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Abstract

This study used both theoretical and experimental methods to
examine the structural, vibrational, and electrical characteristics
of the 2,5-Bis(1-naphthyl)-1,3,4-oxadiazole (BND) molecule. The
vibrational wave numbers, bond lengths, and bond angles of the
optimized molecular structure were examined and compared to
the experimental results. Plots of the correlation between the
recorded FT-IR and FT-Raman spectra and the Density
Functional Theory (DFT) computations were created.
Furthermore, chemical shift values were theoretically predicted
using the GIAO method in THF solvent and NMR spectra were
collected; these values demonstrated a satisfactory correlation
with the experimental values. The frontier molecular orbitals
(HOMO-LUMO) were analyzed to assess the electronic
properties, and a sizable energy gap that demonstrated the
molecule's stability was discovered. The charge distribution and
active spots in the molecule were revealed by 2D contours and
molecular electrostatic potential (MEP) surface analysis.

Keywords: DFT; FT-IR; FT-Raman; NMR; HOMO-LUMO; MEP.

Oz

Bu calismada, 2,5-Bis(1-naftil)-1,3,4-oksadiazol (BND)
molekiliniin yapisal, titresim ve elektriksel ozellikleri hem
teorik hem de deneysel yontemlerle incelenmistir. Optimize
edilmis molekdler yapinin titresim dalga sayilari, bag uzunluklar
ve bag acilari incelenmis ve deneysel sonuglarla
karsilastirilmistir. Kaydedilen FT-IR ve FT-Raman spektrumlariile
Yogunluk Fonksiyonel Teorisi (DFT) hesaplamalari arasinda
korelasyon grafikleri olusturulmustur. Ayrica, kimyasal kayma
degerleri THF ¢ozlicisiinde GIAO ydntemi kullanilarak teorik
olarak tahmin edilmis ve NMR spektrumlari toplanmistir; bu
degerler deneysel degerlerle tatmin edici bir korelasyon
gostermistir. Elektronik o6zellikleri degerlendirmek icin sinir
molekiler orbitalleri (HOMO-LUMO) analiz edilmis ve
molekdlin kararhihgini gosteren 6nemli bir enerji boslugu
kesfedilmistir. Molekildeki yuk dagilimi ve aktif noktalar 2D
konturlar ve molekuler elektrostatik potansiyel (MEP) yuzey
analizi ile ortaya g¢ikariimistir.

Anahtar Kelimeler: DFT; FT-IR; FT-Raman; NMR; HOMO-LUMO,; MEP.

1. Introduction

Oxadiazole derivatives have attracted significant
attention due to their wide range of applications in
pharmaceuticals, materials science and corrosion
inhibition (Bouklah et al. 2005, Fouda et al. 2006). These
heterocyclic compounds exhibit unique electronic and
structural properties that contribute to their biological
activities, including antimicrobial, anti-inflammatory and
anticancer effects (Holla et al. 2003, Foroumadi et al.
2003, Bajaj et al. 2015). Furthermore, oxadiazole-based
molecules have been investigated for their ability to act
as corrosion inhibitors by adsorbing onto metal surfaces
and reducing material degradation (Lagrenee et al. 2001).
The effectiveness of oxadiazole derivatives in corrosion

inhibition is closely linked to their molecular structure and

electronic properties (ElI-Rehim et al. 1999) Organic
inhibitors generally function by donating electrons to the
metal forming stable coordination bonds

2009, Chebabe et al. 2003,

surface,
(Hosseini and Azimi
Fuentealba et al. 2000).

A number of oxadiazoles with high electron transport
potentials have been studied in the literature in materials
science (Tokuhisa et al. 1995, Chang et al. 2015, Reig et al.
2017, Peng et al. 1998). Especially compounds with 1,3,4
oxadiazole rings are investigated for their optical and
electronic properties for the fabrication of OLEDs (Yang et
al. 2015, Tao et al. 2011, Hughes and Bryce, 2005).
Anthracene derivatives of the molecule BND investigated
in this paper have significant potential as electron
transport layers (Reddy et al. 2011). The structure of
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organic compounds has a significant effect on the
properties of materials, especially in solvent media
(Krukiewicz et al. 2016, Huangzhong 2010, Jeon et al.
2013, Tanis et al. 2018).

