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Abstract

This study aims to develop a new type of semiconductor materials. In this context, the coordination
complex (CH3-CH,-CsHs-NHz) 2 ZnBr, material was subjected to UV-Vis spectroscopy and the
dependent theoretical density functional theory (TD-DFT) studies. The optical properties such optical
absorption, band gap and molecular orbital energies are determined and discussed. The experimental
results and theoretical conclusions appear to be in good agreement. Although we checked that the
experimental molecular geometry is predicted correctly using the (TD-DFT) method. The molecular
electrostatic potential (MEP) was calculated to predict physicochemical properties. The molecular
composition of HOMO-LUMO and their band gap energies are represented in order to explain the
activity of the title compound. So, the studied material seems to have a semiconductor behavior.

Keywords: Absorption bands; Frontier molecular orbitals; Band gap energy; TD-DFT.
1. Introduction

In the increasingly-wide context of research on inorganic-organic hybrid materials, and
according to their important and diversified physicochemical properties originating in the
association of the organic and inorganic properties [1], we currently focus on the design and
investigation of coordination complexes [2-4]. Metal-organic coordination complexes,
combining simple synthesis along with tunable optical properties had a lot of concern over the
latest decades, due to their vast potential application in optoelectronic devices [5-7]. For
example, with the relevant set of optoelectronic properties, metal-organic complexes may lead
off to the next generation of solar energy conversion, replacing fragile and high-temperature
processing semiconductor materials. The inorganic-organic coordination is completed at the
level of the metal ion. Consequently, the Zn>" ion has an electron configuration [Ar] 3d10;
therefore, the coordination links are created by involvement of the unoccupied 4s and 4p AOs.
By reason of the coordination, a quasi-tetrahedral complex of zinc is formed, corresponding
bonds are represented in a simple way by the means of four electron pairs that occupy sp3
hybrid orbitals. From the optical point of view, there are two bands in the far UV corresponding
to the ligand (R-NH2) and one band corresponding to the transition of the metal to a ligand
charge-transfer (MLCT) as well as two other bands which correspond to the transition from
halogen to metal.

It is well known that the band gap energy between HOMO and LUMO is a decisive parameter
in the determination of the electrical transport properties of molecules [8]. In addition, the band
gap energy has effectively been of use to prove the bioactivity from intermolecular charge
transfer [9, 10]. Furthermore, a molecular complex with a slight frontier orbital gap have higher



polarizability and it is mostly associated to a high chemical reactivity and a low kinetic stability
[11]. In the present work, the optical properties of the complex dibromidobis(4-ethylaniline-
kN)Zinc of chemical formula (CH3-CH2-CsH4-NH2)2ZnBr2 (hereinafter called 4EA-ZnBr»),
like band gap energy, activation energy and absorption wavelength, are reported and
discussed.Results and Discussion

2. Experimental optical study

The UV-Vis diffuse absorbance spectroscopy (Figure 1) was performed on a crystalline powder
of the 4EA-ZnBr: structure of a previous work [2] at room temperature, on a VARIAN Cary
5000 double beam spectrophotometer in the spectral range 200-800 nm. The absorption
spectrum F(R) calculated from the reflectance R spectrum using the Kubelka-Munk function:
F(R) = (a/S) (1-R)*(2R). Where a, S are respectively the absorption and scattering coefficients
[12.13].
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Figurel: UV-vis absorption spectrum of 4EA-ZnBr;

Figure 1 shows the UV-visible absorption spectrum of 4EA-ZnBr. measured at room
temperature. Five strongest absorption bands centered at 236, 275, 338, 425 nm and 580 nm,
are observed. The high intense absorption peak at 236 nm is due to (m=—n*) electronic transition
while the second peak at 275 nm is due to (n—n*) electronic transition. So the intense band in
the visible region is assigned the metal to ligand charge-transfer (MLCT) [14] which is
associated with Zn(II)-4ethylaniline (A=338nm).This metal to ligand charge transfer transition
arises from the (t2g6) on the Zn(II) to the empty n* orbitals on 4-Ethylaniline ligands (t2g6 —
n *) [15-17]. The peak at 580 nm is attributed to the transition from the initial electronic state
of the Br-3p valence band to the Zn-4p. The second peak at 425nm comes from the transition
between the Br-3p valence band and Zn-4s conduction band [18-20]. We have also determined
the band gap by transformed Kubelka-Munk spectrum (Figure 1) and the photon energy axis.
The obtained value is found to be about 2.15 eV, which agrees very well with that of the hybrid
perovskite compound CH3NH3SnBr3 [21]. This result indicates that the studied compound is a
wide band gap semiconductor.

