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a b s t r a c t

This work reports synthesis and characterization of a novel compound, 4-Bromo-2-(2,5-dichloro-phe-
nylimino)-phenol (BDP). The crystal structure of this Schiff base is determined and compared with DFT
calculations. Density functional theory (DFT) and time dependent density functional theory (TD-DFT) is
applied to study the optical, electronic properties, vibrational frequencies and optimized structure of 4-
Bromo-2-(2,5-dichloro-phenylimino)-phenol by B3LYP, M06e2X, and ab initio (HF) methods and 6
e311þþG (d,p) basis set. The geometry and electronic properties, thermodynamic functions and atomic
charges of the title compound are reported too. Finally, the calculated normal mode vibrational fre-
quencies provide thermodynamic properties through the principle of statistical mechanics. A natural
bond orbital (NBO) analysis was carried out to explain the charge transfer or delocalization of charge due
to intra-molecular interactions.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Schiff base compounds with imine groups (-C]N-) have been
attracting interest for many years, because they play an important
role in coordination chemistry [1e9]. Oxygen and nitrogen donor
schiff base compounds are of particular interest because of their
ability to form transition metal complexes with unusual configu-
rations and sensitivity to molecular environments [10,11]. Aromatic
amines are known as important compounds to play a key role in
biology and chemical industry [12,13]. They are interesting from
several points of view, e.g., for their thermal properties, non-linear
optical properties, analytical application, biological and pharma-
cological activities, and application as dyes and pigments [14e16].
Individually, aniline and its derivatives are reported in the fabri-
cation of dyes, pesticides and antioxidants [17e19]. In previous
reports, IR and Raman spectra of different derivatives of aniline
, alireza.soltani@goums.ac.ir
such as 3-chloro-4-methyl aniline, 2,4-dichloroaniline, 2,5-
dichloroaniline, 2,6- dichloroaniline, and 3,4-dichloroaniline have
been reported [20e23]. In other previous report, we studied the
crystal structures of 2,6-dichlorobenzylidene-2,4-dichloroaniline
and 2,4-dichlorobenzylidene-2,4-dichloroaniline by single-crystal
X-ray diffraction and characterized by FT-IR and 1H NMR spec-
troscopies [24]. Theoretical calculations were compared with the
experimental techniques with very good agreement. In this work,
the structure of schiff base 4-bromo-2-(2,5-dichloro-phenylimino)-
phenol was studied by using X-ray, UVeVis, FT-IR, and 1H NMR
spectroscopies (see Fig.1). In addition, HOMO (the highest occupied
molecular orbital), LUMO (lowest unoccupied molecular orbital),
and natural bond orbital (NBO) analysis were used to elucidate the
information regarding charge transfer within the molecule.
2. Experimental

2.1. Material and characterization techniques

All reagents and solvents for synthesis and spectroscopic studies

mailto:alireza.soltani46@yahoo.com
mailto:alireza.soltani@goums.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2018.01.009&domain=pdf
www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc
https://doi.org/10.1016/j.molstruc.2018.01.009
https://doi.org/10.1016/j.molstruc.2018.01.009
https://doi.org/10.1016/j.molstruc.2018.01.009


Fig. 1. Scheme of theoretical optimized structure of 4-Bromo-2-(2,5-dichloro-phe-
nylimino)-phenol.

Fig. 2. Layer of the reciprocal space containing reflections of the type hkh (zone [1 0 -
1]). The image was digitally reconstructed from three-dimensional distribution of
diffracted intensities obtained by electron diffraction tomography. The systematic
absences along b* corresponding to the 21 screw axis are clearly observable.
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were commercially available and used without further purification.
5-Boromo salicylaldehyde, 98% (CAS Number: 1761-61-1), 2,5
dicholoroaniline, 99% (CAS Number 95-82-9), methanol, 99% (CAS
Number: 67-56-1), and acetone (CAS Number: 67-64-1) have been
purchased from Merck. 1H NMR spectra were measured with a
BRUKER DRX-500 AVANCE spectrometer at 500MHz and all
chemical shifts reported in d units downfield from tetramethylsi-
lane (TMS). The infrared spectrumwas recorded by JASCO 680 plus
FT-IR spectrophotometer.

2.2. Synthesis of 4-Bromo-2-(2,5-dichloro-phenylimino)-phenol

The compounds 5-boromo salicylaldehyde (0.168 g) and 2,5
dicholoroaniline (0.201 g) were refluxed and dissolved in methanol
(10ml) and kept at 45 �C for 45min to give a clear orange solution.
Then the precipitate was stirred and filtered off, and washed with
methanol (5ml). The suitable crystals for X-ray study diffraction
analysis were formed by slow evaporation of the solvent after
24 h at room temperature. (Yield: 92%).

2.3. X-ray crystallography

Crystal structure analysis by combination of x-ray single crystal
diffraction, powder diffraction and electron diffraction tomography.

2.3.1. X-ray single-crystal diffraction experiment
A single crystal of the dimensions

0.26mm� 0.16mm� 0.14mm of 4-Bromo-2-(2,5-dichloro-phenyl-
imino)-phenol was chosen for the X-ray diffraction study. Crystal-
lographic measurements were done at 150 K with four circle CCD
diffractometer Gemini of Oxford diffraction, Ltd., with mirrors-
collimated Cu Ka radiation (l¼ 1.54184 Å). Crystal structures
were solved by charge flipping with program SUPERFLIP [25] and
refined with the Jana2006 program package [26] by full-matrix
least-squares technique on F2. The molecular structure plots were
prepared by Diamond 4.0 [27].

2.3.2. X-ray powder diffraction experiment
The powder diffraction experiment was done on the PANalytical

Empyrean powder diffractometer at the room temperature from 3�

to 80� 2Theta (0.2mmborosilicate glass capillary, CuKa1.2, focusing
mirror, step size was 0.013� 2Theta).

