome) in benzene cycle provides
improved fastness against peroxy-bleach containing wash liquors
[19]. In addition, the presence of halogen as donors of electrons,
which can be delocalized on the aromatic ring (s), makes it pos-
sible to increase the resonance phenomenon. This is how we can
play on the color and the dyeing qualities [20].

In recent years, many experimental studies of azo dyes are
supported by quantum chemical calculations [21-24]. These lat-
ter are very powerful tools to reveal the structure-performance
relationship and to give information about the vibrational, elec-
tronic and structural properties of these materials with accept-
able accuracy [25-28]. Several studies have been published on
the synthesis and spectral properties of several azo dyes [29-31],
but there is no complet report of electronic and optical proper-
ties of azo dye halogen derivatives. This is what we endeavor to
show in this work through an experimental and theoretical investi-
gations of (E)-1-[(2,4,6-Tribromophenyl) diazenyl]-naphthalen-2-ol
(E-TPDN) azo dye which previously synthesized with the molecular
structure solved by Chetioui et al [32]. The experiment section was
carried out by using three reliable spectroscopic methods; fourier-
transform infrared (FT-IR), ulltraviolet-visible (UV-Vis), and nuclear
magnetic resonance ('H, and *C NMR). The theoretical study is
provided by means of density functional theory (DFT) and time-
dependent density functional theory (TD-DFT) with traditional hy-
brid and long-range corrected functionals to exihibit and discus
their physical, chemical, and optical properties. Hirshfeld surface
analysis is performed in order to understand what kind of inter-
atomic contacts give the largest contributions in crystal structure.

2. Experimental and computational details
2.1. Experimental details

The absorbance measurements of E-TPDN were performed with
a double beam UV-Vis spectrophotometer (Specord 200) equipped
with a temperature control system. The UV-Vis spectrum was
recorded for wavelengths ranging from 190 to 500 nm at constant
temperature T = 25 °C. The infrared spectrum was recorded on
a Perkin Elmer Spectrum Two FT-IR spectrophotometer equipped
with Perkin Elmer UATR-TWO diamond ATR. The 'H and 13C
NMR spectra were recorded on a Brucker Avance IIl apparatus at
300 MHz and a resolution of the FID signal at 0.18 Hz/point. All
solutions were prepared in chloroform-d (CDCl3), and the chemi-
cal shifts (§) are expressed in parts per million "ppm" relative to
the peak of tetramethylsilane (TMS) taken as a reference.

2.2. Computational details

The ground-state calculations were performed using the Gaus-
sian 09 package program [33] and the output files were visual-
ized via Gauss View 5 software [34]. The ground state of the ob-
ject molecule was undergone geometry optimization by DFT with
B3LYP functional and 6-311++G (d, p) split valence basis set. This
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level of theory is commonly used to predict the properties of or-
ganic compounds and it reproduces very well the experimental ge-
ometric parameters [28,35-38]. The polarizable continuum model
(PCM) [39] is included as the model of solvation by choosing chlo-
roform as a solvent for TD-DFT, DMSO, and ethanol for DFT cal-
culations to draw attention to solvent effects and to allow an an-
alytical solution for the calculation of the interaction energy be-
tween the solute and continuum multipole, by comparing the re-
sults of this model with available experimental data. The theoreti-
cal infrared spectrum of the compound under investigation is cal-
culated at B3LYP/6-311++G (d, p) by using its optimized geome-
tries, and is visualized by the Gauss View 5.08 software and the
main vibration modes have been analyzed by the VEDA program
[40]. The complete assignments were performed based on the Po-
tential Energy Distribution (PED) of the vibrational modes calcu-
lated using the VEDA4 program. The 'H NMR and 3C NMR chemi-
cal shifts were investigated using the standard Gauge-Independent
Atomic Orbital approach (GIAO) [41,42] at B3LYP/6-311++G(d, p)
level, taking tetramethylsilane (TMS) as reference. The dipole mo-
ment (), the mean polarizability («), the first-order hyperpolar-
izability (8), and the second-order hyperpolarizability (y) in the
static and dynamic regimes were also computed to evaluate the
NLO properties of E-TPDN using CAM-B3LYP/6-311++G(d, p) level
of theory. These quantities are defined as [43-45]:

w= (124 12+ u2)

o =1/3 (ot + ayy + 0z2);

172,

Bll=(B%+ 8% +B%)

Y = 1/5(Vxxxx + Yoyyy + Vazzz + 2Vixyy + 2Vizz + 2Vyyzz):
where B;(i =x,y,2) is given by Bi=1/3X;_,, (Bij; + Bjij + Bjji)-

y = l/lSZ(Viijj + Vijij + Vijii)
ij

for dc-SHG process, and
y = 1/1021,],(3)4';'” ~ Yiijj)

for dc- Kerr effect.