3. Optical properties calculations



To determine the structural and optoelectronic characteristics of the studied molecule, we have
started by optimizing the structure of this molecule using DFT quantum chemistry calculations
and especially the Lee - Yang - Parr LYP (B3LYP) method [22- 26]. In the same vein, we have
used the 6-311G base (d, p) [27] which is widely applied and cited by many authors for its
effectiveness in the study of macromolecular systems [28]. A frequency calculation has been
carried out to ensure that it is an absolute minimum corresponding to the most stable
conformation. Electronic properties such as HOMO, LUMO and band gap energy are
determined from the fully optimized structure.

The SCXRD experimental data [2] were used as a beginning point for optimizing the atomic
positions. In order to determine the absorption properties and the electronic transitions, we have
adopted the method of the functional theory of density versus time (TD-DFT) [29] starting from
the optimized structure obtained by the B3LYP/6-311G base (d, p) method. All the quantum
chemistry calculations performed in this work were done using the Gaussian (03) program [30].
The calculations of the simulated absorption spectra were realized using the SWIZARD
program [31].
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Figure 2: Simulated UV-Vis absorption spectrum of 4EA-ZnBr>

The corresponding simulated UV—Vis absorption spectrum data (Figure 2) like energy of
activation, wavelength absorption Aabs (nm) and oscillator strength (O.S), calculated using
TD/DFT theory are given in Tablel, where MO is the molecular orbital. As it can be seen, the
calculated wavelength Aabs of the studied compound shows a maximum at 604.001, 445.215,
347.721, 294.008 and 236.542 nm. As illustrated in Table 1, this could be regarded as an
electron transition process which is the reverse of the absorption corresponding respectively to
H-2 ->LUMO, H-8 ->LUMO, H -9->LUMO, H-10 ->LUMO and H-2 ->L+1 electron
transitions configurations. In addition, it is worth noting that the broader absorption peak means
that there is a distribution of energy level corresponding to the t=—n*, n - ©* or halogen-metal
transition. These interesting points are seen both from experimental and theoretical absorption
results.

Table 1: Absorption spectra data obtained by TD-DFT methods at B3LYP/6-311 G (d,p) optimized geometry.

Excitation Oscillator % (Major contributions
No. energies (eV) Amax(nm) Strengths MO/character




2.053 604.001 0.002 H-2->LUMO 96
2.785 445215 0.015 H-8->LUMO 13
10 3.566 347.721 0.426 H-9->LUMO 22
11 4217 294.008 0.038 H-10->LUMO 88
19 5.241 236.542 0.015 H-2->LUMO+1 91

3.1 The molecular orbital study

The optimization of molecular geometry was made at B3LYP/6-311G (d,p) level in gas phase.
The structure calculated is presented in Figure 3. So, to obtain an indication of excitation
properties, the molecular orbital contribution of the complex materials must be understood,
which explains the relative arrangement of the occupied and virtual orbits. As observed in
Figure 4, the HOMO and LUMO are respectively an antibonding and binding character between
the subunits.

Further, the electron distributions of HOMOs are essentially localized on conjugation spacer
moiety between halogen and metal, but in the LUMOs both of them are distributed between
metal and halogen and in the aromatic cycle. We present in Table 2 the calculated values of the
HOMO/LUMO and band gap energies. The band gap energy (Eg) was evaluated theoretically
as the difference between the HUMO and LOMO energies (Eg = |Enomo - ELumo|). The obtained
value Eg=2.22 eV agree very well with the experimental one, mentioned above, and confirms
the semiconductor behavior of the studied compound.
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Figure 3: Optimized and theoretical molecular structure of 4EA-ZnBr; obtained at B3LYP/6-311G (d,p) level.
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Figure 4: Obtained isodensity plots of the frontier orbital HOMO and LUMO of 4EA-ZnBr?2 obtained at
B3LYP/6-311G (d,p) level.



Table 2: The calculated values of the HOMO/LUMO energies and band gap energies for 4EA-ZnBr2.

