@l ‘ T
L/ ONONONSNN
n///(: roecoecoea /?“\.\k\k‘-\,\

(‘/ ,(\/' o e
,_/(i({«}fll(l/y ()A(’l/l(»)/ly - ( Moroccan Journal of Chemistry
ISSN: 2351-812X z
http://revues.imist.ma/?journal=morjchem&page=login At 2016

Azaid & al. / Mor. J. Chem. 10 N°4 (2022) 830-850
DOI: https://doi.org/10.48317/IMIST.PRSM/morjchem-v10i4.34457

The photophysical properties and electronic structures of (2E, 2’E)-1, 1°-
[chalcogen bis (4, 1-phenylene)] bis [3-(4-chlorophenyl) prop-2-en-1-onej
derivatives as hole-transporting materials for organic light-emitting diodes
(OLEDSs). Quantum chemical investigations

A. Azaid, T. Abram?, R. Kacimi®, M. Raftani®, A. Shai!, T. lakhlifit and M. Bouachrine® %

Molecular Chemistry and Natural Substances Laboratory, Faculty of Sciences, University Moulay Ismail, Meknes,
Morocco
2EST Khenifra, University Sultan Moulay Sliman, Morocco

Abstract
In order to propose new organic materials for organic light-emitting diodes (OLEDS)
applications, The quantum chemical calculations have been performed on four
molecules MO ((2E, 2’E)-1, 1’ (selenobis (4, 1phenylene)) bis (bis (3-(4-chlorophenyl)
* Corresponding author: prop-2en-1-one)), M1 ((2E, 2’E)-1, 1’ (thiobis (4, lphenylene)) bis (bis (3-(4-
m.bouachrine@umi.ac.ma  chlorophenyl) prop-2en-1-one)), M2 ((2E, 2’E)-1, 1’ (oxybis (4, 1phenylene)) bis (bis
Received 02 May 2022, (3-(4-chlorophenyl) prop-2en-1l-one)), M3 ((2E, 2’E)-1, 1’ (azanediylbis (4,
Revised 27 Aug 2022 , 1phenylene)) bis (bis (3-(4-chlorophenyl) prop-2en-1-one)).The principal objective of
Accepted 05 sept 2022 this work is to study the effect of Chalcogen (O, S, and Se) and nitrogen (N) on
geometrical, electronic, optical, and charge transfer properties of these compounds by
setting their ionization potentials (IP), their electron affinities (EA), their chemical
reactivity indices, their reorganization energies, their electrostatic potential as well as
the nonlinear optical (NLO) properties. The geometry of these studied compounds was
obtained after optimization in their fundamental states by using the functional density
theory (DFT) with the B3LYP method and the basis set 6-311G (d, p). The studied
parameters determined from the most stable conformation of each studied molecule.
The time-dependent density theory method TD-DFT-B3LYP 6-311G (d, p) was used
for the study of absorption. The results of the theoretical calculations show that the
mentioned parameters above are affected by the change of atoms O, S, Se, and NH. The
smaller hole and electron reorganization energies of these molecules suggest possible
use in OLEDs.
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1. Introduction

During the past few decades, organic semiconductors materials constitute an important class of materials with
remarkable properties leading to a huge field of research in both chemistry and physics [1]. These materials are
considered good candidates for optoelectronic applications and especially research on new low cost organic
photovoltaic devices [2]. This is due to their specific properties such as high charge mobility, thermal, and
photochemical stability [3, 4, 5]. Recall that organic semiconductors materials are already widely used in many
organic optoelectronic devices, including organic photovoltaic cells [6], organic phototransistors [7], organic resonant
tunnel diodes [8] organic field-effect transistors (OFETS) [9], organic light-emitting diodes (OLEDSs) [10]. These
electroluminescent devices are of great interest because of their important physicochemical characteristics and are
considered the devices of tomorrow [11]. Historically, the electroluminescence of organic molecules has been a well-
known phenomenon since the mid-twentieth century [12]. However, the first high-efficiency organic light-emitting
diode (OLED) devices have been invented by Tang and VanSlyke in 1987 [13, 14]. Since then, OLED performance
has evolved considerably, leading to better results. Organic light-emitting diodes (OLEDs), which are organic
luminescent materials made of small molecules and polymers, have been widely used in next-generation, high-quality,
flat-panel displays, and solid-lighting applications [15]. As we know, the most common OLED structure generally
consists of several layers of organic material between a cathode and an anode, which is often transparent formed of
indium-tin-oxide (ITO) [16] (Figurel). A high-performance OLED is composed of several organic materials, such as
the injection and charge transport layers (electrons and holes), the hole blocking layer and the emission layer [17]. The
fundamental step of the OLED electroluminescence phenomenon is the injection of electrons and holes into the
different organic layers from the cathode and the anode, respectively. The luminescence of organic materials is due to
the radiative recombination of excitons. Within the framework of improve the efficiency of organic light-emitting
materials [18, 19], several works have recently been done, especially the study of short-chain luminescent compounds

that can be used in an OLED structure [20].
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Figure 1. Typical structure of a multilayer OLED with the ITO used as an anode