2.3.3. Electron diffraction tomography experiment
The electron diffraction experiments were conducted on a
Philips CM120 transmission electron microscope with a LaB6
cathode operating at 120 kV and equipped with a CCD Camera
Olympus SIS Veleta with a 14 bit dynamical range and resolution
2048� 2048 pixels. Four crystals were examined. The data collec-
tion was performed using the diffraction tomography approach
[28]. The crystals were not oriented along a special zone axis prior
to the data collection but were left in a random orientation. During
the data collection the crystal was tilted in steps of 1� around the
main tilt axis of the sample holder, and at each tilt a diffraction
patternwas recorded. A tilt range from�30� toþ30� was used. This
experimental method allows a collection of 3-dimensional electron
diffraction data set in a short time and is ideally suited for unit cell
determination of beam-insensitive materials.
2.3.4. Unit cell parameters and the initial structure model
Single crystal experiment was complicated by low quality of the

sample. After many attempts to find the suitable single crystal for
the measurement only diffracting clusters with significant contri-
bution to the measured data were found. The monoclinic unit cell
a¼ 3.94, b¼ 22.78, c¼ 7.15, b¼ 105.5�, space group P21, and the
direct methods in SIR2011 revealed all non-hydrogen atom posi-
tions of the title molecule in the crystal structure. However, due to
the bad quality data, it was impossible to refine the crystal structure
model to the reasonable R values. Hencewe decided tomeasure the
powder diffraction data in order to refine the crystal structure
model correctly.

The powder diffraction profile could be mostly indexed with the
unit cell found from the single crystal experiment, however two
weak unexplained reflections were found in the powder pattern at
positions d1¼13.64 Å and d2¼ 4.55 Å. Both peaks are close to the
theoretical positions of reflections d(001)¼ 14.37 Å and
d(003)¼ 4.79 Å (differences in 2Theta values: D1-(001)¼ 0.1� 2Theta,
D2-(003)¼ 0.3� 2Theta) of the double unit cell where the c�¼ 2c. The
refinement of the double unit cell did not lead to the explanation of
these peak positions and subsequent indexation process including
these two new positions was unsuccessful. Hence we decided to
use the electron diffraction tomography to find the correct unit cell.

The electron diffraction experiment (see the experimental sec-
tion for details) was performed on four samples. Out of the four
examined crystals, two yielded diffraction data of sufficient quality
to determine the unit cell parameters. The results confirmed the
unit cell obtained from the single crystal experiment and also



Table 1
Crystal data and powder structure refinement parameters of compound 1.

Empirical formula C13H8Cl2NO
Crystal system, Space group Monoclinic, P21
T (K) 293
a (Å) 7.18626 (10)
b (Å) 22.9573 (3)
c (Å) 4.01243 (4)
b (�) 105.5665 (10)
V (Å3) 637.677 (13)
Z 2
Rp 0.009
Rwp 0.013
Rexp 0.004
S 2.94
Parameters 116
Restrains 30
Crystal size (mm) 20� 0.2� 0.2
2qmax (�) 79.9
2qmin (�) 3.02
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confirmed the space group P21, see Fig. 2.
Table 2
Selected bond distances and angles.

Property Exp B3LYP HF M06e2X

Gas Solvent Gas Solvent Gas Solvent

Br1eC12 1.853 (5) 1.917 1.922 1.900 1.905 1.898 1.902
2.3.5. The final structure refinement from powder data
The Le Bail fitting of powder diffraction data in the JANA2006

software [26] refined the unit cell parameters a¼ 7.18626 (10) Å,
b¼ 22.9573 (3) Å, c¼ 4.01243 (4) Å, b¼ 105.5665 (10)�, V¼ 637.677
(13) Å3 and space group P21. Initial structure model was taken from
the single crystal data (see Table 1).

In several first refinement steps only coordinates of the rigid
molecule of title compound together with one isotropic ADP
parameter for all atoms were refined. Subsequent refinement
allowed to introduce the anisotropic parameter for Br atom and
allowed to remove the rigid body constraint, but still the model had
to be fixed by bonds and bond-angles restraints. At the final
refinement stage 3 isotropic ADP parameters (one for all carbon
atoms, 1 for nitrogen and 1 for oxygen atoms), 3 anisotropic ADP
parameters for Cl and Br atoms, and positions of all non-Hydrogen
atoms (hydrogen atoms were kept in their theoretical positions)
were refined together with profile parameters, zero-shift, back-
ground, March-Dollase (0 0 1) parameter and unit cell parameters.
During the final refinement, shape of the molecule was kept by
bond and bond-angle restraints for carbon, oxygen and nitrogen
atom types as follows: bond distances between atoms in groups C1/
C2/C3/C4/C5/C6/C7/C8/C9/C10/C11/C12/C13 and N1/C6/C7 were
Fig. 3. Final Rietveld plot showing the measured data (red thin-cross), calculated data
(black line) and difference curve (blue line). Calculated Bragg positions are shown by
vertical bars.
kept on the same unspecified value and the distance C9eO1 was
fixed to 1.366 Å. All bond-angles were kept on the same unspecified
value (weighting factor was 0.01) except the N1eC7eC8 angle
which was restrained to 120� with the soft weighting factor 0.1. The
final agreement factors lead to the low values: Robs¼ 1.27%,
Rp¼ .93%, Rwp¼ 1.29%, GOF¼ 2.94, see Fig. 3. Due to the fact that
the position of the hydrogen atom in the hydroxyl group was not
located in the difference Fourier map and it's positions was
impossible to refine, the corresponding hydrogen was removed
from the refinement.
2.4. Computational methods