The molecular electrostatic potential was calculated at the same
level to predict the reactive sites for the electrophilic or nucle-
ophilic attack for the considered compound. Finally, the Hirshfeld
surface analysis was performed using Crystal Explorer 17.5 program
[46].

3. Results and discussion
3.1. Molecular geometry

The structure of the E-TPDN molecule has been optimized by
using the DFT method and the B3LYP/6-311++G(d, p) level, which
is compared experimentally by Chetioui et al [32]. (Fig. 1). It is
noted that this system has negative energy and no imaginary fre-
quency are obtained from the frequencies calculation, which in-
dicates that this structure corresponds to a stationary state. We
report in Table 1, the calculated geometrics parameters (bond
lengths and angles) and those obtained experimentally.

The global image of these results shows that B3LYP/6-
311++G(d,p) is better at predicting with acceptable accuracy ge-
ometric parameters from X-ray diffraction. For example, the calcu-
lated C-C within rings, C-Br, C-0, and N=N bonds lengths values
are in the ranges 1.367-1.446, 1.911-1.913, 1.331, and 1.27 A, agree
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Fig. 1. (a) Experimental structure and (b) optimized structure of E-TPDN (c)The su-
perimposition of the experimental and optimized structure.

with the correspondent experimental values ranging of 1.35-1.455
and 1.887-1.892, 1311 and 1292 A, respectively. Whereas, the
maximum deviations of valence angles and tetrahedral angles val-
ues from theoretical and experimental data do not exceed 2.87 and
2.3°, respectively except for N2- N1-C1-C2 which is equal to 12.7°
We note that this structure is not planar as indicated by tetrahe-
dral angles N2-N2-C1-C2 (—38.6°) and N1-N2-C7-C12 (-178.4°). In
addition, low root mean square deviations (RMSD) values show the
excellent correlation between the calculated and experimental ge-
ometric parameters.

3.2. Hirshfeld surface analyses and two-dimensional fingerprint plots

3.2.1. Hirshfeld surface analyses

Analysis of calculated Hirshfeld surfaces has become an invalu-
able technique for crystallographers and crystal engineers, as it
provides additional information on the weak inter and intramolec-
ular interactions that influence the packing of molecules in crystals
[47-49]. Hirshfeld surfaces can be mapped with different proper-
ties namely; electrostatic potential, dyorm, shape-index, and curved-
ness [50]. The function dporm (normalized contact), i.e. the sum of
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Table 1
The experimental and calculated geometric parameters of E-TPDN.

X-ray B3LYP/6-311++G(d, p)

Bond lengths (A) RMSD bonds lengths(A)

Br1l c2 1.887 1.913 0.014
Br2 C4 1.889 1.911
Br3 C6 1.892 1.912
01 8 1311 1.331
N1 N2 1.292 1.270
N1 C1 1.414 1.413
N2 Cc7 1.369 1.379
C1 C2 1.387 1. 407
C1 C6 1.406 1.406
C2 a3 1.389 1.392
a3 C4 1.378 1.389
C4 C5 1.377 1.389
C5 C6 1.373 1.388
Cc7 8 1.409 1.413
Cc7 C12 1.455 1.446
C8 c9 1.420 1.416
9 C10 1.350 1.367
Cc10 C11 1.420 1.424
C11 C12 1.418 1.425
C11 C16 1.408 1.415
12 (13 1.400 1.413
C13 (14 1.369 1.379
C14 Ci15 1.390 1.409
C15 (16 1.351 1.376

Bond angles (°) RMSD angles (°)

Br2 C4 3 119.9 11936  1.134
C1 C2 a3 122.5 121.54
Brl c2 C1 120.4 122.05
C4 C5 C6 120.2 118.42
Br3 C6 C1 122.5 119.63
Br3 C6 5 116.4 117.81
C1 C6 5 121.0 122.53
N2 Cc7 Cc8 125.2 123.92
N2 Cc7 C12 114.8 116.37
C8 Cc7 C12 120.0 119.70
01 C8 Cc7 122.5 122.50
Cc7 Cc8 c9 1193 120.07
(@] 9 C12 120.3 120.32
9 c10 C11 123.2 121.97
Cc10 C11 C16 1225 121.46
c12 (11 C16 1194 119.59
Cc7 C12 (11 119.0 118.98
C13 (C14 (15 120.9 120.95
C14 (C15 Ci16  120.0 119.62
C11 Cl6 Ci15 120.9 120.73
N2 N1 C1 115.0 115.48
N1 N2 Cc7 116.3 117.47
N1 C1 C6 117.7 118.13
C2 C1 C6 117.0 116.92

Dihedral angles (°) RMSD angles (°)

