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ARTICLE INFO ABSTRACT

Keywords: Since organic materials have applications in many fields, characterization and optical parameters
TAZ of 3-(Biphenyl-4-yl)-5-(4-tert-butylphenyl)-4-phenyl-4H-1,2,4-triazole (TAZ) molecule have been
Optical parameters investigated in different solvents. First, UV-vis spectra and optical parameters such as mass

Opto-electronic
Optical band gap
HOMO-LUMO

extinction coefficient (nqs), optical band gap (E,), refractive index (n), optical and electrical
conductance values have been also researched as experimental and theoretical. Also the most
stable state, frontier molecular orbitals and Non-linear optical properties have been investigated
with DFT methods and HOMO-LUMO energy range of TAZ molecule have been compared ex-
perimentally to the optical band gap. According to the results, it was seen that the TAZ material
was suitable for opto-electronic applications because of its high refractive index and wide Eg
value.

1. Introduction

The high efficiency of OLEDs with a simple structure has always been of great importance, for example by optics, electronics and
optoelectronics, because of the wide range of applications [1-9]. The materials designed for OLEDs are expected to have the ap-
propriate HOMO-LUMO energy level, balanced charge bearing mobility, high luminescence efficiency and good stability [10-12].
The ability to carry the holes of organic materials is better than the ability to carry electrons. Therefore, it is necessary to give electron
transport materials (ETMs) with high electron injection and carrying capacity to increase the performance of OLED [13]. Kido et al.
developed a highly conductive layer (ETL) by co-evaporating the alkali metals together to obtain an effective electron injection and
transfer in OLEDs [14].

The triazole derivatives are used quite effectively in the field of pharmaceutical chemistry [15]. 1,2,3 triazole, one of the triazole
derivatives, was used for anticancer, antimicrobial and anti tuberculosis activities [14-18]. In addition, the 1,2,3-triazole group is
highly stable and has been used in broad therapeutic applications such as antibacterial, antiallergic and anti-HIV [19-29]. 3-(Bi-
phenyl-4-y1)-5-(4-tert-butylphenyl)-4-phenyl-4H-1,2 4-triazole (TAZ), which is a triazole derivative having 4 phenyl rings and a
triazole core, is commonly used as ETM due to high electron injection. TAZ, which has a structure very similar to 2-(4-Biphenylyl) -5-
phenyl-1,3,4-oxadiazole, has been shown to have more effective electron injection and more hole blocker [30].

In this paper, we have investigated for OLED applications, spectroscopic properties and electronic structure of TAZ as an organic
material. Firstly, we have calculated the potential energy surface (PES) to find the lowest-energy (lowest frequency) state of the
molecule. After the optimized structure of the title molecule is found in the gas phase, the minimum energy state in DCM and
chloroform solvents have been calculated. Then, the spectroscopic properties (IR and Raman) of the studied molecule have been
characterized by DFT method and experimental data. Then, Uv—vis spectra have been examined experimentally and theoretically on
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different solvents and found in the experimental Uv—vis spectra data mass extinction coefficient (apq), optical band gap (Ey),
refractive index (n), optical and electrical conductance values. Furthermore, electronic properties of TAZ molecule such as frontier
molecular orbital have been examined using density functional theory. Frontier molecular orbital energy gap values have been
calculated TD/B3LYP and TD/CAM-B3LYP methods. Later, density of state (DOS) spectra was obtained Gaussum 2.2 program [31].

2. Experimental details

Chloroform and Dichloromethane (DCM) solvents and 3-(Biphenyl-4-yl)-5-(4-tert-butylphenyl)-4-phenyl-4H-1,2,4-triazole(TAZ)
were purchased from a chemical company (Sigma-Aldrich, USA). FT-IR and FT-Raman spectra was taken using Perkin Elmer
Spectrum Two (UATR) IR spectrophotometer and Thermo Scientific Nicolet 6700 FT-IR / NXR FT-Raman Modiil instrument, re-
spectively. The spectra was recorded from 4000 to 400 cm™ and from 4000 to 0 cm™. Was prepared in two solvents for the TAZ
molecules (DCM and chloroform) and for 0.03 mM dissolved in 10 ml. Thereafter, we taken UV-spectra values using a Genesys 10S
UV-vis Spectrophotometer (Thermo Scientific).