Computational methods, especially Density Functional
Theory (DFT), have proven to be powerful tools for
studying the electronic structure and vibrational
properties of oxadiazole derivatives (Andzelm and
Wimmer 1992, Stephens et al. 1994). DFT calculations
allow researchers to optimize molecular geometries,
predict infrared (IR) and Raman spectra, and analyze
electron density distribution (Fang and Li, 2002). By
comparing theoretical results with experimental
spectroscopic data, it is possible to obtain deeper insights
into the structure-property relationships of these

compounds (Rodriguez-Valdez et al. 2005, Sas et al. 2022)

Using both experimental and theoretical methods, we

examine the structural, vibrational, and electrical
characteristics of the BND molecule in this work.
Previously, we concentrated on its optical features (Sas et
al. 2018). We examine the molecular structure of these
molecules using DFT simulations in conjunction with
infrared and Raman spectroscopy methods. The results of
this study advance a more thorough comprehension of
the uses of oxadiazole derivatives in both scientific and

industrial domains.

2. Materials and Methods

A 97% pure powder sample of the 2,5-Bis(1-naphthyl)-
1,3,4-oxadiazole molecule was provided by Across
Organics. The molecule's FT-IR and FT-Raman spectra
were captured between 4000-400 cm-1 and 3500-10 cm-
1. Using the KBr disc method, the Perkin Elmer BX
spectrometer's FT-IR spectrum was acquired. The Agilent
brand 600 MHz frequency, 14.1 tesla field power
Premium Compact NMR apparatus, and THF-dd solvent
were used to record the 1H-NMR and 13C-NMR spectra
using parts per million (ppm).

The Gaussian 09 software (Frisch et al. 2009) and the DFT
/ B3LYP /6-311G ++ (d, p) base set (Hohenberg and Kohn,
1964, Becke 1992) were used for all of the calculations in
this investigation. This basis set was used to optimize the
molecule and determine its geometrical characteristics
and vibrational frequencies. The estimated vibration
frequencies were multiplied by the scaling factor from the
to the
experimental vibration frequencies. NMR studies and

particular references to get them closer
frontier molecular orbitals were also carried out for the
BND molecule. 13C and 1H NMR chemical shifts were
calculated in THF solvent using the GIAO method and the
B3LYP/6-311G(d,p) basis set (Ditchfield 1972, Wolinski et

al. 1990). A 3D surface map displaying the molecule's
electron density was used to visualize and analyze the

molecular electrostatic potential surface (MEP).

p @

Figure 1. The BND's theoretically optimal geometric structure.
3. Results and Discussions
3.1 Structural and Vibrational Analysis

BND molecule is a molecule with an empirical formula
C22H14N20 having two single bonds and thirty-nine
atoms. The molecule is rotated around single bonds and
the least energy structure has been found and optimized.
Fig. 1 shows the molecule's optimal structure. Using the
fundamental set of 6-311 ++ G (d, p), the values of the
bond lengths and bond angles—the molecule's structural
parameters—are computed and provided in Table 1.

Table 1. Some geometric parameters of the BND molecule
[Bond Lengths (A), Bond Angles (°)]

Bond Length Bond Angles
C1-C2 1.373 C2-C1-C6 119.9
C1-Cé 1.405 C2-C1-H8 120.6
C1-H8 1.083 C6-C1-H8 119.4
Cc3-C4 1.436 C1-C2-C3 120.8
C5-C18 1.463 C1-C2-H9 120.6
C6-H12 1.082 C3-C2-H9 118.6
C10-C14 1.371 C2-C3-C4 119.9
H7-C10 1.085 C2-C3-C10 120.6
Cl1-H17 1.079 C4-C3-C10 119.5
C13-H15 1.084 C3-C4-C5 117.8
Cl14-H16 1.084 C3-C4-C11 117.7
C24-H30 1.079 C5-C4-C11 124.5
N37-N38 1.381 C4-C5-C6 119.9
C18-N37 1.299 C4-C5-C18 124.5
C18-039 1.368 C6-C5-C18 115.6
C19-N38 1.299 C1-C6-C5 121.5
C19-039 1.368 C1-C6-H12 120.2