In this research, all computations were performed via Gaussian
03 program package [29] at the level of density functional theory
(DFT) using the hybrid exchange-functional B3LYP, M06e2X, and
HFmethods in gas phase and solution phase (methanol). The B3LYP
[30,31] and M06e2X [32] methods and 6e311þþG** standard
basis set are sufficient for geometry optimization of a molecular
structure. For chemical shielding calculations, the GIAO (gauge in-
dependent atomic orbital) method was applied in combination
with the B3LYP functional and 6e311þþG** basis set [24,33]. It is
generally accepted that the use of an improved basis set increases
the accuracy of the calculated chemical shielding. After each ge-
ometry optimization, the vibrational frequency calculations were
performed (B3LYP) in order to ensure whether the calculated ge-
ometry corresponds to a (local) minimum and not to a saddle point
on the energy hypersurface. For 4-Bromo-2-(2,5-dichloro-phenyl-
imino)-phenol, the quantum molecular descriptors such as ioni-
zation potential (I), electron affinity (A), electronegativity (c),
hardness (h), softness (S), chemical potential (m), and electrophi-
licity index (u) were studied [34e36].

S¼ 1/2h (1)

u¼ m2/2h (2)
Cl1eN1 2.840 (5) 2.992 2.997 2.985 2.988 2.974 2.978
O1eC9 1.397 (5) 1.366 1.360 1.348 1.342 1.354 1.348
O1eH1 0.9604 0.963 0.965 0.941 0.943 0.961 0.964
N1eC6 1.406 (4) 1.397 1.398 1.399 1.400 1.390 1.391
N1eC7 1.404 (6) 1.278 1.281 1.254 1.257 1.272 1.275
C1eC2 1.406 (7) 1.389 1.388 1.379 1.380 1.385 1.384
C1eC6 1.406 (4) 1.407 1.406 1.392 1.393 1.400 1.400
C2eC3 1.406 (8) 1.393 1.393 1.384 1.385 1.386 1.387
C3eC4 1.405 (7) 1.390 1.390 1.379 1.380 1.384 1.385
C4eC5 1.407 (6) 1.387 1.388 1.380 1.380 1.383 1.383
C5eC6 1.406 (5) 1.404 1.405 1.391 1.392 1.397 1.398
C7eC8 1.409 (5) 1.466 1.464 1.476 1.475 1.459 1.457
C8eC9 1.408 (5) 1.407 1.409 1.391 1.393 1.400 1.403
C8eC13 1.405 (5) 1.403 1.405 1.393 1.394 1.397 1.396
C9eC10 1.406 (4) 1.396 1.397 1.388 1.390 1.391 1.393
C10eC11 1.406 (6) 1.389 1.388 1.380 1.379 1.383 1.382
C11eC12 1.406 (8) 1.395 1.396 1.385 1.388 1.390 1.392
C12eC13 1.407 (5) 1.383 1.382 1.376 1.374 1.379 1.377
C9eO1eH1 e 110.12 110.54 111.44 111.72 110.16 110.62
N1eC7eH7 119.74 121.97 121.61 122.18 121.89 121.91 121.62
N1eC7eC8 120.0 (4) 121.80 122.26 121.65 122.07 121.84 122.26
C3eC4eCl2 e 118.94 119.13 119.09 118.91 119.47 119.31
C8eC9eO1 120.0 (3) 117.87 117.95 118.14 118.23 117.07 117.93
C6eN1eC7 124.0 (4) 120.11 119.74 119.62 119.30 119.44 119.20
C5eC6eN1 120.0 (3) 121.99 122.07 121.62 121.76 121.89 121.99



Fig. 4. The molecular structure of 4-Bromo-2-(2,5-dichloro-phenylimino)-phenol.
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m ¼ � (I þ A)/2 (3)

h¼ (I-A)/2 (4)

where I and A are the ionization potential and system electron
Table 3
Vibrational wavenumbers reported at B3LYP/6e311þþG (d,p) method.

HF (cm�1) IR Intensity Approx. mode B

520.23 19.817 w (CH) 4
612.87 16.262 w (CH), s (ring) 4
686.92 32.719 s (ring), tw (CH) 5
918.63 49.011 w (CH) 6
995.12 52.555 w (CH) 6
1016.02 25.907 s (C]N), w (CH) 8
1160.74 38.279 s (ring), w (CH) 9
1208.73 132.611 asy (ring), r (OH) 9
1229.87 67.957 asy (ring), r (CH) 1
1324.81 115.089 r (CH, OH), asy (ring) 1
1398.30 23.0955 r (CH) 1
1438.74 168.294 r (CH, OH) 1
1546.87 67.561 asy (ring), r (CH) 1
1572.65 89.118 s (ring), r (CH, OH) 1
1645.79 78.127 s (ring) r (CH) 1
1661.20 165.747 r (CH), s (ring) 1
1783.63 84.782 s (ring), r (OH) 1
1805.20 35.334 s (ring), r (OH) 1
1855.25 434.495 s (C]N) 1
3343.04 16.500 s (CH) 1
3522.18 138.878 s (OH) 1

3
3

r: Rocking, w: Wagging, t: Twisting, s: Symmetric and asy: Asymmetric.
affinity, respectively. EHOMO: the highest-occupiedmolecular orbital
energy, plus the first eigenvalue of the valence band, ELUMO: the
lowest-unoccupied molecular orbital energy. Hard molecules have
a large HOMO-LUMO gap and soft molecules have a small one [37].
The frontier molecular orbitals play an important role in the elec-
trical and optical properties, as well as in UVeVis spectra and
chemical reactions [38]. High values of m and low values of h,
characterize a good electrophone species.