3. Computational details

Spectroscopic, electronic structure and optic properties of TAZ molecule have been obtained using DFT/B3LYP method and
6-311 G(d,p) basis set [32-34]. UV-VIS and HOMO-LUMO analysis calculations were also calculated with B3LYP as well as CAM-
B3LYP in order to understand the evoked condition analysis [35,36]. We have been used GAUSSIANO9 program package in the
calculations [37]. In order to draw DOS diagrams, GaussSum 2.2 program have been used by running log files calculated in GAU-
SSIANO09 program package. Potential energy surface (PES) have been used to find the most stable structure without any symmetry.
Once the molecule is optimized the spectroscopic and electronic properties was calculated. Spectroscopic properties of TAZ have been
obtained by using B3LYP/6-311 G(d,p) level. Electronic and optical properties have been obtained by TD method.

4. Results and discussion
4.1. UV spectra analysis for different solvents

Uv-Vis spectrum of the TAZ molecule were examined experimentally and theoretically (for B3LYP and CAM-B3LYP functional)
using different solvents. The experimental absorbance and theoretical molar absorption spectra depends on the wavelength are given
in Fig. 1a, b for chloroform and DCM. As shown in Fig. 1a, two peaks are observed in both theoretical and experimental results for
DCM solution. The maximum peaks of experimental and theoretical (in B3LYP and CAM-B3LYP) in this solvent are found 288, 312
and 193 nm, respectively. Similarly, in Fig. 1b the spectrums have one peaks and a shoulder. The maximum peaks 287 (experi-
mental), 311(B3LYP) and 194 (CAM-B3LYP) nm are also observed. As shown in Fig. 1ab, the peaks in the theoretical and experi-
mental spectrums calculations are found to be approximately the same for both solvents. However, different values were observed for
different solutions in experimental results. The energy values corresponding to the maximum peaks in the experimental Uv-vis
spectra are 4.30 and 4.32 eV for DCM and chloroform solvent, respectively.

4.2. Optical parameters of the TAZ

Optical absorption measurements are one of the most common techniques used to determine the direct and indirect energy
ranges, optical absorption coefficient, and band structure of the sample studied. We've achieved some optical parameters for the TAZ
molecule such as mass extinction coefficient (ayqs), optical band gap (E;), refractive index (n), optical and electical conductance
values in this context for different solvents.

The a,,,45s coefficient is an important parameter for optoelectronic applications. We obtained the s values of the TAZ molecule
solutions for DCM and chloroform and their graphs are given in Fig. 2 [38-41]. The molecular weight (M,) of the TAZ molecule used
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Fig. 1. The experimental and theoretical molar absorptivity plots vs. wavelength (1) of TAZ for DCM and chloroform solvents.
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Fig. 2. The mass extinction coefficient () plot vs wavelength (1) of TAZ for DCM and chloroform solvents.

in these calculations is 425,569 g/mol. As can be seen from the Fig. 2, the mass extinction coefficient (4.33 eV) of the TAZ molecule in
the DCM solvent is greater than the value in the chloroform (4.31 eV) solvent.

Forbidden energy band intervals using optical transmittance spectra can be calculated. The absorption coefficients (a) of each
wavelength are calculated using Beer Lambert's law. When absorption coefficients (a) are found, the forbidden energy band gap can
be calculated using the Tauc equation [42]:

aFE = B(E — Eg)P (€D)]

where E are the photon energy, B is a constant and p is a unitless constant with a value of 1/2 for direct transitions and 2 for indirect
transitions. For TAZ semiconductor, the appropriate value of the p was found to be 1/2, that is, for electrical dipole allowed direct
band gap transitions. Thus, the (aE)? curves vs. E of the TAZfor chloroform and DCM were indicated in Fig. 3.The allowed direct band
gap (Eg) values were obtained from the linear regions of Fig. 3.The optical band gap (E,) of the TAZ molecule according to Fig. 3 was
found to be 3.92 and 3.91 eV for DCM and chloroform, respectively. The Eg value was found for the same solvents using the methods
of TD/B3LYP and CAM/B3LYP. The results obtained with TD/B3LYP method are consistent with the experimental results and with
the absorbance band edge calculated while the Eg range is found.