Recently, a study based on the analysis of the crystal structure and the Hirshfeld surface of (2E, 2’E)-1, 1’ (selenobis
(4, 1-phenylene)) bis (3-(4-chlorophenyl) prop-2 en-1-one) has been carried out by H. Bouraoui et al [21]. The
MOcompound characterized by an A-D-A structure has excellent electronic properties and can be useful as high-
performance charge-transport materials. The chemical structure of the studied compound studied is shown in Figure.
2. The used A-D-A structure is identified for modulating these electronic properties. The strategy is the use of multiple
methods PM6, HF, DFT/B3LYPand DFT/ B3PW91 with the same basis set 6-311G (d, p) to optimize the geometry of
our studied compounds. Then, the functional giving the closest geometrical parameters to the experimental ones will
Mor. J. Chem. 10 N°4 (2022) 830-850
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be used in the next quantum calculations of the proposed structures for applications in organic light-emitting diodes
(OLEDS). In this study, the quantum chemical calculations have been performed on the proposed structures based on
phenylene, Chalcogen (O, S, and Se), and nitrogen (N). The study of the structural and electronic properties of the four
studied molecules have been reported: MO ((2E, 2°E)-1, 1’(selenobis (4, 1phenylene)) bis (bis (3-(4-chlorophenyl)
prop-2en-1-one)), M1 ((2E, 2’E)-1, 1’(thiobis (4, 1phenylene)) bis (bis (3-(4-chlorophenyl) prop-2en-1-one)), M2
((2E, 2’E)-1, 1’(oxybis (4, Iphenylene)) bis (bis (3-(4-chlorophenyl) prop-2en-1-one)), M3 ((2E, 2’E)-1,
1’(azanediylbis (4, 1phenylene)) bis (bis (3-(4-chlorophenyl) prop-2en-1-one)).The principal objective of this work is
to study the effect of Chalcogen (O, S and Se) and nitrogen (N) on optical and charge transport properties in the
studied compounds. In this context, from the most stable conformation of the studied molecules proposed in Figure 2,
both functional density theory (DFT) at B3LYP method with the 6-311G (d, p) basic set and the time-dependent
density functional theory TD-DFT-B3LYP/ 6-311G (d, p) have been used to investigate theoretically the geometrical
parameters, the optical and electronic properties, ionization potentials (IP), electron affinities (EA), chemical reactivity
indices, hole and electron reorganization energies, and electrostatic potential. We hope that the present theoretical
study can help to design more materials emitters and to deepen our understanding of the intrinsic excited-state
properties of the compound's emitters used in OLEDs devices.

2. Materials and methods

In this work, The Methods PM6, HF, DFT/B3LYPand DFT/ B3PW91have been used with the same basis set 6-311G
(d, p) [22]. It is noted that all of these calculations have been performed using the Gaussian 09 package [23]. The
geometry structures of neutral molecules (M0, M1, M2 and M3) have been optimized. The energies of the HOMO,
LUMO, band gap, chemical reactivity indices and electrostatic potential and nonlinear optical (NLO) properties of
these compounds were also determined from the optimized structures. The D-DFT/B3LYP/6-311G (d, p) and TD-
DFT/CAM-B3LYP/6-311G (d, p) methods were applied to study electronic properties in the excited state such as UV-
visible absorption wave number, corresponding oscillator forces, excitation vertical energy and other related
properties.

3. Results and discussion

3.1. Geometrical parameters

The optimized geometry parameters have been performed by theoretical calculations using the PM6, HF, DFT/B3LYP
and DFT/ B3PW91 with the same basis set 6-311G (d, p). The comparative optimized structural parameters such as
bond lengths, bond angles with its experimental data proposed by H. Bouraoui et al [21] are presented in Table 1 by
the atom numbering scheme illustrated in Figure 2. The optimized bond length of C-C is an average of 1.395A. The
bond length of CI connected with C13 and C28 is 1.741A and 1.737A respectively. The bond lengths of the oxygen
connected with C7 and C22 are respectively 1.217A and 1.229 A, while C-Se bond lengths vary from 1.913A to 1.916
A. The computed bond lengths and bond angles are in reasonable agreement with the corresponding experimental
values. According to the theoretical values, it can be found out that most of the optimized bond lengths are slightly
superior to the experimental values. On the other hand, when comparing experimental bond angles to that of
theoretical, the values correlate well with the experimental results of the molecules in the solid phase. There are some
deviations when compared with the experimental data, and these differences are probably due to intermolecular or
intramolecular interactions in the solid-state [24]. This deviation can also be attributed to the fact that the theoretical
calculations were aimed at the isolated molecules in the gaseous phase and the experimental results were aimed at the
molecule in the solid-state. Despite these differences, the calculated geometrical parameters represent a good
approximation. Indeed, the value of the angle C-Se-C obtained by the functional B3LYP (6-311G (d, p)) (99.3°) are
the closest to those measured experimentally (99.0°) (Table 1). So, this method will be used to predict other structures,
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taking the molecule studied as a start. The goal is to propose molecules with specific properties for optoelectronic

applications.

Figure 2. Sketch of chemical structure compound MO

Table 1. Experimental and computed bond lengths (A) and bond angles (°) of molecule M0

Parameters Experimental B3LYP B3PW91 HF PM6
Bond length(A)

Sel—C1 1.916 1.927 1.922 1925 1911
Sel—C16 1.913 1.928 1.920 1.925 1911
Cl1—C13 1.741 1.754 1.741 1.741 1.724
Cl2—C28 1.737 1.754 1.741 1.741 1.724
01—C7 1.217 1.228 1.219 1.192 1.213
02—C22 1.229 1.228 1.219 1.192 1.213
ci1—C2 1.376 1.401 1.398 1.391 1.397
C1—Cé6 1.364 1.397 1.393 1.383 1.399
C2—C3 1.377 1.388 1.384 1.378 1.397
C3—C4 1.386 1.404 1.399 1.392 1.403
C4—C5 1.368 1.401 1.396 1.385 1.401
C4—C7 1.500 1.501 1.497 1.503 1.496
C5—C6 1.398 1.395 1.391 1.387 1.398
C7—C8 1.482 1.482 1.477 1.488 1.490
C8—C9 1.317 1.348 1.343 1.326 1.336
C9—C10 1.462 1.464 1.460 1.476 1.472
C10—C11 1.401 1.408 1.403 1.394 1.405
C10—C15 1.400 1.406 1.401 1.389 1.407
C11—C12 1.380 1.389 1.384 1.378 1.396
C12—C13 1.392 1.397 1.392 1.384 1.396
Cl13—Ci14 1.369 1.393 1.388 1.378 1.397
Cl14—Ci15 1.362 1.391 1.387 1.384 1.395
Cl16—C17 1.385 1.396 1.394 1.383 1.399
Cl6—C21 1.396 1.401 1.397 1.391 1.397
C17—C18 1.383 1.396 1.390 1.387 1.398
C18—C19 1.396 1.401 1.397 1.385 1.401
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C19—C20 1.387 1.404 1.399 1.392 1.403
C19—C22 1.477 1.502 1.496 1.503 1.496
C20—C21 1.371 1.388 1.399 1.378 1.397
C22—C23 1.459 1.482 1.478 1.489 1.490
C23—C24 1.325 1.348 1.343 1.326 1.337
C24—C25 1.466 1.464 1.460 1.476 1.472
C25—C26 1.383 1.408 1.403 1.394 1.405
C25—C30 1.395 1.406 1.401 1.389 1.407
C26—C27 1.380 1.389 1.384 1.378 1.396
C27—C28 1.361 1.397 1.392 1.384 1.396
C28—C29 1.387 1.393 1.388 1.378 1.397
C29—C30 1.369 1.392 1.387 1.384 1.395
Parameters Experimental B3LYP B3PW91 HF PM6
Bond angles (°)