3. Results and discussion

3.1. Geometrical structure

Based on experimental and theoretical calculations the
comparative relaxed structural parameters including bond lengths
and bond angles in both gas and solvent phases were calculated by
B3LYP, M06e2X, and HF methods with 6e311þþG** standard basis
set. Result of these calculations are presented in Table 2. The mo-
lecular structure of 4-Bromo-2-(2,5-dichloro-phenylimino)-phenol
is shown in Fig. 4. Selected bond distances and angles (theoretical
and experimental) are presented in Table 2. As shown in Fig. 4, the
title compound contains two aromatic rings with dihedral angles
5�, meaning the rings are almost coplanar. The single bonds N1eC6
and the double bonds N1¼C7 distances of 1.406 (4) Å and 1.404 (6)
Å, respectively, are consistent with the corresponding values in
similar Schiff bases compounds [7e9]. Also, the C8eC7eN1 and
C7eN1eC6 bond angles are consistent with the corresponding
values in similar Schiff bases compounds [7e9].

3.2. FT-IR spectra

IR (KBr) (ymax, cm�1): 3428 (OeH), 1466 (C]C), 1611 (C]N), 810
(CeCl), 797 (CeBr). The strong bands at 1611.5 cm�1 in its respec-
tive FT-IR spectra is assigned to the eC]Ne stretching vibration
while bands at (3300e3500) are assignable to OeH [1,2]. The FT-IR
spectra also show several weak bands corresponding to aromatic
and aliphatic CeH stretching (2923-3084 cm�1), and aromatic CeC
stretching (1448-1600 cm�1) [39,40]. The theoretical calculations
predict that the strongest bands at 819 and 794 cm�1 for CeCl and
3LYP (cm�1) IR Intensity Approx. mode

72.11 13.710 w (CH)
98.41 12.635 w (CH), r (OH)
68.07 12.234 w (CH)
01.38 15.244 w (CH)
32.06 40.537 s (ring), s (CeBr)
09.32 35.769 w (CH)
07.81 51.634 asy (CH), s (CeBr)
32.71 40.520 t (CH), s (CN), s (ring)
070.62 61.619 s (ring)
128.09 140.968 r (OH), asy (ring)
220.24 74.444 r (OH), asy (ring), s (CN, ring)
289.59 83.975 r (CH), asy (ring)
319.90 116.734 r (CH, OH), s (CO)
373.44 24.731 asy (ring), r (OH)
417.05 20.440 r (CH), asy (ring)
438.15 53.141 r (CH), asy (ring)
462.77 93.692 r (OH), s (ring)
514.16 65.182 s (ring)
533.29 110.134 r (CH), asy (ring)
636.98 97.647 s (ring)
720.79 219.791 asy (C]N)
112.16 20.456 s (CH)
446.64 75.639 s (OH)



Table 4
Calculated thermodynamic parameters of structure.

HF B3LYP

Property Gas Gas
Zero-point energy (kcal/mol) 120.08 111.6
Rotational constants (GHZ) 0.443 0.108 0.944 0.433 0.108 0.931
E (kcal/mol) 129.73 121.49
CV (cal/Mol-kelvin) 56.38 58.58
S (Cal/Mol-kelvin) 132.37 133.50
DH (kcal/mol) 47928.12 47939.12
DG (kcal/mol) 47935.76 47953.76
DS (kcal/mol) �47.217 �49.091

Fig. 6. AFM image of 4-Bromo-2-(2,5-dichloro-phenylimino)-phenol.
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CeBr stretching vibrations, respectively [41,42]. The bands between
1509 and 1530 cm�1 are calculated, two C]C stretching vibrations,
for this molecule at the B3LYP method (see Table 3). The CeH vi-
brations have found in the regions 3174, 3210, 3228, 3231, and
3244 cm�1 [43]. In this molecule a weak band is observed at
3428 cm�1 for OeH stretching vibration. A very strong band
assigned to CeN stretching vibration, appearing in the IR spectrum
in the region 1796 cm�1. The thermodynamic parameters are
calculated at the same level of optimization to establish the nature
of stationary points as true minima. If we assume that 2,5-
Fig. 5. Experimental 1H NMR spectra of the complex.
Dichloroaniline, 5-Bromo-Salicylaldehyde are Ground 1, Ground 2
and combine 4-Bromo-2-[(2,5-dichloro phenylimino)-methyl]-
phenol as Transition. The E0 (sum of the electronic and the zero-
point energies), enthalpy H (sum of the electronic and the ther-
mal enthalpy), Gibbs free energy G (sum of the electronic and the
thermal free energy) and entropy S, were calculated according to
the output of the frequency calculation (B3LYPmethod) in Gaussian
03 program. For the Zero-point energies (E0), the thermal Energies
(E), the thermal enthalpy (H), the thermal Gibbs free energy (G) and
the entropy (S), respectively:

E¼ E0 þ Evib þ Erot þ Etrans

H ¼ E þ RT

G¼H e TS

In addition, the thermodynamic functions are summarized in
Table 4.

Ground1 þ Ground2 / Transition

Gibbs free energy of reaction has been evaluated by using the
expression (8):
Table 5
The calculated the electronic properties and quantum molecular descriptors of 4-
Bromo-2-(2,5-dichloro-phenylimino)-phenol.