N2 N1 C1 C2 -38.6 -51.3 0.99
N1 N2 c7 C12-1784  -1785

N2 C7 Cc8 01 -3.0 -0.91

C2 C1 C6 C5-3.2 -1.92

C2 3 C4 C5-0.8 -0.87

Cc7 C8 c9 C10 1.3 -0.60

c9 c10 C11 C12 1.0 0.23

C13 (Ci4 C15 (C16-0.9 -0.03

C12 C11 Cl6 (C150.2 0.03

the interior and exterior distances, both normalized by the van der
Waals radius (r¥9W) of the corresponding atom inside and outside
the Hirshfeld surface it is defined by:

d ()
di_rivw de — 1. "™
T,"’dw TeVdW

dnorm =

(di): Interior distance, i.e. the distance from the Hirshfeld sur-
face to the nearest atom inside the surface, (de): Exterior distance,
i.e. the distance from the Hirshfeld surface to the nearest atom
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Shape index

Fragment patch

Curvedness

Fig. 2. Hirshfeld surface analysis of the E-TPDN compound with d;, d., dnorm, Shape
index, curvedness and fragment patch.

outside the surface [51]. Using the privacy of colors for illustration,
the function dnorm displays a surface with a blue-white-red-colored
scheme, in which the red and blue-colored indicate the shorter and
longer intermolecular contacts, respectively, while the white color
represents the contacts around the van der Waals radii [52] Fig. 2.
shows the Hirshfeld surface distribution of the organic compound
(E-TPDN) by dnorm, d;, de, shape index, curvedness and fragment
patch mapping obtained using the Crystal Explorer 17.5 program
by inputing the crystallographic information file (CIF) data.

We can visualize the intermolecular interactions donors and ac-
ceptors via the blue and red regions around the participant atoms
that correspond to the positive and negative electrostatic poten-
tial on the surface, respectively. It is also well established from the
Hirshfeld surfaces of the molecules being connected to each other
by stacking interactions which can be observed in the neighbor-
ing red and blue triangles (highlighted in red) in the surface of
the shape index (Fig. 2). The following blue triangles are convex
regions derived from the existence the carbon atoms of the aro-
matic ring inside the surface, whereas those of the red triangles
are concave areas. According to the mapping of shape index and
curvedness it is easy to explore the existence a possible stacking of
m—m bonds of aromatic rings [53]. Furthermore, it is clearly seen
in Fig. 3 that the red region represents the intermolecular interac-
tions Br...Br and Br...H in the crystal packing. The reciprocal con-
tacts Br2...H10/H10...Br2, displayed on the HS mapped on dnorm as
small light red spots, are the neighborhood of 3.24 A. The hydrogen
bonds contribute strongly to the stabilization of the crystal pack-
ing of the investigated molecule through molecular interactions.
The three-dimensional Hirshfeld surface views of E-TPDN crystal
compound on dperm are plotted in Fig. 3 and run from —0.104 to
1.198 A. The red areas are the closest contacts and the nearest neg-
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ative areas, while the blue areas are those with longer contacts
and a positive dnporm of contact. The regions colored white repre-
sent weaker contacts with contact distances approximately at the
vdW distance (d norm ~ 0).

3.2.2. Two-dimensional fingerprint plots

Fingerprint plots are important for the ability to identify inter-
atomic connections and structure information of molecules [54].
Based on the two-dimensional fingerprint plots, intermolecular in-
teraction behavior of the compound E-TPDN has been quantita-
tively investigated. In this part, there are complementary zones ap-
parent, in which a molecule acts as a donor (de > d;) while the
other acts as an acceptor when d. < d; Fig. 4. illustrates the fin-
gerprint traces for all contributions to the surface. In particular,
the fringprint plots contain mutual contacts H...X/X...H at which
the X atom is positioned on the interior or exterior of the result-
ing Hirshfeld surface acting as H atom acceptor. As illustrated in
Fig. 4, H...Br/Br...H interactions represent the largest percentage
with 29% of all contacts shown in the fingerprint plot. The con-
tacts H...H are located in the center of the dispersed points. The
H...H contacts correspond to 21.2% of the total Hirshfeld surface at
about d; = de ~ 1.2 A. The C..H/H...C contacts occupied 13.3% in
terms the total area value being the third significant element of
the crystal packing. Whereas the C...C and O..H/H...O have a min-
imal participation of 11.5% and 6.1%, respectively. The three con-
tributing fires among the interacting atoms on the total HS surface
are the Br...Br, Br...C/C...Br and N...C/C...N contacts, thus covering
6.9%, 5% and 2.9% of the global surface, respectively.