The BND molecule's C-C and C-H bond lengths at its
lowest energy were determined to be between 1.3714
and 1.4634 A and 1.0849 and 1.079 A, respectively. The C-
C-C bond angles were determined to be between 115.6
and 1245 A. The carbon atoms in the phenyl ring
connected to the carbon atoms of the oxadiazole ring had
bond lengths of 1.46 A between 5C-18C and 19C-20C. It
was determined that the C-C bond lengths at the
oxadiazole ring were 1.43 A. The molecule's C-H bond
lengths are typically determined to be 1.08 A. However,
because of intramolecular contact, the C11-H17 and C24-
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H30 bond lengths were determined to be 1.079 A. The
BND molecule next to the oxadiazole ring has C-C-C bond
angles of 117 degrees, whereas the phenyl ring has C-C-C
bond angles of 120 degrees.

Although the BND molecule's structure parameters have
been compared to those of related compounds, the
molecule's crystal structure has not yet been identified in
the literature.
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Figure 2. The BND's FT-IR and FT-Raman spectra, both
experimentally and computationally (using the scaling factor).

In the 1,3,4 oxadiazole molecule, the C=N bond was
calculated as 1.291 A, the N-N bond was 1.405 A, and the
C-O bond was 1.360 A (El-Azhary 1996). In the 5-phenyl-
1,3,4-oxadiazole-2-thiol molecule, E Romana et al.
calculated the same bond lengths as 1.293 A, 1.396 A and
1.357 A, respectively (Romano et al. 2012) This molecule
also has a phenyl ring attached to the oxadiazole ring and
the C-C bond length which provides this linkage is
calculated to be 1.457 A (Romano et al. 2012).

According to the X-Ray data of the 5-phenyl-1,3,4-oxadiazole-2-
thiol molecule, the same bonds were 1.285 A, 1.376 A, 1.367 A
and 1.454 A, respectively (Singh et al. 2007). C=N, N-N and C-O
bonds in the studied molecule were found to be 1.299, 1.381,
1.368, respectively.

BND molecule 111 (3N-6) has fundamental vibration.
Wavenumbers are calculated according to the minimum
energy situation. The estimated wavenumbers were
multiplied by scaling factors 0.967 (int. ref. 1) to match
experimental and

the experimental values. The

theoretical vibration spectra are shown on a single graph
in Figs. 2 and 3 for comparison.
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Figure 3. The BND's computed and experimental correlation
graph

In the theoretical Raman spectrum, the sharpest band are
seen at 1517 cm-1 with the scaling factor. This vibrational
mode is the band in which the C=N stretching vibration.
This value corresponds to 1579 cm-1 in the experimental
Raman spectrum. This peak is seen as the sharpest peak
in the experimental IR spectrum (1529 cm-1). However,
the theoretical IR was assigned as the second sharpest
peak (1523 cm-1) in the spectrum. C-N stretching band is
a mixed band with CCH bending or C-C stretching
vibration. Of the 111 basic vibration bands of the BND
molecule, 14 were named pure bands and this band was
assigned as the C-H band. C-H vibration band was
calculated in the range of 3132-3057 cm-1. This band in
FT-Raman was also observed at 3061 cm-1, while FT-IR
was observed at 3048 cm-1. Theoretical and experimental
wavenumbers are compared in Table 2.

C-C and C=C vibration bands in ring usually recorded in
range of 1430-1625 cm-1 (Krishnakumar and Xavier 2003,
Singh and Yadav 2001). These bands by Varsanyi are
observed in between of 1625-1561, 1575-1590, 1470-
1540, 1430-1465 and 1280-1380 cm-1 (Varsanyi 2012).
These vibrations of BND molecule intensely were
computed at 1608-1491, 1333-1340, 1269-1306, 1196,
1015-1054 cm-1 and observed at 1529, 1577 cm-1 and at
1541, 1579, 1032 cm-1 in FT-IR and FT-Raman,
respectively.