Property B3LYP HF M06e2X

Gas Solvent Gas Solvent Gas Solvent

EHOMOs/eV �6.49 �6.51 �8.72 �8.71 �6.70 �6.75
ELUMO/eV �2.44 �2.42 0.72 1.14 �2.23 �2.24
Eg/eV 4.05 4.09 9.44 9.85 4.47 4.51
EF/eV �4.47 �4.47 �4.00 �3.79 �4.47 �4.50
[I¼ - EHOMO]/eV 6.49 6.51 8.72 8.71 6.70 6.75
[A¼ - ELUMO]/eV 2.44 2.42 0.72 1.14 2.23 2.24
[h¼ (I _ A)/2]/eV 2.03 2.05 4.0 3.79 2.24 2.26
[m¼ -(I þ A)/2]/eV �4.47 �4.47 �4.72 �4.93 �4.47 �4.50
[S¼ 1/2h]/eV 0.25 0.24 0.13 0.13 0.22 0.22
[u¼ m2/2 h]/eV 4.92 4.87 2.78 3.20 4.46 4.48



Table 6
Computed absorption wavelength lmax (nm), excitation energies E (eV) and oscillator strengths (f) of 4-Bromo-2-(2,5-dichloro-phenylimino)-phenol in gas phase and
methanol.

Methods Energy/eV lmax/nm f Major contribs

B3LYP Gas 5.30 234 0.039 H-5/L (10%), H-1/Lþ1 (51%), H/Lþ1 (10%)
4.58 270 0.415 H-3/L (71%), H-2/L (13%), H-5/L (5%)
3.51 353 0.253 H/L (84%), H-3/L (5%), H-1/L (7%)

Solvent 5.30 233 0.039 H-5/L (13%), H-1/Lþ1 (44%), H/Lþ1 (10%)
4.57 271 0.415 H-3/L (71%), H-2/L (14%), H-5/L (5%)
3.50 354 0.253 H/L (84%), H-3/L (5%), H-1/L (7%)

M06-2X Gas 5.52 224 0.166 H-2/ L (16%), H-1/Lþ1 (13%), H/ Lþ1 (39%)
4.81 257 0.061 H-3/L (19%), H-2 / L (18%), H-1 /L (21%), H/L (7%)
3.92 326 0.223 H-3 /L (12%), H/ L (56%), H-5/ L (8%)

Solvent 5.51 224 0.157 H-2 / L (15%), H-1 / Lþ1 (13%), H / Lþ1 (39%)
4.79 258 0.067 H-3 / L (21%), H-2 /L (16%), H-1/ L (23%),H/Lþ1 (12%)
3.91 327 0.234 H-3 / L (12%), H/ L (57%), H-5 / L (8%)

Fig. 7. HOMO and LUMO of 4-Bromo-2-(2,5-dichloro-phenylimino)-phenol molecule.
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Fig. 8. Computed band structure of 4-Bromo-2-(2,5-dichloro-phenylimino)-phenol
molecule.

Fig. 9. Experimental UVevis spectrum of 4-Bromo-2-(2,5-dichloro-phenylimino)-
phenol.
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DGðTÞ ¼ DHðTÞ �  TDSðTÞ
The statistical thermo chemical analysis of TCP is carried out

considering the molecule is at room temperature (298.15 K) and
one atmospheric pressure. The obtained the thermo chemical
studies results are listed in Table 3.

3.3. 1H NMR spectra

1H NMR (500MHz, CDCl3): dppm¼ 6.95e7.55 (m, Ar-H, 6H),
8.54e8.55 (s, CH]N, 1H), 12.88 (s, OH, 1H). The 1H NMR spectra of
the title compound display the singlet signal at 1.60 ppm assigned
to Chloroform, TMS and one singlet signal at 8.5 ppm assigned to
eHC]N group, the singlet signal at 12.88 ppmwhich is assigned to
the proton of the eCeOH group (see Fig. 5). The aromatic protons
appear at 6.95e7.55 ppm. The aromatic protons observed between
6.90 and 7.65 ppm. The 1H NMR chemical shifts of 1 were
computed within GIAO approach at the B3LYP/6e311þþG** level.

3.4. AFM analysis

Fig. 6 represents Atomic Force Microscopy (AFM) of 4-Bromo-2-
(2,5-dichloro-phenylimino)-phenol. The scanned area of this
structure is 10� 10 mm. As can be observed the size of the syn-
thesized Schiff base was found to be in range 0.5e1 mm.

3.5. HOMO-LUMO analysis

The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are the main orbitals
important for the chemical stability [41]. The HOMO represents the
ability to donate an electron and LUMO acts as an electron acceptor.
The HOMO and LUMO energy were computed by DFT/B3LYP and
DFT/M06e2X methods and are summarized in Table 5.

The electronic transition from the ground to the first excited
state can be mainly described through an electron excitation from
HOMO to LUMO level. The charge density distribution on the
HOMO level is localized on the C]N and CeC bonds and also ox-
ygen, boron, and chloro atoms; while on the LUMO level demon-
strates an electron density transfer from aniline ring to the CeC and
CeN bonds and slightly on oxygen and chloro atoms (See Fig. 7).
The energetic position of the HOMO and LUMO levels in the BPD
molecule are about �6.49 and �2.44 eV in gas phase and �6.51
and �2.42 eV in solvent phase at B3LYP fuctional, respectively. In
contrast, the HOMO energies are raised by �8.72 and �8.71 eV and
the LUMO energies are lowered by 0.72 and 1.14 eV in gas and
solvent phases at HF fuctional, respectively. On the other hand, the
HOMO energy obtained in gas phase (�6.70 eV) with the M06
fuctional which this value is slightly smaller than solvent phase
(�6.75 eV). Whereas the value of LUMO energies in both gas and
solvent are equal about �2.23 and �2.24 eV, respectively.

Some factors such as chemical hardness, chemical potential and
the highest rate of electron transfer can be calculated through their
energy levels. Typically, a small HOMO-LUMO energy gap means a
high chemical activity and a low chemical stability.