3.3. Uv-Vis analysis

The identification of the nature of different electronic transi-
tions is based on the analysis of the molecular orbital localiza-
tion and their coefficients. Our theoretical calculations allowed us
to detect absorption wavelengths corresponding to electronic tran-
sitions calculated from the ground state. Thus, three peaks cen-
tered at absorption wavelengths 231, 309, and 446 nm are ob-
served experimentally (Fig. 5), attributed to the electronic tran-
sitions related to the lone pair of the nitrogen, the N=N func-
tion conjugated to the rings chromophore of phenyl and naphthyl
groups. These electronic transitions are comparable with those cal-
culated using the theoretical level TD-DFT/B3LYP/6-311++G (d, p)
and which are equal to 273.98, 332.38, and 428.33 nm. The calcu-
lated energies of the excited states, the strength of the oscillator,
the electronic transitions, and their percentage contributions to the
wave function of the excited state are collated in Table 2. Accord-
ing to the theoretical UV-Vis spectrum of the studied molecule,
the electronic absorption band calculated at 428.33 nm is at-
tributed to the combination of two main electronic transitions;
HOMO/LUMO with 65.72% and HOMO-1/LUMO with 27.43% witch
correspond to w—m* electronic transition partially overlapping
with the m—m* of the azo bond absorption band. The band cal-
culated 332.38 nm is attributed to HOMO-4/LUMO (84.3%) with a
slight contribution from the transition HOMO-1/LUMO (7.56%). The
third band, which is centered on the 273.98 nm wavelength cor-
responds to n—* electronic transition, is a combination of five
electronic transitions, of which the HOMO-6/LUMO (29.26%) and
HOMO-1/LUMO+-2 (28.36%) contributions are the most important.
The absorption bands attributed to 7 — 7* and n — 7* elec-
tronic transitions suggest that an intramolecular charge transfer
takes place within this molecule. The strength of the oscillation
is a characteristic of the intensity of the bands and the more the
electronic transition energy is lower, the more the transition is al-
lowed. Thus, the transition centered on wavelength 428.33 is the
most permitted because it is characterized by the low transition
energy with an oscillator strength of 0.325. It should be noted that
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Fig. 4. The 2D- Fingerprint plots showing the overall contribution to the total HS area and the individual percentages of the diverse intermolecular contacts of E-TPDN

molecule.

the electronic transition observed in the visible range corresponds
to a broadband, which can be explained by the contribution of two
electronic transitions (428.33 and 478.91 nm).

3.4. Frontier molecular orbitals and global chemical reactivity
descriptors analysis

The distributions and energy level of frontier molecular orbitals
(HOMO and LUMO) of E-TPDN shown in Fig. 6 indicate that the
HOMO is located over the m system of the phenyl and naphthyl

rings, the lone pair of brome atoms and the azo group, while the
LUMO is located over the m* system of two rings 2, 3 and m*
of the azo group. The energy gap between the HOMOs and LU-
MOs represents the critical parameter in determining the molec-
ular electrical transport properties which help the electron con-
ductivity measurement. The frontier molecular orbitals’ energies
(HOMO, LUMO) were used to calculate the global chemical reac-
tivity descriptors of the molecule, such as the ionization potential
(IP), the electron affinity (A), the electronegativity (), the global
chemical hardness (), the global chemical softness (S), the chem-
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Table 2
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Electronic transitions, oscillator strength and major contributions for E-TPDN.

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

A (nm) A(nm) E (eV) Osc. Strength ~ Major contributions
HOMO-6/LUMO (29.26%)
HOMO-1/LUMO+2 (28.36%)
231 268.74 46135  0.0536 HOMO/LUMO+5 (7.83%)
HOMO-5/LUMO (10.68%)
HOMO/LUMO+4 (14.62%)
309 32991  3.7581  0.1127 HOMO-4/LUMO (84.3%)
HOMO-1/LUMO (7.56%)
446 42833 29114  0.3252 HOMO-1/LUMO (27.43%)
HOMO/LUMO (65.72%)
I electric constant. The electrophilicity index values have increased
2 5 while the chemical potential values have decreased with increas-
_ ing solvent polarity; these values suggest that this compound has
= 15 = xp UV-Vis exhibited a good electrophile character in the DMSO medium.
‘;’ 15 w==Theo UV-Vis
E 1.25 3.5. Vibrational band assignments
<
2 The infrared (IR) spectrum of this compound was recorded in
: 0.75 the range of 4000-400 cm~!. Both theoretical and experimental IR
0.5 spectra of E-TPDN are shown in Fig. 7. This compound consists of
5 31 atoms, which undergo 87 normal modes of vibrations with no
imaginary frequency was detected using the level B3LYP with 6-
0 — 3114-+G (d, p) basis set. Fundamental vibrational modes calculated
200 300 400 500 600 and experimental corresponding data are given in Table 4. For this
Wavelength (nm) method, the calculated vibrational frequencies are scaled by a fac-

Fig. 5. A comparison of experimental and theoretical UV-Vis spectra of E-TPDN.