Some other optical properties such as refractive index of the of TAZ molecule were studied. The refractive index (n) is an
important optical parameter. It is known that the n value of a material decreases with energy gap. The refractive index of the
molecule are calculated using reflectance and extinction coefficient (k) data [43]. The refractive index graph for the TAZ molecule is
given in Fig. 4 for different solvents. The value of n was found to be different for DCM and chloroform solvents and gave the highest
value in the DCM solvent from these solvents. This value decreases with increasing wavelength. According to Fig. 4, the refractive
index for TAZ is 2.64 and 2.62 (3.97 eV). The refractive index is reduced to the minimum 1.018 and 0.755 and is 3.52 eV.

Another parameter for optical materials is the optical conductance (g,,) and electrical conductance (o) [44]. These parameters
depend on absorption coefficients (), refractive index (n), speed of light (c) and wavelength A. The energy dependent graphs of the
optical conductance and electrical conductance values for the TAZ molecule are given in Fig. 5a-b for DCM and chloroform solvent.
As can be seen in Fig. 5a, the optical conductance the maximum value is seen in the chloroform solvent at 4.11 eV. Similarly,
electrical conductance chloroform solvent gave the maximum peak (3.95eV) in Fig. 5b. These results indicate that this parameter
value can be changed in solvent environments.
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Fig. 3. The (ahv)? vs photon energy (E) of TAZ for DCM and chloroform solvents.
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Fig. 4. The refractive index (n) curves wavelength (A) of TAZ for DCM and chloroform solvents.
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Fig. 5. a) The optical conductance (o,,) and b) electrical conductance (g..;) curves vs. (E) of TAZ for DCM and chloroform solvents.

4.3. Potential energy surface (PES) and structural and vibrational analysis

PES was calculated to find the lowest energy state of the TAZ molecule on single bonds that were thought to alter this energy. The
all phenyl rings attached to the triazole ring are calculated as 36 steps by varying 10° in the range 0-360°. The calculated 5 torsion
angles for the molecule. These angels are C5-C2-C6-C8, C9-C13-C16-C18, C4-C1-C38-C40, C43-C45-C48-C57 and C2-N3-C27-C28,
respectively. Potential Energy Surfaces (PES) for TAZ molecule are shown Fig. 6a. After finding the lowest energy state, the molecular
geometry of TAZ molecule was optimized using B3LYP / 6-311 G(d,p) level and the molecular structure are given Fig. 6b. The
molecule was found to be in C1 form without any force of symmetry and the lowest vibration frequency was determined as positive.
The lowest frequency was found to be 16.36 (chloroform) and 16.53 (DCM) when the optimized structure was calculated on solvents.
According to these results, the TAZ molecule in chloroform solvent has a more stable structure.

The TAZ molecule with empirical formula C3oH>;N3 has 60 atoms and 174 vibrational bands. The vibrational modes of the
molecule are computed with DFT/B3LYP methods. The experimental and theoretical vibration spectra are shown on a single graph in
Fig. 7 for comparison. In the theoretical IR spectrum the sharpest band are seen at 1460 cm ™. This vibrational mode is the band in
which the CH3 group shows scissoring vibration. This value corresponds to 1472 cm ™! in the experimental IR spectrum. The in-plane
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Fig. 6. a) Potential energy surface (PES) of TAZ. b) Theoretical optimized geometric structure of the TAZ.
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Fig. 7. The experimental and calculated (with the scale factor) FT-IR and FT-Raman spectra of the TAZ.

bending (CH) in the phenyl rings, the breathing in the triazole ring and scissoring vibrations of the CH3 groups modes are calculated
as 1440 cm ™! in which seen together are the sharpest band in the Raman spectrum. This bands are observed as 1460 and 1465 cm ~*
in dis-Raman and FT-Raman spectrums, respectively.
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Fig. 8. The frontier molecular orbitals of the TAZ for chloroform solvent.

4.4. Frontier molecular orbitals and total density of states (DOS)

In order to understand the nature of the charge transfer in the compounds, we have drawn the most important transition of the
TAZ molecule in Fig. 8. This transition is between the lowest unoccupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO), and these orbitals are called frontier molecular orbitals. This HOMO and LUMO orbitals of the molecule in
which the transition between orbitals found to be concentrated in the group of atoms, and gives important information about the
characteristic of intramolecular charge transfer [45]. The valence band (HOMO) in the TAZ molecule was localized only in the
triazole groups and three phenyl groups while the conductivity band (LUMO) was localized the whole of molecule except C-3(CH3)
groups. The energy difference between the frontier molecular orbitals is an important parameter for conductivity [48,49]. This
energy difference was calculated as 4.46 and 4.47 eV for the TAZ molecule in TD-DFT/B3LYP method and as 6.93 and 6.94 eV in TD-
DFT/CAM-B3LYP method for chloroform and DMF solvent respectively. In gas phase, these values were calculated as 3.64 eV. The Eg
(optical band gap) value measured experimentally was found as 3.92 eV in DCM solvent and as 3.91 eV in the chloroform solvent. The
lower optical band gap of the TAZ is obtained for chloroform solvent.