E(HOMO) (eV) E(LUMO) (eV) Egap (eV)
-6.20 -3.98 2.22

3.2 Analysis of molecular electrostatic potential

In this part, we are interested in the study of the electrostatic molecular potential (MEP) in order
to identify the reactive sites for the electrophilic and nucleophilic attack and to predict the
physicochemical properties. We calculated Le (MEP) of the studied molecule was calculated
using the same method previously used B3LYP /6-311G (d, p). MEP is a method of correlating
electronegativity and partial charges with the chemical reactivity of molecules [32]. It is a three-
dimensional visualization that makes it possible to understand the net electrostatic effect of a
molecule by means of a graphical representation of the electrostatic potential mapped in the
constant electron density surface. It also serves to study and confirm the relative polarity of the
compounds. The electrostatic potential values at the surface are represented by different colors.
The color code of the map is in the range between —5.459 e—2 (deepest red) and
5.459 e—2 (deepest blue); where red color denotes the negative electrostatic potential or
electron rich area and blue region corresponds to the positive electrostatic potential or electron
deficient region.

It is understood from the MEP map (Figure 5) that hydrogen atoms of phenyl and nitrogen
group exhibit electropositive, this indicates that this group can act as a good donor which
consequently expected to be vulnerable site for nucleophilic attack. On the other hand, the
negative electrostatic potential region is mainly localized on the groups located on the other
side of the molecule especially in the bromine groups, which is possible site for electrophilic
attack.
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Figure5: Molecular Electrostatic Potential Maps of 4EA-ZnBr2 (Fused system) showing the blue and red color
as the positive and negative potential respectively and the green color indicates the intermediate region.

4. Confrontation between the theoretical and experimental results

4.1 Molecular geometry

A comparison between the calculated selected parameters and the experimental data [2] was
done to validate the theory level used. The molecular structure of the studied compound (Figure
6), along the c-axis has a form as V, which constitutes two benzene rings, with an angle o
between the two planes (P17P2) of the benzene rings of about 86.22° for the experimental one,



and 66.22° for theoretical one. The experimental and theoretical length of the molecule (L)
along the crystallographic b axis were found to be 14.85 A and 14.13 A respectively.
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Figure 6: Optimized and experimental molecular structure of 4EA-ZnBr; along the c-axis
and b-axis (o angle between the two planes Plet P2/ L: length of molecule).

The experimental bonds values C(4)-C(7) (1.5 A) and C(7)-C(8) (1.39 A) are in good agreement
with the calculated bonds 1.51, and 1.54 A respectively. The corresponding distances and
angles values around the zinc atom in N-Zn, Br-Zn, N1-Zn-N2, Br1-Zn-Br2, N1-Zn-Br2 and
C1-N1-Zn are also similar. In addition, the angles C2-C1-N1, C6-C1-N1, C3-C4-C7, C5-C4-
C7 and C8-C7-C4 have the same values in both experimental and theoretical studies. However,
we have not observed any significant changes in intermolecular distances and angles between
the theory and the experimental, except for torsion angles which are 131° and -50° for the
experimental C3-C4-C7-C8 and C5-C4-C7-C8, and 90° and -87.63° for the corresponding
calculated torsions angles. The intermolecular interactions are represented in the m stacking
along the c-axis by the distance CH ... C, and the interaction along the b-axis, which is called
side by side, by the distance NH ... Br. Both interactions are hydrogen interactions that have the
same experimental and theoretical values. The results are recapitulated in the Table 3.

Table 3: Summarizes the selected parameters obtained at the level of the theory B3LYP / 6-311- G (d, p) and
those of SCXRD for the molecule 4EA-ZnBr?2.

Complex formula (C2Hs-C¢H4-NH2)2ZnBr2
Experimental(SCXRD) Theory (TD/DFT)
The interactions (NH...Br) 2.73/2.81 A 2.70/2.80 A
The interactions (C-H...C) 2.79A 2.85A
N-Zn 2.05A 2.14 A
Br(2)-Zn(1) 238A 234 A
N(1)-C(1) 145 A 1.44 A
C4)-C(7) 1.50 A 1.51 A
C(7)-C(8) 1.39A 1.54 A
N1-Zn-N2 115.85° 101.17°
Brl-Zn-Br2 110.56° 107.21°
N(1)-Zn(1)-Br(2) 108.28° 112.85°
N(1)#1-Zn(1)-Br(2) 106.96° 109.88°