Table 3
Global reactivity parameters of E-TPDN.

DFT/B3LYP/6-311++G(d,p)

In vacuum In ethanol In DMSO

Parameters (eV) (e=1) (e = 2485) (e = 46.82)
HOMO —6.246 —6.285 -6.291
LUMO —2.984 —-3.004 —3.009
AE = Ejymo - Enomo 3.262 3.281 3.282

IP = -HOMO 6.246 6.285 6.291

A = -LUMO 2.984 3.004 3.009

X = - % (Erumo + Enomo) 4.165 4.644 4.650

n = Y% (Erumo - Enomo) 1.631 1.640 1.641

S =1/2n (eV)! 0.3065 0.3048 0.3047
= "% (Erumo +Enomo) —4.165 —4.644 —4.650
w = pu? 2y 5.317 6.573 6.588

ical potential () and the electrophilicity index (w) [55]. This last
parameter is also a possible descriptor of the biological activity of
molecules [56]. These descriptors are expressed as follows [57-64],
and their values obtained in different media are ported in Table 3.

As it is well known, a high-value energy gap (AE) indicates that
the molecular structure has higher kinetic stability, and a lower
chemical reactivity [65]. For this compound, as the solvent dielec-
tric constant increases, the value of AE has increased, the structure
exhibits then more stability and less reactivity. lonization poten-
tial, affinity, and electronegativity values have increased with in-
creasing solvent polarity; therefore, a high polar environment de-
creases the electron donor character and augments the electron
acceptor character for E-TPDN. The global chemical hardness val-
ues have increased and the global softness values have decreased
slowly, with the increasing solvent polarity; E-TPDN exhibits less
reactive properties in the high polar media with a high probabil-
ity of intramolecular charge transfer at the media with a lower di-

tor of 0.9614.

J
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Fig. 6. Frontier molecular orbitals of E-TPDN.
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Fig. 7. Experimental and theoretical IR spectra of E-TPDN.
Table 4

Experimental and calculated vibrational frequencies and assignments with PED of E-TPDN.

FT-IR (cm~')  B3LYP/6-3114++G(d,p)  Assignments with PED>10%
Scaled freq (cm~')
3286 3024 v OH (97%)
3208 3095 v CH (98%) ring 1
3089 v CH (95%) ring 3
3074 v CH (92%) ring 2
3065 v CH (83%)sym ring 3 + v CH (10%) gsym ring3
3072 3049 v CH (83%) ring 3
2999 3039 v CHasym (10%) ring 3 + v CHasym (78%) ring2
1598 1592 v CCasym(60%) ring 2, ring 3
1570  [v CC (50%) + § HCC (14%)] ring 2, ring 3
1559 1555 & HOC (19%) + § CCCasym (11%)
1540 1528 & HCC (15%) + v CCasym (61%) ring 2,ring3
1497 1498 v CC (18%) + v CCasym (23%) + v CC(18%) + v CCasym (50%) + v CCasym (13%) + SHCC (11%)
1454 1453  § HCC (19%) + v NN (24%)
1442  § HOC (26%) + & HCC (10%) ring 2, ring3
1399  § HCC (30%) + v NN (23%)
1392 § HCC (15%) + & CCC (15%) + 8 HOC (10%) + v CC (15%)
1364 1375 & HCC (30%) + & CCC (13%)+ v CCasym (12%) + v NCsym (12%)
1344 1338  [v CC (38%) + 8 HCC (36%)] ring 1
1323 v CCasym(50%)
1303 1287 & HCC (15%) + & CCC (13%) +v CC (10%) + v NC (11%)
1248 1236 v CCasym (79%) ring 1
1210 1190 & HCC (26%) + v CC (22%) + v NC (13%)
1053 1032 & CCC (15%) + 6 CCCasym (48%) + v BrC (11%)
996 964 8 CCCasym(12%) + T HCCC (70%) + v CC (17%) + v CCasym (10%)
948 T CCCCasym (14%) + T HCCC (63%)
893 8 CCCasym (11%) + 8 NNC (17%)
858 857 T HCCC (88%)
828 810 T HCCC (58%)
764 & CCC (19%) + v BrC (12%)
739 755 T CCNN (12%) + Out T HCCC (41%)
706 710 8 CCC (42%) + v BrCasym (32%)
696 T CCCCasym (27%)
672 670 T HCCCasym (11%) + T CCCC(44%)
546 557 T HCCC (11%) + T HCCC (42%)
489 484 7 CCCC (84%) ring 1
403 403 T CCCCasym (17%) + 8 CCO (30%) + & BrCCasym (12%)

v: stretching; sym: symmetric; asym: asymmetric; §: bending; t: twisting. Vibrational modes are based on the potential
energy distribution (PED) and only contributions over 10% are given. ring 1: C1C2C3C4C5C6; ring 2: C7C8C9C10C11C12;
ring 3: C11C12C13C14C151C16.
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Table 5
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The experimental and calculated 'H and '*C NMR chemical shifts of E-TPDN.