Taking account of only the HOMO-LUMO orbitals may not give a real definition [46]. In this case, neighboring orbitals also can
use characterization of frontier orbitals. Therefore, the total density of states (DOS) [47-51] were computed and created by con-
voluting the molecular orbital information with Gaussian curves of unit height and the full width at half maximum of 0.3 eV using
GaussSum 2.2 program [31] In the B3LYP and CAM method, the HOMO-LUMO energy band gap calculated in chloroform and DCM
solvents was combined with the Eg (optic band gap) which were experimentally used in the same solvents using Tauc formula and
DOS diagram to form Fig. 9. According to this diagram, the B3LYP method gives better results compared to the experimentally
available Eg (optical band gap) value.

4.5. Nonlinear optical properties and dipole moment

Values such as polarizability and hyperpolarizability are defined as non-linear optical properties of molecules. Finding data gives
clues that the materials can be used in areas such as optical sensors, optical switching, signal processing and displays. Theoretical
studies have an important place in finding the non-linear optical properties of materials. In this study, non-linear optical properties of
TAZ molecule such as polarizability (a), anisotropy of polarizability (Aa), and mean molecular hyperpolarizability (3) and total
dipole moment were examined by DFT/B3LYP methods and given in Table 1. In order to find non-linear optical values, Gaussian
output file was used and atomic units in output file were converted to electronic units. These values must be large in order for a
material to show good NLO properties. The values obtained are generally compared to urea, which is a polarized molecule. These
values for TAZ are calculated as B; = 9409.616571 x 1032 esu and Aa = 162.458717°2* esu. When the results are compared with
urea (B = 194.7 x 10733 esu and Aa = 3.8312 x 1072* esu), it is seen that the values are approximately 100 times higher than
urea, and these results indicate that TAZ can be used as NLO material.

When the dipole moment of the TAZ molecule was examined in different solvents, a high value such as polarizability and
hyperpolarizability was found. These values are 5.8635 Debye in the gas phase, 7.9709 Debye in DCM solvent and 7.5839 Debye in
chloroform. The highest contribution to these dipole moments is provided by u, (u, = 5.8514 Debye). These values in the solvents
and gas phase are compatible with Eg (optical band gap) values.

5. Conclusions
Some physical and chemical properties of the TAZ molecule in DCM, chloroform solvents and in the gas phase (such as

96



E. Babur Sas

Wt
in o in

DOS
=
1,3 ]

-0.5

-1.5

Optik - International Journal for Light and Electron Optics 188 (2019) 91-98

—TD/B3LYP 2) DCM
—TD-CAM/B3LYP
Experiment: Eg =3.92 eV
2 a8 16 a4 a2 10 8 6 4 2 0
Energy (eV)
—TD/B3LYP b) chloroform
—TD-CAN/B3LYP

DOS

xperiment: Eg =3.91 eV

Eg=4.46 ¢V
Eg=6.93 eV
-20 -18 -16 -14 -12 -10 -8 -6 -4 2 0

Table 1

Energy (eV)

Fig. 9. Density of state (DOS) spectrum of TAZ.

The dipole moments p (D), the polarizability o (a.u.), the average polarizability o, (x10~2* esu), the anisotropy of
the polarizability Aa (x10~2* esu), and the first hyperpolarizability B (x10* esu) of TAZ.
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spectroscopic, electronic, photophysical) were investigated. Compared to the vibrational spectra of the two different solvents and gas
phase spectroscopically examined the molecule, it was found that the chloroform solvent (16.36) was more stable than DCM (16.53).
In order to examine the advantages of the molecule in optoelectronic applications, band gap was compared theoretically and ex-
perimentally and B3LYP method was found to be better than CAM/B3LYP method. TAZ has a wide range of optical band gap (3.6 eV)
and a high refractive index (n~2.6) as a semiconductor. Due to these properties, it can be used in optoelectronic applications.
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