C(1)-N(1)-Zn(1) 113.70° 109.88°
C(2)-C(1)-N(1) 121.60° 120.22°
C(6)-C(1)-N(1) 118.50° 118.77°
C(3)-C(4)-C(7) 122.10° 120.51°
C(5)-C(4)-C(7) 120.30° 120.75°
C(8)-C(7)-C(4) 117.20° 112.37°
C(3)-C(4)-C(7)-C(8) 131.00° 90.53°
C(5)-C(4)-C(7)-C(8) -50.00° -87.63°
a (P1°P2) 86.22° 66.00°

L 1485 A 14.13 A

4.2. Optical properties

The comparison between the experimental and theoretical spectra evidences good agreements,
but also some discrepancies. The intense absorption peak measured at 236 nm is in good
agreement with the calculated peak at 236.54 nm which is due to (m—n*) electronic transition
originating in the excitation from the highest occupied molecular orbital (HOMO-2) to the
second level of unoccupied molecular orbital LUMO+1. The second experimental peak at 275
nm significantly deviates from the calculated peak at 294 nm which is due to HOMO-10—
LUMO electronic transition. The HOMO-10 and LUMO have large contributions from the n
and * respectively of the ligand 4-Ethylaniline.

An intense calculated absorption band with a maximum at 347.72 nm, slightly different from
the experimental maximum at about 338 nm, corresponds to the excitation from HOMO-9
equivalent of t2g6 (Znll) to the second level LUMO (n*) orbital of 4-Ethylaniline, this
absorption band is due to the transition metal-ligand charge-transfer (MLCT).

The other two electronic transitions calculated at 445.21 nm and 604 nm correspond to those
observed experimentally at 425nm and 580 nm respectively, showing slight discrepancies
between calculation and observation. The first transition corresponds to the excitation from
HOMO-8 to the LUMO accompanying the 3p-MO of Br to the 4s-MO of Zn, and the second
transition corresponds to the excitation from HOMO-2 (3p of Br) to the LUMO (4p of Zn). The
observed differences are probably due to the nature of the investigated sample. The latter is in
the form of single-crystals, the molecular structure is therefore impacted, at some extend, by
the crystal packing.

Despite the above slight differences, the calculated band gap Eg= 2.22 eV is close from that
obtained by experimental UV-VIS spectrum (Eg=2.15eV). The slight difference between these
values can also probably be attributed to the fact that DFT calculations are performed for gas
phases and not for solids. Disorganized system tends to increase the gap value while in the solid
state the system is organized in most cases as crystals and the value of the band gap is expected
slightly lower than that obtained from quantum calculations as found in the present study; note
that the difference of 0.07 eV between gas and solid phases band gap energies agrees with the
value reported in the literature [33- 36].

5. Conclusions

An experimental and theoretical comparative study of optical features of the complex (CHs-
CH2-Ce¢Hs-NH2)2ZnBr2, has been carried out, using experimental UV-Vis spectroscopy and
TD-DFT-B3LYP theory. The experimental energy gap is found to be 2.15 eV, in good



agreement with the calculated value (2.22 eV), which reveals that the studied complex presents
a semiconductor character. Consequently, this kind of material appears of interest to give a new
access in the researching field of semiconductor materials. Incidentally, the comparison
between the theoretical and experimental values gives also a comparison between the gas phase
and the solid phase, for this compound. The studied molecule provides similar features at the
level of the absorption bands and the gap in energy of molecules studied in gas and in solid.
Some differences can be noted, but globally this molecule adopts a similar behaviour in solid
and in gas phases. At the level of the geometric correlation of the molecular, we can notice that
the molecule is moving a little when it passes from the solid state to the gas state. This change
of state is the cause of finding some different geometrical parameter between the theory and the
experimental one, like the angles of torsion formed between C (3) -C (4) -C (7) -C (8) and C
(5) -C (4) -C (7) -C (8), as well as for the angle a (P1 * P2). The other geometrical parameters
are close between the values in gas phase (theory) and in solid phase (experimental). We
conclude that the correlation between the theory and the experimental shows that the molecule
keeps the same optical properties despite its small difference at the structural level.

On the other hand, the molecular electrostatic potential (MEP) calculation showed that the
hydrogen atoms of phenyl and nitrogen group can act as a good donor which consequently
expected to be vulnerable site for nucleophilic attack. While the negative electrostatic potential
region is mainly localized in the bromine groups, which is possible site for electrophilic attack.
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