In the following figure, the band structure of the considered
molecular crystal is represented and with regard to the monoclinic
structure of the molecule the points with high symmetry in brillion
region are selected for the presentation of energy levels. As it is
clear from the band structure, a very narrow conducting band is the
evidence of metallic nature of this molecular crystal even though
the properties of conducting band structures are different at two
opposite side of the berillion region and the empty bands are in
accordancewith the LUMO and conducting bands are in accordance
with the HOMO orbitals which are represented by different colors
(See Fig. 8). By noticing the difference between the energy level of
HOMO and LUMO, we can comprehend that there is a significant
difference between the gap of molecular crystal and energy gap in
solvent and isolated states which can have a significant effect on
the optical excitation properties like adsorption and
photoluminescence.

The measured electronic spectrum of 4-Bromo-2-(2,5-dichloro-
phenylimino)-phenol compound indicated adsorption bands at
237, 276, and 357 nm regions owing to intra ligand p/p* and
n/p* transitions involving the molecular orbital of the aromatic
ring in the experimental structure (See Fig. 9). TD-DFT calculations
were accomplished for this above compound in gas and solvent
phases by M06e2X functional and 6e311þþG** standard basis set
(See Fig. 10). According to the theoretical study the first electronic
excitation is observed at lmax¼ 233 nm/f¼ 0.039, while second and



Fig. 11. Experimental PL spectrum of 4-Bromo-2-(2,5-dichloro-phenylimino)-phenol.

Fig. 10. Theoretical UVevis spectrum of 4-Bromo-2-(2,5-dichloro-phenylimino)-phenol.
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third electronic excitations observed at lmax¼ 271/f¼ 0.415 and
lmax¼ 354 nm/f¼ 0.253, respectively, which is associated with the
solvent phase (B3LYP functional). ForM06e2X functional at solvent
phase, the electronic excitations are evident at lmax¼ 224 nm/
f¼ 0.157, lmax¼ 258 nm/f¼ 0.067, lmax¼ 327 nm/f¼ 0.234. The
calculations show that the theoretical data at B3LYP functional
(solvent phase) is in good agreement with the experimental data in
comparison with the M06e2X functional in both gas and solvent
phases. (see Table 6).

Excitonic energies of 4-Bromo-2-(2,5-dichloro-phenylimino)-
phenol compound was studied by photoluminescence (PL) spec-
trum (See Fig. 11). According to the figure we have four significant
peaks in PL spectra of Schiff base molecule as they are related to the
coupled electron-hole recombinations with different values of
wavelength as indicate to the different schemes of excitons binding
energies (Eb). The corresponding values of the first peak observed
at 3.93 eV is related to the electron-hole recombination of the
methanol as it has strengthened with combination of Schiff base
molecule. According to the PL spectra we have both Wannier-Mott
(non-localized) and Frankel (localized) excitons which are con-
structed at the molecular surface. As the relationship of the binding
energy (Eb) for excitons can obtained according to equation:

Eb¼ Eg - Eexciton

Eb1¼4.05e3.93¼ 0.12 eV

Eb2¼ 4.05e3.33¼ 0.72 eV

Eb3¼ 4.05e2.85¼1.2 eV

Eb4¼ 4.05e2.60¼1.45 eV

the Eb1 is a Wannier-Mott exciton (as it is lower the 0.4 eV) and
Eb2,Eb3 and Eb4 are frankel type excito with binding energy higher
the 0.4 eV.
3.6. NBO and Muliken analysis

In the 4-Bromo-2-(2,5-dichloro-phenylimino)-phenol parame-
ters related to hybridization value, occupation number and also
polar number values were considered using the natural bonding
orbital (NBO) calculations. Occupancy represents the percent of
contribution electron in the bond. NBO analysis has been per-
formed to determine the relative importance of individual inter-
molecular interactions in the context of a donor-acceptor model
[44,45]. The calculation of NBO analysis indicates a loss of occu-
pancy from electron concentration in the idealized Lewis structure
into an empty non-Lewis orbital. For every donor (i), acceptor (j),
and stabilization energy E2 related to the delocalization i / j is
estimated as



Table 7
Second order perturbation theory analysis of Fock matrix in NBO basis for 1 by B3LYP method.

Donor (i) Occupancy Polarity(a) NHO Acceptor aE (2)kJ/mol bE(j)-E(i) a.u. cF (i, j) a.u.

pC1-C2 1.979 0.706/0.707 Sp1.81d0.0 p*C1eC6 2.96 1.30 0.055
pC2-C3 1.980 0.707/0.707 Sp1.55d0.0 p*C1eC2 3.25 1.29 0.058
pC2-Br25 1.984 0.705/0.709 Sp3.51d0.01 p*C3eC4 2.87 1.20 0.053
pC3-C4 1.961 0.698/0.715 Sp1.90d0.0 C2eBr25 5.54 0.79 0.059
C3eH22 1.976 0.790/0.613 Sp2.41d0.0 C1eC2 4.49 1.08 0.062
pC4-C5 1.969 0.710/0.704 Sp2.01d0.0 p*C2eC3 23.19 0.28 0.073
pC5-C6 1.978 0.710/0.704 Sp1.63d0.0 p*C4eC5 4.36 1.27 0.066
sC5-O23 1.994 0.575/0.818 Sp3.09d0.0 s*C3eC4 1.64 1.49 0.044
C6eH7 1.800 0.777/0.629 Sp2.49d0.0 C4eC5 3.96 1.08 0.059
pC8-N9 1.986 0.637/0.771 Sp1.95d0.0 p*C10eC12 9.14 0.36 0.055
sC8-H19 1.985 0.774/0.632 Sp2.19d0.0 s*C3eC4 3.94 1.10 0.059
pN9-C10 1.979 0.764/0.644 Sp2.04d0.0 p*C8eN9 1.31 1.40 0.038
pC10-C11 1.972 0.710/0.704 Sp1.86d0.0 p*C10eC12 3.60 1.27 0.060
pC11-Cl18 1.988 0.679/0.733 Sp3.36d0.0 p*C10eC12 2.56 1.26 0.051
pC12-H15 1.976 0.783/0.621 Sp2.44d0.0 p*C10eC11 3.75 1.07 0.057
pC14-Cl20 1.988 0.675/0.737 Sp3.43d0.0 p*C10eC12 2.28 1.26 0.048
C16eH21 1.978 0.783/0.622 Sp2.41d0.0 C12eC14 4.36 1.10 0.062
O23eH24 1.987 0.860/0.509 Sp3.73d0.0 C4eC5 4.12 1.30 0.066
sC13-H17 1.977 0.783/0.622 Sp2.47d0.0 s*C10eC11 4.41 1.07 0.061
LP (1)O23 1.978 e Sp1.27d0.0 p*C4eC5 27.27 0.36 0.095