Cl—Sel—C16  99.0 99.3 100.8 100.0 100.0
C2—C1—C6 118.2 119.7 119.8 119.6 1204
C2—C1—Sel 122.1 121.2 122.2 121.1 1223
C6—C1—Sel 119.7 119.0 117.82 119.1 1171
C1—C2—C3 121.5 119.9 119.7 120.0 119.6
Cl1—C2—H1 119.2 119.7 120.1 120.0 1216
C3—C2—H1 119.2 120.2 120.0 119.8 118.7
C2—C3—C4 120.0 120.7 120.9 120.6 120.2
C2—C3—H2 120.0 120.8 120.6 120.3 120.3
C4—C3—H2 120.0 118.3 118.3 119.0 119.3
C5—C4—C3 119.0 118.8 118.8 119.0 119.6
C5—C4—C7 122.4 123.3 123.1 122.8 121.8
C3—C4—C7 1185 117.6 117.8 1179 1185
C4—C5—C6 120.0 120.5 120.5 120.4 120.1
C4—C5—H3 120.0 120.0 120.0 120.3 120.1
C6—C5—H3 120.0 119.3 119.2 119.1 1196
C1—C6—C5 121.2 120.1 120.0 120.1 119.7
C1—C6—H4 119.4 119.7 120.0 120.1 121.7
C5—C6—H4 119.4 120.1 119.9 119.7 1185
01—C7—C8 120.5 118.7 119.0 118.8 120.7
01—C7—C4 120.7 119.8 120.0 119.7 1214
C8—C7—C4 118.7 121.4 120.8 121.3 1178
Cc9—C8—C7 122.3 125.6 125.2 125.0 123.3
C9—C8—H5 118.9 121.2 121.4 121.9 1229
C7—C8—H5 118.9 1125 112.8 1125 1136
C8—C9—C10 127.0 127.1 127.0 126.9 123.6
C8—C9—H6 116.5 118.1 118.1 1186 121.3
C10—C9—H6 116.5 114.6 114.7 1144 1149
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C11—C10—C15 117.6 117.9 117.9 118.1 119.7

C11—C10—C9 11938 123.4 123.2 1232 1210
C15—C10—C9 1225 118.6 118.7 1185 119.2
C12—C11—C10 1224 121.1 121.1 121.0 120.3
Cl12—C11—H7 11838 118.7 118.6 1185 119.6
C10—C11—H7 11838 120.0 120.1 1204 119.9
C13—C12—C11 117.8 119.3 1194 1194 118.7
C13—C12—H8 1211 119.9 119.8 120.0 120.6
Cl11—C12—H8 1211 120.6 120.7 120.5 120.6
C12—C13—C14 1205 120.9 120.8 120.8 1220
C12—C13—CI1 118.7 119.4 119.4 1194 119.0
C14—C13—CI1 1208 119.5 119.6 119.6 118.9
C15—C14—C13 121.6 118.9 119.0 119.0 118.7
C15—C14—H9 119.2 120.8 120.8 120.6  120.7
C13—C14—H9 119.2 120.1 120.1 120.2 1205
C14—C15—C10 120.1 121.6 121.5 118.8 120.3
C14—C15—H10 120.0 119.1 119.1 121.4 1195
C10—C15—H10 120.0 119.2 119.3 119.6  120.0
C17—C16—C21 1174 119.8 119.9 119.6 1204
C17—C16—Sel 122.2 119.5 118.2 119.1 1224
C21—C16—Sel 120.3 120.4 121.6 121.0 1170
C18—C17—C16 1214 120.0 119.9 120.1 119.6
C18—C17—H11 119.3 120.2 119.9 119.7 118.6
C16—C17—H11 119.3 119.7 120.0 120.1 1216
C17—C18—C19 120.8 120.4 120.5 120.4 120.2
C17—C18—H12 119.6 119.4 119.3 119.1 120.3
C19—C18—H12 119.6 120.0 120.0 1204 1193
C20—C19—C18 117.6 118.9 118.9 119.0 1196
C20—C19—C22 1194 117.6 117.8 1179 12138
C18—C19—C22 123.0 123.1 123.0 122.8 1184
C21—C20—C19 1215 120.6 120.8 120.6 120.2
C21—C20—H13 119.3 120.8 120.6 120.2 1195
C19—C20—H13 119.3 118.4 118.4 119.0 120.2
C20—C21—Cl16 121.3 119.9 119.7 120.0 119.7
C20—C21—H14 1194 120.3 120.1 119.8 1185
C16—C21—H14 1194 119.6 120.1 120.1 1217
02—C22—C19 1194 119.7 119.9 119.8 1213
02—C22—C23 120.2 118.8 119.1 118.8 120.6
C19—C22—C23 1204 121.4 120.9 121.3 1180
C24—C23—C22 1233 125.6 125.2 125.0 1234
C24—C23—H15 1183 121.2 121.4 1219 1228
C22—C23—H15 1183 112.5 112.7 1126 1135
C23—C24—C25 128.2 127.0 127.0 126.8 123.8
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C23—C24—H16 115.9 118.2 118.1 118.6 121.2
C25—C24—H16 115.9 114.6 114.7 114.4 1149
C26—C25—C30 117.6 117.9 117.9 118.1 119.6
C26—C25—C24 120.2 123.3 123.2 1232 1211
C30—C25—C24 1222 118.7 118.8 118.6 119.1
C27—C26—C25 122.1 121.1 121.1 121.0 120.4
C27—C26—H17 118.9 118.7 118.6 1185 1195
C25—C26—H17 118.9 120.0 120.1 120.3 120.0
C28—C27—C26 119.0 119.3 1194 1194 118.7
C28—C27—H18 1205 119.9 119.8 120.0 120.5
C26—C27—H18 1205 120.6 120.6 120.5 120.6
C27—C28—C29 120.6 120.9 120.8 120.8 1220
C27—C28—Cl2 120.1 119.4 119.4 119.4 119.0
C29—C28—Cl2 1193 119.6 119.6 119.6 118.7
C30—C29—C28 120.0 118.9 1215 119.0 118.7
C30—C29—H19 120.0 120.8 120.8 120.6 120.6
C28—C29—H19 120.0 120.1 120.1 120.2 120.5
C29—C30—C25 120.7 121.6 1215 1214 120.3
C29—C30—H20 119.7 119.1 119.1 118.9 1195
C25—C30—H20 119.7 119.2 119.3 119.6 120.0