1034



Structural, Vibrational, and Electronic Properties of 2,5-Bis(1-Naphthyl)-1,3,4-Oxadiazole..., BABUR SAS and KURT.

Table 2. Some computed and observed vibrational spectra of
the BND molecule are compared.

FT-IR FT-Raman freq scaled lir Sra
6 101 107 103 0.1 4.9
37 764 791 765 9.9 4.6
43 803 825 798 0.6 183.3
44 815 841 813 6.1 5.5
58 997 1017 984 0.8 156.5
60 1032 1050 1015 1.6 5.2
65 1120 1166 1128 2.4 51.8
67 1140 1173 1134 0.4 37.4
75 1241 1283 1241 0.1 109.1
83 1387 1379 1423 1376 8.5 2.8
91 1529 1569 1517 90.9 238.6
92 1541 1614 1561 1.1 1300.4
94 1577 1632 1578 12.8 5.5
95 1579 1634 1580 1.1 6.1
98 3048 3162 3057 0.8 9.2
100 3061 3166 3062 1.5 59.7
110 3239 3132 1.9 4.3
111 3240 3133 2.9 185.5

Table 3. Some chemical changes (ppm) of BND, both theoretical
and experimental

Atom Theoretical Experimental

THF Gas THF
C19 180.81 179.39 164.05
C18 180.68 179.24 164.05
Cc2 138.29 136.61 133.99
Cé6 134.97 134.54 129.84
Cc4 133.27 133.73 128.59
C13 132.45 131.26 127.17
C33 131.28 130.35 125.95
Cl 129.94 129.58 120.14
C5 124.53 126.21 120.14
H30 9.23 9.20 9.27
H17 9.17 9.14 9.27
H9 8.51 8.26 8.43
H26 8.46 8.4 8.25
H7 8.38 8.17 8.23
H15 8.23 8.02 8.10
H16 8.00 7.81 7.79
H8 7.99 7.82 7.74

3.2 NMR Analysis

Aromatic protons and carbons generally give signals with
chemical shift values between 7-8 ppm and 100-150 ppm,
respectively (Kalinowski 1988)

All aromatic carbon atoms' chemical shift values, with the
exception of C18 and C19 atoms, were computed within
this range based on the values listed in Table 3. Examining
the chemical shift values of the theoretical and
experimental data in THF solvent reveals that the results
are in agreement. The oxadiazole ring's C18 and C19
atoms' chemical shift value was measured at 164 ppm and

computed to be 180 ppm.

When the aromatic protons of BND molecule were
examined, they were observed in the range 7-8 except
H17 and H30 atoms which are close to the oxygen atom
in the oxadiazole ring and were calculated in this range

theoretically. Figure 4 shows the BND molecule's 13C and
1H NMR spectra obtained in THF solvent. The shielding of
electronegative atoms may be the reason why the
chemical shift values of H17 and H30 atoms do not fall
within this range. The relationship between experimental
chemical shift values and calculated chemical shift values
(correlation graph) is given in Figure 4. According to the
correlation graph, the theoretical and experimental
values are in agreement.
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Figure 4. The BND in THF solution's 'H and 13C NMR spectra and
correlation graph.
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3.3 Frontier Molecular Orbitals Analysis

One crucial factor affecting electron conductivity is the
energy differential between the HOMO and LUMO energy
levels (Fleming, 1976). The molecule's chemical stability
and the charge transfer that occurs within it are also
explained by the energy gap. In essence, the energy gap
establishes how much energy is needed for the molecule
to change from its most stable ground state to an excited
state.

The HOMO energy level of the BND molecule in the gas
phase is -6.20 eV, its LUMO energy level is -1.97 eV, and
its HOMO-LUMO energy differential is 4.23 eV, based on
calculations. The THF solvent and gas phase energy values
are shown in Table 4.