a E (2) means energy of hyperconjucative interactions (stabilization energy).
b Energy difference between donor and acceptor i and j NBO orbitals.
c F (i, j) is the Fock matrix element between i and j NBO orbital.
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Eð2Þ ¼  DE ij ¼ qi  F ði;  jÞ2
εj�  εi (5)

where qi is the donor orbital occupancy, are εj and εi diagonal el-
ements and F (i, j) is the off-diagonal NBO Fock or matrix Kohn-
Sham matrix element. The stabilization energy (E (2)) demon-
strates the amount of electrons participation for compounds and
interaction between electron donors and electron acceptors. The
strong intramolecular interactions are composed by the orbital
overlap between pC4-C5/p*C2eC3, pC8-N9/p*C10eC12,
C16eH21/C12eC14, and LP (1)O23/p*C4eC5 are accountable
for the conjunction of respective p-bonds in the aromatic ring
owing to the great electron density at the conjucted p bonds and
slight electron density at p* bonds which leads intramolecular
charge transfer inducement stabilization of molecule [46,47]. We
found the maximum stabilization energy for LP (1)O23/ p*C4eC5
Fig. 12. ELF plot of 4-Bromo-2-(2,5-
with the value of 27.27 kJ/mol. Table 7 indicates these observations
for 4-Bromo-2-(2,5-dichloro-phenylimino)-phenol by B3LYP
method.
3.7. Electron localization function (ELF)

The electron localization function (ELF) was initially determined
by Becke and Edgecombe to determine electron localization from
Hartree-Fock orbitals [48] and then applied to Kohn-Sham orbitals
by Savin et al. [49]. It is determined as

hðrÞ ¼ 1

1þ
h
DðrÞ
Dh

ðrÞ
i
2

dichloro-phenylimino)-phenol.
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DðrÞ ¼ 1
2
 X

i

jV4iðrÞj2 � 1
8
jVr ðrÞj2
r ðrÞ

DhðrÞ ¼
3
10

�
3p2

�2=3 rðrÞ5=3
where D(r) is the excess of the kinetic energy density to the Pauli
repulsion. Dh(r) is the corresponding value for a uniform electron
gas and is used as reference. h(r) is used to make the ELF value
between 0 and 1, and to give a suitable sharpness in the h-regions
of most interest. ELF is a useful tool in describing chemical bonding
when a three-dimensional representation is present [50]. In Fig. 12,
it can be seen that the high value of ELF at the carbon site indicates
strongly paired electrons with local bosonic character. The slightly
value of ELF between bromine and carbon, and the ELF value of at
the bromine site (partially because of the presence of d-electrons)
with spherically symmetric distribution indicate that the bonding
interaction between bromine and carbon is dominated by an ionic
interaction. A particular polarized character is found around the
hydrogen sites with a weak density (revealed by the red color) in
the structure, showing the existance of polar covalent bonding [51].

5. Conclusion

A single crystal of 4-Bromo-2-(2,5-dichloro-phenylimino)-
phenol schiff base is reported as product of reaction between 5-
boromo salicylaldehyde and 2,5 dicholoroaniline by X-ray diffrac-
tion study. Schiff base was synthesized and characterized on the
basis of analytical, UVevis, PL, FT-IR, AFM, and 1H NMR spectra.
Theoretical calculations were in good agreement with the
measured values of the UVeVis and IR Spectroscopy as well as X-
ray structure analysis. Based on calculations, the optical and elec-
tronic adsorption spectra of Schiff base in gas and solvent phases
are similar.

Supplementary data

Crystallographic data (excluding structure factors) for the
structure reported in this paper has been deposited with the
Cambridge Crystallographic Center. Copies of the data can be ob-
tained free of charge on application to The Director, CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK, fax: þ44 1223 336 033, e-mail:
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk.
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[23] Ş. Yurdakul, A.I. Şen, Vib. Spectrosc. 20 (1999) 27.
[24] A. Soltani, F. Ghari, A.D. Khalaji, E. Tazikeh Lemeski, K. Fejfarova, M. Dusek,

M. Shikhi, Spectrochim. Acta Part A 139 (2015) 271e278.
[25] L. Palatinus, G. Chapuis, J. Appl. Crystallogr. 40 (2007) 786.
[26] V. Petricek, M. Dusek, L. Palatinus, Structure Determination Software Pro-

grams, Jana2006, Institute of Physics, Praha, Czech Republic, 2008.
[27] L.J. Farrugia, J. Appl. Crystallogr. 30 (1997) 656.
[28] E. Mugnaioli, T. Gorelik, U. Kolb, Ultramicroscopy 109 (2009) 758e765.
[29] M. Frisch, G. Trucks, H. Schlegel, G. Scuseria, M. Robb, J. Cheeseman, et al.,