3.2. Electronic properties
To shed light on the electron transport capacity of the proposed compound by H. Bouraoui et al [21] (Figure 3), the
study of electronic parameters such as the energy levels HOMO and LUMO and the energy gap [25] is very important
and the obtained results at PM6, HF, DFT/B3LYPand DFT/ B3PW91methods with the same basis set 6-311G (d, p)

are listed in Table 2.
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Figure 3. Optimized structure of the main molecule C30H20CI2Se obtained by B3LYP/ 6-311G (d, p)

Table 2. Calculate energy values (HOMO, LUMO, Gap) (eV) of the compound studied by different methods

Mor. J. Chem. 10 N°4 (2022) 830-850

C30H20CI202Se

Methods E(HOMO) (eV) E(LUMO) (eV) Egap (eV)
B3LYP -6 .159 -2.548 3.611
B3PW91 -6.209 -2.594 3.615
HF -8.701 -1.306 7.395
PM6 -8.767 -1.134 7.630
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As shown in Table 2, the obtained values of HOMO and LUMO energies of theses studied molecules by different
methods as PM6, HF, DFT/B3LYPand DFT/ B3PW91change significantly, the HOMOSs are located at -8.767 eV, -
8.701eV, -6.209 eV and -6.159 eV respectively. The LOMOs are located at -1.134 eV, -1.306 eV, -2.594 eV, and -
2.548 eV respectively. Moreover, the energy gap decreases as follows: 7.630 eV > 7.395 eV > 3.615 eV > 3.611eV.

3.3. Proposed compounds

The strategy adopted consists of replacing the Selenium atom (Se) of the basic molecule (MO) proposed by H.
Bouraoui et al with different atoms such as sulfur (S), oxygen (O), and nitrogen (N), then study their effect on the
theoretically electronic properties, optical absorption. This strategy leads to the following structures M1, M2 and M3,
as shown in Figure 4.

M,: X= Se My: X=S M,: X=0 Mj: X=NH
Figure 4. Chemical structure for the proposed compounds M0, M1, M2 and M3

3.3.1. Ground-state geometries

To determine the geometrical parameters, the molecules MO, M1, M2, and M3 are fully optimized in their ground state
using B3LYP/6-311G (d, p). All the optimized geometries for the studied compounds Mi are shown in Figure 5. Their
selected geometrical parameters such as bond length, bond angle are collected in Table 3. The values of the optimized
bond length of C-C, C-ClI, and C-O are nearly the same for all the compounds. Moreover, the values of the bond
length C-Se, C-S, C-N, and C-O decreases as follows: 1.927 A(C-Se) >1.790 A(C-S) > 1.394(C-N) A > 1.377 (C-0)
A. The values of the angle C - X - C of the studied compounds M0, M1, M2, and M3are 99.3°, 103.5°, 121.5°, and
130.1°respectively. This shows that the bond angles increase substantially from MO to M3. Furthermore, the values of
the angles X-C-C, C-C-C, CI-C-C, O-C-C, H-C-C are nearly the same for all the compounds with a difference of 1 %
or 2 %.
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Figure 5. Optimized ground state structures for all studied compounds MO0, M1, M2 and M3.
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Table 3. Computed bond lengths (A) and bond angles (°) of molecules MO, M1, M2 and M3 by DFT/ B3LYP (6-

311G (d, p))

Mor. J. Chem. 10 N°4 (2022) 830-850

Parameters Se S O NH
Bond length (A)

X—C1 1927 1790 1377 1.394
X—C16 1928 1792 1.378 1.395
Cl1—C13 1754 1.755 1.755 1.755
Cl2—C28 1.754 1.755 1.755 1.755
01—C7 1.228 1222 1.222 1.229
02—C22 1.228 1221 1.222 1.229
Ccl1—C2 1401 1.401 1.397 1.409
C1—Cé6 1.397 1.397 1.393 1.407
C2—C3 1.388 1551 1.386 1.386
C3—C4 1.404 1.402 1.401 1.407
C4—C5 1401 1.399 1.400 1.404
C4—C7 1501 1500 1.498 1.493
C5—C6 1.395 1.392 1.390 1.388
C7—C8 1482 1482 1.483 1.485
C8—C9 1.348 1.344 1344 1.347
C9—C10 1464 1464 1.464 1.466
Cl10—C11 1408 1.405 1.405 1.408
C10—C15 1406 1.403 1.403 1.406
Cl1—C12 1.389 1386 1.386 1.389
C12—C13 1.397 1394 1.393 1.396
C13—C14 1.393 1.389 1.389 1.393
C14—C15 1.391 1389 1.390 1.392
C16—C17 1.396 1.396 1.392 1.406
C16—C21 1401 1.401 1.397 1.409
C17—C18 1.396 1.393 1.390 1.388
C18—C19 1401 1.398 1.400 1.404
C19—C20 1.404 1.402 1.401 1.404
C19—C22 1502 1502 1.499 1.494
C20—C21 1.388 1.385 1.386 1.386
C22—C23 1.482 1481 1.483 1.485
C23—C24 1.348 1.344 1.344 1.347
C24—C25 1464 1464 1.464 1.465
C25—C26 1.408 1.405 1.405 1.408
C25—C30 1.406 1.403 1.403 1.406
C26—C27 1.389 1.403 1.386 1.389
C27—C28 1.397 1394 1.394 1.397
C28—C29 1.393 1.389 1.389 1.393
C29—C30 1.392 1389 1.389 1.392