Chemical shifts (ppm)

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

Mean absolute errors (MAE)

Correlation factors (R?)

TH NMR 0.345 0.92
H3 7.52 7.85
H5 7.52 7.85
H9 6.95 7.42
H10  7.68 8.30
H13  8.64 9.14
H14  7.62 7.87
H15 7.46 7.72
H16  7.83 8.04
13C NMR 5.04 0.83
C1 153.50 155.84
C2 123.56 136.46
c3 133.82 136.19
C4 126.24 139.11
5 133.82 136.19
C6 123.56 136.46
C7 140.80 141.24
C8 168.19 161.55
9 122.23 126.99
C10 130.98 134.83
C11 128.31 133.08
C12 133.42 139.91
C13 127.78 129.40
C14 129.84 131.55
C15 128.67 132.25
C16 129.43 130.53

Some fundamental peaks of E-TPDN are shown in the experi-
mental FT-IR and theoretical IR spectra as discussed in this study.

The C-H stretching vibrations of aromatics rings appear in the
range of 3100-3000 cm~! and the experimental data indicate that
this mode is observed in the region of 3208-3000 cm~!. The C-C
bands of aromatic rings appear in the regions 1592-1570, 1528-
1498 and at 1323, 1236, 1190, 964 cm~!. The corresponding modes
of experimental IR spectra are observed at 1598.45, 1559-1540,
and 1497 cm~!. The experimental wave number (1454 cm~1), at-
tributed to the azo (N=N) band is better predicted by the theoret-
ical model of calculation (1453 cm~1). The OH band of the exper-
imental infrared spectrum and the theoretical value of this band
appear at 3286 and 3024 cm!, respectively. We note here that
the theoretical value of OH stretching is underestimated because
the presence of a hydrogen bond (OH....N1) reduces the degree of
freedom of the O-H bond which reduces its frequency of vibra-
tion. The C-Br stretching vibrations appear at 764-710 cm~! and
CN stretching vibrations appear at 1375, 1287, 1190 cm~!. All bend-
ing vibrations occur in plan in the region 1600-400 cm~! and are
accompanied by either elongation and/or twists. The correspond-
ing vibration frequencies are then considered as soft modes. The
torsion modes appear in the range from 1000 to 400 cm~!, some
of which are out of plane such as the mode t HCCC observed at
755 cm~ 1,

3.6. NMR spectra analysis

As shown in Fig. 1, this molecule comports 8 aromatic protons
and one proton of a hydroxyl group. The correctness of the as-
signment was verified from the multiplicity of the signals. Experi-
mental and theoretical values of chemicals shifts of the E-TPDN are
listed in Table 5. The analysis of both TH NMR spectra showed the
majority of signals in the aromatic region which corresponds to the
aromatic structure of this species. Thus, the signals characteristic of
the aromatic protons appear between 6.95 and 8.64 ppm. Chemical
shifts obtained by B3LYP/6-311++G (d, p) are also in the aromatic
region (Fig. 8), and the maximum deviations of values of chemical

shifts do not exceed 0.5 ppm. The experimental 3C NMR chemical
shifts values are ranging from 122.23 to 168.19 ppm, whereas those
computed from the B3LYP/6-311++G(d,p) level are found to be in
the range 126.99 to 161.55 ppm. Therefore, the overall computed
and measured 'H and 3C NMR chemical shift of this azo dye are
in agreement as can be seen in Table 5. Thus B3LYP/ 6-311++G (d,
p) is considered as a good level of calculation for predicting the
values of chemical shifts of this type of compound.

3.7. Nonlinear optical properties

The NLO properties of the organic molecules arise from delocal-
ized 7 electrons moving along the molecule. The increase of the
conjugation on molecule leads to an increase of the polarizability
and the mean first-order hyperpolarizability of organic molecules
increase [66]. The E-TPDN molecule is formed from a conjugated
7 system, resulting in intramolecular charge transfer and high hy-
perpolarizability that promote the ONL response.

To investigate the NLO behavior of E-TPDN, the electric dipole
moment, static and dynamic (frequency-dependent) polarizability,
first and second-order hyperpolarizabilities were evaluated using
the CAM-B3LYP/6-311++G(d, p) in the gas phase and compared at
those of unsubstituted form of this dye. CAM-B3LYP functional can
be considered as a suitable choice especially for the prediction of
the electronic hyperpolarizabilities of organic molecules [67-70].
These properties can be calculated using (px, Hy, Hz), (0fxx, Oyy,
Azz), (Bxxx» Bxyyr Bxzzr Byyys Byzz, Bxxys Bzzz, Bxxzr Byyz), and (¥ xxxx,
Vyyyys Yzzzzr Vaxyys Vaxzze Vyyzz) tENSOrS components.