&8

ELuno+1=-1.64 eV

ELuno=-1.97eV

AE=4.88eV AE=423eV

@

Erono=-6.20eV

Enono-1=-6.53eV

2.0

Figure 5. The BND's gas phase frontier molecular orbitals.

Table 4. Determined energy values and a few BND parameters

Parameters GAS THF
Etotal (Hartree) -1031.6 -1031.4
Enomo (eV) -6.20 -6.05
ELumo (eV) -1.97 -1.79
Exomo-1(eV) -6.53 -6.32
ELumo-1 (eV) -1.64 -1.42
EHOMO-1-LUMO+1 gap (€V) 4.89 4.26
Enomo-Lumo gap (€V) 4.23 4.90
Chemical hardness (h) 2.12 2.45
Electronegativity (x) 4.09 3.92
Chemical potential (p) -4.09 -3.92

The initial nearby molecular
plotted in the gas phase, as seen in Figure 5, to provide a

orbitals are analyzed and

more detailed view of the energy level differences. The
positive phase in this graph is represented by the color
red, while the negative phase is represented by the color
green. The charge density of the LUMO orbitals is
localized throughout the entire structure, with the
exception of the H atoms, whereas the charge density of
the HOMO orbitals is concentrated in all rings of the
molecule save the H and O atoms. The values for the
molecule's chemical hardness, electronegativity, and
electrophilic index were also computed and are displayed
in the table.

3.4 Molecular Electrostatic Potential Surface

Estimating the interplay of various geometries is made
possible by the 2D contour map (Scrocco and Tomasi
1978, Politzer et al. 1985, Munoz-Caro et al 2000). Figure
6 shows the BND molecule's electrostatic potential
surface (MEP) as a 2D contour and 3D surface. For the
data on the 3D electrostatic potential surface, every color
in this spectrum—from red to blue—was utilized.

@ ?
o;‘ ,‘ ’\ oo
2 hd "/‘ -9
‘ " a,s: ‘ ‘ L
os ‘ ’—J ‘ -:"“
.o SRR 2t

Figure 6. 3D and 2D contour maps of molecular electrostatic
potential (MEPs) for BND.

For the molecule, these hues range from -3.095 a.u. (dark
red) to 3.095 a.u. (dark blue). Electron-withdrawing
events are indicated by blue hues, while electron-
repulsive reactions are indicated by red hues. The
molecule's negative potential is located around the N and
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O atoms, while the positive potential is located close to
the H atoms. These findings indicate that N and O atoms
have strong repulsive reactions and H atoms have strong
electron-withdrawing reactions. The molecular plane
displays the BND molecule's 2D outline. The lines
surrounding the hydrogen atoms show that they are
electron-poor, while the values surrounding the oxygen
and nitrogen atoms show that they are electron-rich.
Nucleophilic and electrophilic regions are represented by
negative and positive values, respectively. Around N
atoms, a value of -0.02 a.u. is seen, but the molecule's
center shows a value of 0.2.

4. Conclusions

This study used both theoretical and experimental
methods to investigate the structural, vibrational, and
electrical properties of the 2,5-Bis(1-naphthyl)-1,3,4-
oxadiazole (BND) molecule. The molecule's ideal
structure was contrasted with similar compounds that
had bond lengths and angles determined. The real results
obtained by FT-IR and FT-Raman spectroscopy were
found to be in good agreement with the theoretical
vibrational frequencies that were calculated and scaled
using the DFT technique.

In the NMR investigation, there was a significant
correlation between the experimental data and the
chemical shift values that were calculated theoretically.
We used equations based on the HOMO-LUMO energy
difference or sum to determine the molecule's electronic
properties, which included chemical hardness, chemical
potential, and electrophilicity. The molecular electrostatic
potential (MEP) map analysis helped identify potential
electrophilic and nucleophilic spots by showing the
electron density distribution throughout the molecule.

In conclusion, experimental and theoretical studies have
revealed the vibrational and electronic properties of the
BND molecule. The obtained results show that BND may
be a potential candidate in electronic and optoelectronic
applications.
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