Parameters Se S o] NH
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Bond angles (°)
C1—X—C16 99.3 1035 1215 130.1
C2—C1—C6  119.7 1195 1205 1185
C2—C1—X 121.2 1224 1228 123.2
C6—C1—X 119.0 117.8 116.5 118.1
Cl1—C2—C3 1199 1199 119.2 120.0
Cl1—C2—H1  119.7 1199 120.2 120.1
C3—C2—H1  120.2 120.0 120.5 119.7
C2—C3—C4  120.7 1210 121.2 121.6
C2—C3—H2  120.8 120.5 120.4 120.2
C4—C3—H2 1183 1184 1183 118.1
C5—C4—C3 1188 118.6 1185 117.9
C5—C4—C7 1233 1233 1235 1239
Cc3—C4—C7 1176 117.8 117.8 117.9
C4—C5—C6 1205 120.6 120.7 120.8
C4—C5—H3  120.0 120.1 120.1 120.0
C6—C5—H3 1193 119.1 119.0 119.0
C1—C6—C5 120.1 120.1 119.6 120.8
Cl1—C6—H4 119.7 119.7 118.8 119.3
C5—C6—H4 1201 120.0 1214 119.8
01—C7—C8  118.7 118.8 118.6 1182
01—C7—C4 1198 1199 120.0 120.2
C8—C7—C4 121.4 121.2 1213 1214
C9—C8—C7 1256 125.7 125.7 125.7
C9—C8—H5 1212 1212 1212 1211
C7—C8—H5 1125 1124 1124 1125
C8—C9—C10 127.1 1270 127.0 127.0
C8—C9—H6 1181 118.2 118.3 1182
C10—C9—H6 1146 1146 1146 1146
Ccl1—C10—Ci15 1179 1178 1178 1178
C11—C10—C9 1234 1233 123.3 1233
C15—C10—C9 118.6 118.8 118.8 118.7
C12—C11—C10 121.1 1211 1212 121.2
Cl2—C11—H7 118.7 118.6 118.6 118.7
C10—C11—H7 120.0 120.1 120.1 120.0
C13—C12—C11 119.3 119.3 119.3 119.3
C13—C12—H8 1199 1199 1186 1199
Cl11—C12—H8 120.6 120.6 120.6 120.6
C12—C13—C14 1209 120.9 120.9 120.9
C12—C13—CI1 1194 1194 1194 1194
C14—C13—CI1 1195 1195 1195 119.6
C15—C14—C13 1189 1189 1189 1189
C15—C14—H9 120.8 120.8 120.8 120.8
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C13—C14—H9 1201 120.1 120.1 120.1
C14—C15—C10 1216 1215 1216 121.6
C14—C15—H10 119.1 119.0 119.0 119.1
C10—C15—H10 119.2 1193 1193 119.2
C17—C16—C21 119.8 119.6 120.5 1185

C17—C16—X 119.5 118.3 116.5 118.2

C21—C16—X 1204 1218 122.7 1231
C18—C17—Cl16 120.0 120.0 119.6 120.7
C18—C17—H11 120.2 120.1 1214 1198
C16—C17—H11 119.7 119.7 118.8 119.3
C17—C18—C19 120.4 120.6 120.7 120.8
C17—C18—H12 1194 119.2 119.1 119.0
C19—C18—H12 120.0 120.1 120.1 120.0
C20—C19—C18 1189 118.7 1185 117.9
C20—C19—C22 1176 1178 117.8 118.0
C18—C19—C22 123.1 1232 1234 123.8
C21—C20—C19 120.6 1209 1212 121.6
C21—C20—H13 120.8 120.5 120.3 120.2
C19—C20—H13 1184 1184 118.3 118.1
C20—C21—C16 1199 1199 119.2 120.0
C20—C21—H14 1203 120.1 1205 119.7
C16—C21—H14 119.6 1199 120.2 120.1

02—C22—C19 119.7 119.8 120.1 120.3

02—C22—C23 118.8 118.8 118.6 118.2
C19—C22—C23 1214 1212 1212 1214
C24—C23—C22 125.6 125.7 125.7 125.6
C24—C23—H15 1212 1213 1212 121.1
C22—C23—H15 1125 1124 1124 112.6
C23—C24—C25 1270 1271 1271 127.1
C23—C24—H16 118.2 1182 118.2 118.1
C25—C24—H16 1146 1146 1145 1146
C26—C25—C30 1179 1178 117.8 117.8
C26—C25—C24 123.3 1233 1233 1233
C30—C25—C24 118.7 118.7 118.7 118.7
C27—C26—C25 121.1 1211 1212 121.2
C27—C26—H17 118.7 118.6 118.6 118.6
C25—C26—H17 120.0 120.1 120.1 120.0
C28—C27—C26 119.3 119.3 1193 1193
C28—C27—H18 119.9 1199 1199 119.9
C26—C27—H18 120.6 120.6 120.6 120.6
C27—C28—C29 1209 120.9 120.9 120.9
C27—C28—Cl2 1194 1194 1194 1194
C29—C28—Cl2 119.6 1195 1195 1195
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C30—C29—C28 1189 1189 1189 118.9
C30—C29—H19 120.8 120.8 120.8 120.8
C28—C29—H19 120.1 1201 120.1 120.1
C29—C30—C25 1216 1216 1216 121.6
C29—C30—H20 1191 119.0 119.0 119.0
C25—C30—H20 119.2 1193 1193 119.2

3.4 Optoelectronic properties

To gain insights into the optoelectronic properties, the frontier molecular orbitals HOMO (Highest Occupied
Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) are determined. These orbitals inform us
about the mode of interaction between molecular entities and provide a reasot M1 Jalitative indication of the
excitation propertiec MO 1e transport capacity of electrons or holes [26]. Thereiuie, uie parameters (HOMO and
LUMO) can be calculated from the optimized structures obtained by the method B3LYP / 6311G (d, p). So, We have
determined for the four studied compounds M0, M1, M2, and M3the energy levels HOMO and LUMO and the energy
band gap Egap = ELUMO — EHOMO [27]. These values are shown in Table 4.