The dynamic hyperpolarizabilities were also evaluated since ob-
served data are nearly always obtained at incident optical fields.
These properties are calculated at 1064 nm (hw = 0.04282 a.u.) to
minimize resonance enhancements. We then presented the quan-
tities B, (—2w; w, w) for the nonlinear optical Second Harmonic
Generation (SHG), B, (—w; w, 0) for electro-optical pockels effect
(EOPE), y(-w;w,0,0) for the quadratic electro-optical (dc-Kerr ef-
fect), and y(—2w;w,w,0) for (dc-SHG). We note that the dispersion
effects or dynamic polarizability o (-w, ) is also evaluated at the
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Fig. 8. Experimental and theoretical (a) '"H NMR and (b) *C NMR spectra of E-TPDN.

hw = 0.04282 a.u. The values of these electric properties are re-
ported in the Table 6.

3.7.1. Dipole moment, and static and dynamic polarizabilities of
E-TPDN

As can be seen in Table 6, the title compound has a non-zero
dipole moment value. This magnitude indicates that this molecule
may be entering intermolecular interactions involving non-bonded
type dipole-dipole interactions. The values of the dipole moment
obtained from CAM-B3LYP/6-311++G(d, p) in the gas phase is
equal to 1.9848 D, where the highest value of the dipole moment is
observed for the @y component. The polarization of the molecule
becomes more important if the molecule is less symmetrical. The
value of this property is found to be 44.1243 x 1024 esu and ax
is the largest component among the polarizability, this indicates
that the variation of this component following x-direction is im-
portant. This molecule is considered as a soft species because it
corresponds to a high value of polarizability compared to that ob-
tained for the unsubstituted form of this dye and which is equal to
35.432 x 1024 esu. The frequency-dependent polarizability eval-
uated at hw = 0.04282 a.u. is slightly significant, increasing the
static polarizability value by 1.4064 x 1024 esu.

3.7.2. Static and dynamic hyperpolarizabilities of E-TPDN

Nonlinear optics strongly depends on the symmetry of the
medium. Centrosymmetric medium is not active in quadratic non-
linear optics, because, in the presence of an inversion center, the
first hyperpolarizability (8) is canceled. For the compound un-
der investigation, the static first hyperpolarizability value is equal
to 0.275 x 10739 esu. This low value can be explained by the
weak donor-acceptor character of the groups constituting this com-
pound, or even the charge transfer is relatively low. Furthermore,
the short length of the bridge between electron donor and acceptor

groups may reduce the nonlinear optical properties of the E-TPDN
molecule. We note that the dispersion effects enhance the static
(0;0,0) values by 0.29 x 10730 and 1.58 x 10730 esu for the EOPE
and SHG processes, respectively.

The second-order hyperpolarizability () value depends on the
extent of electron conjugation and the nature of substituents. In
the title compound, the presence of the Br group attached to the
benzene ring contributes to the augmentation of the conjugation
and delocalization of electrons within the molecule. This electron
delocalization induces a nonlinear behavior in this molecule. In ad-
dition, the dipole moment of E-TPDN, which is not large enough,
favors obtaining significant values of second-order hyperpolariz-
abilities [71]. The computed value of y for the static regime of
the E-TPDN molecule is 80.245 x 10736 esu, this value is signifi-
cant compared to that obtained for the unsubstituted form of this
molecule which has the value of 61.0023 x 1036 esu. As should be
expected y (—2w,0,w,0) > y(-w,w,0,0), the dispersion effects en-
hance thus the static y(0;0,0;0) value by 23.5% and 131.7%, for the
dc- Kerr effect and dc-SHG process, respectively. The statics polar-
izability and first order hyperpolarizability values obtained for E-
TPDN are found almost similar to those of Sudan Red G which is
worth (40.68 x 10724 esu and 3.95 x 10730 esu), respectively [72].

3.8. Molecular electrostatic potential

An analysis of the molecular electrostatic potential surface
(MEPS) has been affected to validate the evidence about the re-
activity of the compound under investigation. This analysis allows
predicting the reactive nucleophilic and electrophilic sites of the
studied molecule [73]. The MEPS can be therefore providing infor-
mation on the sign of different molecular regions of E-TPDN, as
it was a useful tool in the prediction of the susceptibility of the
studied compounds towards electrophiles and nucleophiles. Colors
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Table 6
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Electric dipole moment (i), static linear polarizability (c), static first-order hyper polariz-
ability (8) and static second-order hyper polarizability (y) values of E-TPDN.