Gaussian 03, Revision D. 01, Gaussian Inc, Wallingford, CT, 2004.
[30] A.D. Becke, J. Chem. Phys. 98 (1993) 5648.
[31] C. Lee, W. Yang, R.G. Parr, Phys. Rev. B 37 (1988) 785.
[32] Y. Zhao, D.G. Truhlar, Theor. Chim. Acta 120 (2008) 215.
[33] A. Soltani, A. Varasteh Moradi, E. Tazikeh Lemeski, J. Mol. Struct. 1105 (2016)

128e134.
[34] R.G. Parr, R.A. Donelly, M. Levy, W.E. Palke, J. Chem. Phys. 68 (1978) 3801.
[35] R.G. Parr, L. Szentpaly, S. Liu, J. Am. Chem. Soc. 121 (1999) 1922.
[36] T. Koopmans, Physica 1 (1933) 104.
[37] N. Saikia, R.C. Deka, Comput. Theor. Chem. 964 (2011) 257e261.
[38] D. Jacquemin, C. Peltier, I. Ciofini, J. Phys. Chem. 114 (2010) 9579e9582.
[39] A. Fu, D. Du, Z. Zhou, Spectrochim. Acta Part A 59 (2003) 245.
[40] R.M. Silverstein, F.X. Webster, Spectrometric Identification of Organic Com-

pounds, sixth ed., Jon Wiley Sons Inc., New York, 1963, pp. 71e109.
[41] N. Gunay, E. Tarcan, D. Avcı, K. Esmer, Y. Atalay, Z. Naturforsch. 64a (2009)

745e752.
[42] S. Sudha, N. Sundaraganesan, M. Kurt, M. Cinar, M. Karabacak, J. Mol. Struct.

985 (2011) 148e156.
[43] G. Varsanyi, Assignment for Vibrational Spectra of Seven Hundred Benzene

Derivatives, vols. 1e2, Academic Kiaclo, Budapest, 1973.
[44] K. Fukui, Theory of Orientation and Stereoselection, Springer-Verlag, Berlin,

1975 see also: Fukui, K. Science 218 (1987) 747.
[45] M. Kaur, Y.S. Mary, H.T. Varghese, C.Y. Panicker, H.S. Yathirajan,

M.S. Siddegowda, C.V. Alsenoy, Spectrochim. Acta Part A 98 (2012) 91.
[46] A. Esme, S. Gunesdogdu Sagdinc, J. Mol. Struct. 1048 (2013) 185e195.
[47] R.N. Singh, A. Kumar, R.K. Tiwari, P. Rawat, J. Mol. Struct. 1048 (2013)

448e459.
[48] A.D. Becke, K.E. Edgecombe, J. Chem. Phys. 92 (1990) 5397e5403.
[49] A. Savin, O. Jepsen, J. Flad, O.K. Andersen, H. Preuss, H.G. von Schnering,

Angew. Chem. Int. Ed. 31 (1992) 187e188.
[50] A.D. Becke, K.E. Edgecombe, A simple measure of electron localization in

atomic and molecular systems, J. Chem. Phys. 92 (1990) 5397e5403.
[51] A. Soltani, M. Ramezani Taghartapeh, M. Bezi Javan, P.J. Mahon, Z. Azmoodeh,

E. Tazikeh Lemeski, I.V. Kityk, Physica 97 (2018) 239e249.

mailto:deposit@ccdc.cam.ac.uk
http://www.ccdc.cam.ac.uk
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref1
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref2
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref2
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref3
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref3
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref3
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref4
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref4
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref4
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref5
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref5
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref6
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref7
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref7
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref7
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref8
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref8
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref9
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref9
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref9
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref10
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref10
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref10
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref11
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref11
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref11
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref12
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref12
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref12
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref12
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref13
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref13
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref13
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref13
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref13
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref14
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref14
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref14
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref15
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref15
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref15
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref15
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref16
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref16
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref16
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref16
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref16
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref17
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref17
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref18
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref18
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref18
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref19
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref20
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref20
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref20
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref21
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref22
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref23
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref23
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref24
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref24
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref24
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref25
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref26
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref26
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref27
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref28
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref28
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref29
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref29
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref30
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref31
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref32
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref33
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref33
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref33
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref34
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref35
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref36
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref37
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref37
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref38
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref38
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref39
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref40
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref40
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref40
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref41
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref41
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref41
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref41
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref42
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref42
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref42
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref43
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref43
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref43
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref44
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref44
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref45
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref45
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref46
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref46
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref47
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref47
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref47
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref48
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref48
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref49
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref49
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref49
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref50
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref50
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref50
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref51
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref51
http://refhub.elsevier.com/S0022-2860(18)30018-8/sref51

	Crystallography, vibrational, electronic and optical analysis of 4-Bromo-2-(2,5-dichloro-phenylimino)-phenol
	1. Introduction
	2. Experimental
	2.1. Material and characterization techniques
	2.2. Synthesis of 4-Bromo-2-(2,5-dichloro-phenylimino)-phenol
	2.3. X-ray crystallography
	2.3.1. X-ray single-crystal diffraction experiment
	2.3.2. X-ray powder diffraction experiment
	2.3.3. Electron diffraction tomography experiment
	2.3.4. Unit cell parameters and the initial structure model
	2.3.5. The final structure refinement from powder data

	2.4. Computational methods

	3. Results and discussion
	3.1. Geometrical structure
	3.2. FT-IR spectra
	3.3. 1H NMR spectra
	3.4. AFM analysis
	3.5. HOMO-LUMO analysis
	3.6. NBO and Muliken analysis
	3.7. Electron localization function (ELF)

	5. Conclusion
	Supplementary data
	Acknowledgments
	References