Table 4. The HOMO, LUMN =nd energy gap values (eV) of all the compounds calct M2 the DFT/ B3LYP/6—
311G (d, p) level 3

B3LYP (6-311G (d, p))
Compound E(HOMO) (V) E(LUMO) (eV) Egap (eV)

MO -6 .159 -2.548 3.611
M1 -6.327 -2.549 3.778
M2 -6.610 -2.477 4.133
M3 -5.705 -2.477 3.515

Based on Table 4, the values of the HOMO / LUMO energies are respectively: -6 .159/-2.548 eV for MO, -6.327/-
2.549 eV for M1,-6.610/-2.477 eV for M2 and -5.705/-2.477eV for M3. The values of Egap are 3.611 eV, 3.778 eV,
4.133, and 3.515 eV for M0, M1, M2, and M3 respectively. We note that this energy Egap decreases in the order M2 >
M1 > MO > M3. On the other hand, the examination of the highest occupied HOMO orbitals and the lowest virtual
LUMO orbitals for the studied compounds is important because they can provide clear information on intramolecular
load transfer (ICT) in such a system n-conjugated and the ability to transport electrons or holes [28]. Consequently, the
electron density of HOMO and LUMO of the studied compounds obtained by B3LYP / 6-311G (d, p) is represented in
Figure 6. From this figure, it is noted on the one hand that for all the compounds discussed, the electronic density of
HOMO is essentially located on the atoms (Se, S, O, and N) and attached benzene rings, and on the other hand, the
contribution to the LUMO is higher for the end groups of the molecule. In an electroluminescent device, our organic
compounds have a bifunctional character that includes a hole-transporting (HTL) and emissive layer (EL) as described
in the introduction. Noting that the migration of holes from the injection layer (HIL) to the transport layer (HTL) /
(EML) often depends on the energy levels of the HOMO orbitals. Therefore, we consider the HOMO of the
compounds and the materials in the connecting layers. In this work, we used poly (3, 4-ethylenedioxthiophene): poly
(4 styrenesulfonate) (PEDOT: PSS) as HIL and used 2, 9- dimethyl-4, 7-diphenyl-1, 10-phenanthroline (BCP) as HBL
for our electroluminescent devices [29]. The HOMO energy values of the studied compounds MO, M1, M2 and M3
calculated by B3LYP / 6-311 (d, p) are -6.159 eV, -6.327eV, -6.610eV and -5.705 eV respectively. The obtained
results show that the HOMO energy levels of all compounds lie between that of PEDOT: PSS (-5.00 eV) and that of
BCP (-6.50 eV) except HOMO levels for compound M2 (-6.610 eV) (see Figure 7).
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Figure 6. The contour plots of the HOMO and LUMO orbitals of the studied compounds

This indicates that the HOMO levels of all the studied compounds match with the ITO electrode use and facilitate the

injection and transporting of holes.
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Figure 7. The configuration of three-layered OLEDs and the calculated energy diagrams of the studied compounds

with the experimental values of PEDOT: PSS and BCP.
842

Mor. J. Chem. 10 N°4 (2022) 830-850



3.5 lonization potentials, electron affinities and reorganization energies

The ionization potential (IP), the electronic affinity (EA), and the reorganization energy (A) are the key performances
of OLEDs devices, which can be used to evaluate the energy barrier of holes and electron injection including charge
mobility and balanced charge [30]. It is well known that to have an easy injection of electrons (holes) into the emitting
materials; they must have a high electron affinity and a low ionization potential. The electron affinity (EA) and the
ionization potential (IP) of the compound Mi are calculated according to equations 1 and 2 [31]. The obtained results
calculated at the B3LYP/6-311G (d, p) level are listed in Table 5.

P|=E+(MO)—EO(MO) €D

_g0 _E—
EA=E (MO) E (MO) 2)
EO (MO): Energy in the neutral state

E+ (MO0): Energy of cation obtained at ground state neutral molecule
E- (MO0): Energy of anion obtained at ground state neutral molecule

Table 5. lonization potential (IP eV), electron affinity (EA eV), reorganization energies for hole (Zhole) and
electron (Jelectron) transport calculated at DFT/B3LYP/6-311G (d, p)
CompoundsMi  IP  EA Ahole Aelectron ATotal

MO 749 153 0.19 0.22 0.41
M1 757 154 0.21 0.22 0.43
M2 7.67 146 0.15 0.24 0.39
M3 7.24 142 0.26 0.23 0.46

From Table 5, the IP and EA changed with the alteration of the Chalcogen (O, S, and Se) and nitrogen (N) in the
studied compound Mi. Indeed, the obtained values of the ionization potential (IP) decrease in the following order:
M2> M1> MO0> M3 indicating the increase of the hole injection from the HTL layer to the HOMO level of the studied
compound. On the other hand, the compound M1 has the highest EA value (1.54 eV), indicating that it has a large
electron-injecting capacity.

On the other side, the charge transport rate could be approximated by the Marcus electron-transfer theory with
Equation (3) [32-33]:

K:A.exp( X J ®3)

4KB

Where A is a factor that depends on the strength of the electronic coupling between the emissive layer and the surface
of the anode or cathode [34]. KB is the Boltzmann constant, T is the temperature and A is the total reorganization
energies.