NLO parameters

CAM-B3LYP/6-311++G(d, p)

Dipole moment

x -1.767
Iy ~0.6844
e ~0.5905
n (D) 1.9848
Polarizability « (0,0) o (~-o, w)
Olxx 440.642 461.974
oy 272,579  277.289
oz 180.074 182.506
o (au) 297.765  307.256
a *10724 (esu) 44.1243 45.5307
First-order hyperpolarizability £(0,00) B (-»,0,0) B (-2w, ®,0)
Box 1083.49 1420.12 2775.83
Byxy —55.5932 —66.2437 —43.2713
Bux —80.0911 —81.4289 —52.9563
Byyy -97.999  —99.5315 -89.0314
22y 9.3745 12.2598 28.5397
Byxx 92.8809 132.21 159.26
Bz —35.4519 —36.4822 -31.5
B 53.9523 93.4547 170.512
Byyz 34.5571 40.3841 59.4087
B (au) 31.8345 65.4926 214.832
B *10-3° (esu) 0.275 0.5658 1.8559
Second-order hyperpolarizability  (0,0,0,0) Y (-, »,0,0) Y (-20,0, ®,0)
¥ xxxx 546,687 705,821 1,481,110
Yy 63,404.1  68,353.3 78,937.8
Y 2222 39,846.9 42,844.8 48,702.4
¥ gy 332175 4123438 58,691.6
Y xxzz 22,687 27,886.6 35,623.1
Vyyzz 17,425.9 18,933.9 21,908.8
¥ yxyx - 37,655.5 71,499.1
Y zxzx - 25,528.9 46,480.4
Vayzy - 18,836.8 22,248.4
Yzyyz - - 21,874.9
Vo - - 29,418.7
Yy - - 44,607.9
Y (au) 159,321 196,797 369,167
Y *10-36 (esu) 80.245 99.1209 185.938

1.991e-2

-1.991e-2

Fig. 9. Molecular electrostatic potential surface for E-TPDN (au).

(red, blue, and yellow)) in MEPS represent the regions of the most
negative, positive, and slightly electron-rich region, respectively. In
the present study, MEPS was calculated at the B3LYP/6-311++G(d,
p) level. As illustrated in Fig. 9, the higher negative regions (ring
3 and OH) are the favored site for electrophilic attack and they
are responsible for the attraction of protons by atomic nuclei cor-

10

responding to electrophilic reactivity [74]. So, for the blue zones,
nucleophilic attacks are taking place, that is, these regions are re-
sponsible for the repulsion of a proton by atomic nuclei corre-
sponding to nucleophilic reactivity [75].

4. Conclusion

In the present work, experimental (FTIR, UV-visible, 1TH NMR,
and 13C NMR), DFT, and TD-DFT calculations studies of E-TPDN
were reported. B3LYP function with 6-311++G(d,p) basis set cal-
culations of geometry optimization shown a perfect prediction of
experimental geometric parameters. It was found that the theoret-
ical vibrational frequencies, "H NMR, and 3C NMR chemical shifts
values are in good agreement with experimental values. Based on
TD-DFT calculations and experimental UV-Vis spectral investigated
in chloroform solvent, we were able to correlate the peak positions
to the n-7* and w-m* electronic transition. The main peaks in UV-
vis spectra are attributed to the HOMO-LUMO electronic transi-
tions. The variation of some global reactivity descriptors of E-TPDN
in three media has been investigated by the same model of calcu-
lation. This compound showed a much more chemical softer and
high reactivity, in the gaseous phase, while it exhibits a good elec-
trophile character in a polar solvent such as DMSO medium. The
nonlinear optical property of E-TPDN was investigated by the de-
termination of the ground-state dipole moment, the polarizability,
first-, and second-order hyperpolarizabilities in the static and dy-
namic regimes using the DFT/CAM-B3LYP method. The obtained re-
sults show that this compound is considered a soft species as com-
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pared to the unsubstituted form of this azo dye. Relatively low val-
ues of first-order hyperpolarizability are obtained due to the weak
charge transfer in E-TPDN. The study showed that this azo dye has
valuable second-statics and dyamics hyperpolarizabilities, and may
have potential applications in the development of NLO materials.
The Hirshfeld surface analysis and the subsequent 2D-fingerprint
plots have indicated that the H...H, C...C, O...H/H...O, C...H/H...C,
N...H/H...N and Br...H/H...Br contacts were the most significant
contributors among the interacting atoms. 3D molecular surfaces
were simulated in order to obtain information about possible sites
for electrophilic and nucleophilic attacks. Thus the negative sites
are on OH and ring 3 groups, whereas the positive potential sites
are around the hydrogen atoms.
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