For OLED materials, the carrier mobility for any organic material is based on the estimated reorganization energy
[35]. Indeed, for efficient charge transport, the reorganization energy must be small [36]. Here, we calculated
reorganization energies using the equation (4) [37], which are tabulated in Table 5 (using B3LYP functional with
6- 311G(d, p) basis set).

hi = EEMg)-EE ) |- E2v ) -E0mg) | )

Where Ex (MO) is the energy of the cation (anion) calculated with the optimized structure of the neutral molecule, E+
(Mz) is the energy of the cation (anion) calculated with the optimized cationic (anionic) structure, EO (Mz) is the
energy of the neutral molecule calculated at the cationic (anionic) state, and the EO (MO) is the energy of the neutral
molecule at the ground state (Illustration in Figure 8) [38].Through Table 5, the obtained values indicate that the
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electron reorganization energies Ae are slightly higher than those corresponding to the reorganization of the holes Ah
for all compounds except M3.The analysis of reorganization energy suggested that the studied compounds MO, M1,
M2 are better for the transport of holes than the injection of electrons.
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Figure 8. Energy plot against reaction coordinate (R) to illustrate reorganization energy calculations.

3.6. Chemical reactivity indices

Based on the theory of the limit molecular orbit (LMO), the reactivity indices can be defined on the basis of the energy
difference between the HOMO and the LUMO [39]. Therefore, the calculations of the chemical reactivity indices [40]
(the chemical potential (), chemical hardness (1), and electronegativity ()) have been carried out from the following
relationships [41].

- Chemical potential u=(EHOMO+ELUMO)/2 5)
- Chemical hardness n=(ELUMO-EHOMO)/2 (6)
- Electronegativity -y = (EHOMO+ ELUMO)/2 (7)

Table 6. The HOMO, LUMO, energy gap values (eV) and chemical reactivity indices (), (w), (x)) for the studied
compounds obtained at B3LYP/6-311G (d, p)

Compounds E(HOMO) E(LUMO) Egap n n X
Mi (eV) (eV) (ev)
MO -6 .159 -2.548 3.611 -4.353 1.805 4.353
M1 -6.327 -2.549 3.778 -4.438 1.889 4.438
M2 -6.610 -2.477 4133 -4543 2.066 4.543
M3 -5.705 -2.477 3.515 -4.182 1.614 4.182

According to Table 6, the values of p for the four compounds Mi, i = 0 to 3 indicate that the electronic chemical
potential increase in the following order: M2 (-4.543) < M1 (-4.438) < MO (-4.353) < M3 (-4.182). The values of n
indicate that the compounds MO, M1, and M3 have the lowest value of hardness, i.e. 1.805, 1.889, and 1.614,
respectively, compared to M2 (2.066) which means that these are soft molecules. Therefore, the compounds MO, M1,
and M3 are more stable and more reactive compared to M2. In addition, the electronegativity values of the compounds
M2, M1, MO, and M4 were found to be 4.543, 4.438, 4.353, and 4.182, respectively

3.7. Absorption Properties
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To gain insights into the electronic transitions and excitation properties, of the four compounds, we performed
calculations using the TD / B3LYP and TD / CAM-B3LYP quantum chemistry methods with the 6-311G (d, p) basis
set on the optimized geometries. The parameters considered here are the electronic vertical transition energy (Eex), the
maximum of absorption (Amax), the oscillator forces (f), and the nature of the transitions. These parameters are shown
in Table 7.

Table 7. The first electronic vertical excitations were calculated using TD-B3LYP/6- 311G (d, p), TD- CAM-
B3LYP/6-311G (d, p) method in the gas phase

TD/B3LYP/6-311G (d, p) TD- CAM-B3LYP/6-311G (d, p)
Compounds Aabs(nm) (Ii\e;; 0.S MO/Character | Compounds Aabs(nm) (F;f/); 0.S MO/Character
MO 383.113 3.23 016 H>L (72%) MO 299.940 414 116 H>L (52%)
M1 377.963 328 027 H>L (74%) M1 296539 418 139 H>L (48%)
M2 338.308 3.66 0.71 H>L (68%) M2 285.386 434 1.74 H>L (26%)
M3 401.383 3.08 0.62 H>L (96%) M3 318.412 339 136 H>L (56%)

Based on the UV-Vis absorption spectra shown in Figures 9 and 10, we observe the similar absorption behavior of the
studied molecules (M0-M3). The vertical SO—S1 excitation energies based on the TD-B3LYP calculations for the
optimal B3LYP geometries with the 6-311G (d, p) basis sets are 3.08 eV to 3.66 eV. The excitation energies obtained
from the functional CAM-B3LYP are 3.39 eV to 4.34eV. We note that the vertical excitation energies shown in Table
7 using B3LYP functional lower than those obtained by CAM-B3LYP. In addition, as shown in Table 7 a typical
difference from 50 to 83 nm between the wavelengths of absorption calculated by the TD- B3LYP and TD-CAM-
B3LYP method in the gas phase. The maximum absorption values calculated for the four compounds M0, M1, M2,
M3 using the TD- B3LYP are ranked respectively 383.113, 377.963, 338.308, and 401.383 nm. The maximum
absorption values calculated for the four compounds M0, M1, M2, M3 using theTD-CAM-B3LYP are ranked
respectively 299.940, 296.539, 285.386, and 318.412 nm. From Table 8, the main contribution of maximum
absorption corresponds to the promotion of an electron from HOMO to LUMO, which is a transition 7-m*.
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Figure 9. Absorption spectra of all compounds Figure 10. Absorption spectra of all compounds
calculated usina TD-B3LYP/6-311G (d. 0) calculated using TD-CAM-B3LYP/6-311G (d, p)

3.8 Electrostatic potential
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To predict physicochemical properties, the PPM is directly related to electron density and a very useful descriptor in
the detection of sites for electrophilic and nucleophilic attack reactions, the interactions of hydrogen bonding as well
as the electrostatic potential areas [42,43]. Therefore, the molecular electrostatic potential was evaluated using the
B3LYP / 6-311G (d, p) method (Figure 11). We note that the MEP is a plot of electrostatic potential mapped into the
constant electron density surface [44]. In general, regions rich in electrons (red) correspond to electrophilic reactivity,
and regions deficient in electrons (blue) correspond to nucleophilic reactivity and green represents regions of zero
potential [45]. The (MEP) map (Figure 11) shows that the maximum positive region of four compounds is located on
the atoms of Selenium, Sulfur, Oxygen, Nitrogen, and phenylene rings (hydrogen and carbon atoms), which indicates
that this area is a site of electron attraction (i.e. those areas where donating of a nucleophile is most favorable).On the
other side, we also notice that the negative electrostatic potential region is mainly localized in the acceptor group
(prop-2-en-1-one), which is a possible site for an electrophilic attack. Finally, the zone with zero potential is that
where are the atoms of chlorine.
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Figure 11.Electro Mz ntial around the molecule using DFT/B3LYP, . — 3, p)
3. 9 Nonlinear optical (NLO) properties

Understanding of nonlinear optical properties is very important because of their potential applications in modern
communication technology, data storage, telecommunication, and optical signal processing [46]. The molecules with
delocalized electrons are getting much attention due to their large nonlinear optical properties. Indeed, the NLO
properties of the base molecules are important to determine the NLO properties of the materials [47]. Therefore, DFT
has been widely used to study NLO organic materials [48]. Properties, such as the dipole moment (), polarizability
(aij), and first hyperpolarizability (Ptot), are related to non-linear optical properties. Our derived values are
summarized in Table 8.The equations used to derive the value of the total dipole moment (utot), the average isotropic
polarizability <o> and the first order of the hyperpolarizability (Btot), respectively, are the following [49].

Hiot = ”>2< +“32/ +“§ ®)
(ay = %(axx + oL, + oy, (9)

Prot :\/'83+'832/+'822 (10)

Here, g = (i = x, y, z) combines the different quantities: B; =(%)Zj — X,y Z(ﬂijj +ﬁjij +ﬁjji)The NLO

behavior of a molecule is usually determined by comparing the total dipole moment ( 4, ) and the average

first-order hyperpolarizability (,Btot ).
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Table 8. The dipole moments u, polarizability a, average isotropic polarizability <o> and the first

hyperpolarizability ptot of M0-M3. The polarizability aij and hyperpolarizability tensors (Bijj) have been converted
into electronic units (esu) (a; 1 a.u = 0.1482x10% esu, P 1au=28.6393 x10'33esu).

Parameters MO M1 M2 M3

px 0.8935 0.8476 0.6659 0.4996

ny 0.3240 0.8043 2.5779 4.3073

nz -3.2190 -2.8877 -2.3468 -3.2877
utot 3.3536 3.1151 3.5491 5.4416
XX 724.194 718.537 684.810 755.828

Xy -22.4663 -23.9045  -11.3996 3.197
ayy 323.351 318.482 322.787 378.514
Xz -18.1333 -20.3035 21.5539 -1.77465
oyz -11.1704 -9.86207  -25.8397  -33.7724
0zz 306.162 294.401 258.030 224,142
atot(a.u) 451.236 443.806 421.87 452.828
o [10—24esu] 66.873 65.772 62.521 67.109
BxXX 2605.26 2577.86 1393.22 1096.72
Bxxy 238.429 660.734 2050.06 2636.33
Bxyy -148.035 -1387.76  -692.159  -336.784
Byyy 583.883 666.668 616.061 784.342
Bxxz -2780.83 -2566.83  -1613.11  -2145.12
Bxyz -164.517 -281.656  -408.565  -391.381
Byyz -351.928 -217.568 39.6687 49.5820
Bxzz -142.685 -176.817  -121.896  -331.271
Byzz -10.7489 -42.4079 3.35078 -12.7189
Bzzz 8.7226 60.9252 1.53783 27.8480

Btot(a.u) 3228.558  3177.303  3151.56  4009.144
B [10-33 esu] 27892.4811 27449.673 27227.272 34636.197

Table 8 shows that the values of average polarizability for the studied compounds M0, M1, M2, and M3 are 451.236
a.u, 443.806 a.u,421.87a.u, and 452.828 a.u respectively. Indeed, Average polarizability decreases across the studied
molecules in the order: M3 > M0 > M1 > M2. We remark that the least value of average polarizability is attributed to
compound M2 [421.87 (a.u)]. In addition, the comparison of ptot values of M0-M3 compounds indicated that ptot
values decrease in the order: M3 > M2 > MO > ML1. The values of Btot for the set of molecules increase in the order
M2 (3151.56 a.u) < M1 (3177.303 a.u) < MO (3228.558 a.u) < M3 (4009.144 a.u). That is the hyperpolarizability
increases in a manner compatible with the decrease in Egap. On the other hand, it was observed that the compound M3
with the nitrogen (N) provides the highest value of Ptot (4009.144 (a.u)) among all compounds. This highest and
lowest NLO response in the case of M3 and M2, respectively, can be attributed to the effective charge transfer from
the donor to the acceptor.

Conclusion

In this paper, we investigated geometric structures, optoelectronic properties, intramolecular charge transfer (ICT),
load mobility performance, absorption properties, electrostatic potential, and nonlinear optical (NLO) properties of the
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four M0-M3 compounds using DFT and TD-DFT methods. The insertion of chalcogen O, S, Se, and nitrogen N
affects the optoelectronic properties. They lead to a reduction of the HOMO-LUMO energy gaps and enhance
intramolecular charge transfer (ICT).Our calculated results reveal that the studied compounds generally have
prohibited band energies which make them good candidates for applications bifunctional OLED materials. The results
of reorganization energies show that these compounds are better for the hole transporting material, this means that
these compounds are better for carrying holes than electron injection and therefore can act as emitters in OLEDs. The
calculated UV-vis absorption spectra of all compounds present at an electron excitation of the HOMO — LUMO level
and an electronic transition of the type n—n* at approximately 400 nm. The first hyperpolarizability analysis reveals
that the study compounds possess considerable NLO properties.
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