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A B S T R A C T

The electronic structure, photophysical and spectroscopic properties of 2,5-Bis(1-naphthyl)-1,3,4-oxadiazole
(BND) have been researched based on different solvent environments. The refractive index n( ) is calculated using
the semi-empirical relations based on measured energy gap E( )g data. The lowest harmonic frequencies, Mulliken
atomic charges, dipole moments, HOMO and LUMO energies were investigated using density functional theory
(DFT). Moreover, ultraviolet-visible (UV–vis), energy gaps and radial distribution functions (RDFs) have been
carried out using experiment and theory with B3LYP and CAM-B3LYP functionals. We also obtained the ab-
sorbance band edge and mass extinction coefficient of the BND solutions for dichloromethane (DCM) and
chloroform. In addition, we investigated the optical and electrical conductance of the BND for related solvents.
The HOMO and LUMO energy levels of the BND molecule in different solvent environments range from -2.17 to
2.21 eV and from -6.10 to -6.22 eV, indicating that the BND molecule will function well as electron transport
materials in OLED applications. From obtained results, BND material has suitable optoelectronic parameters for
the construction of functional materials, especially OLEDs.

1. Introduction

Organic light-emitting diodes (OLEDs) have a wide range of appli-
cations such as optical, electronic, optoelectronic and photonic tech-
nology [1–7]. Especially, OLEDs have widely been used in the panel
displays and solid-state lightings [8,9]. To obtain the practical appli-
cation of OLEDs, achieving highly efficient OLEDs with a simple
structure is always essential [10–13]. In this regard, the designed ma-
terials for OLEDs require special properties such as proper HOMO and
LUMO energy levels [14], high luminescence efficiency [15], balanced
charge-carrier mobility [16], and good stability [17]. Among OLEDs,
oxadiazoles are the most widely used in areas in pharmaceutical
chemistry and material science due to their remarkable optoelectronic
properties [18]. In the literature, a series of available oxadiazoles and
its derivatives were studied due to their high potential of electron-
transporting from evaluating electron mobility, facile injection, good
chemical and thermal stability [19–23]. Especially, compounds bearing
the 1,3,4-oxadiazole core, mainly the 2,5-disubstituted ones, have been
continuously developed due to their desirable optical and electronic
properties that make them suitable candidates for the preparation of
OLEDs [24–26]. Among these compounds, 2.5-bis(1-naphthyl)-1,3,4-

oxadiazole (BND) is a very important material which exhibits the
highest value of electron mobility than that of the other derivatives
[27]. In this regard, various studies have been conducted on BND or-
ganic molecule. For example, the anthracene derivatives of BND have
considerable potential as multifunctional layers and an electron trans-
port layers in OLED [28].

Structure of organic compounds has a significant impact on the
properties of materials, especially in the solvent environment [29–32].
A solute-solvent morphology plays a crucial role in the performance of
devices based on those materials because the solvent environments
induce the significant changes in the physical and chemical properties
of material [33]. To our knowledge, there is no any information on the
photophysical, electronic structure and spectroscopic properties of BND
organic material in different solvent environments. From this view-
point, the major aim of the present study is to probe the features
mentioned above of the BND organic material in different solvent en-
vironments using experimental technique and density functional theory
(DFT) approach in the literature.

This article is organized as follows: we theoretically analyzed the
lowest harmonic frequencies with positive value to gain insight into the
most stable optimized structure. Then, Mulliken atomic charges, dipole
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moments, the highest occupied molecular orbital (HOMO), the lowest
unoccupied molecular orbital (LUMO) and the frontier molecular or-
bital energy gap (HOMO–LUMO difference in energy gap, Eg) were
investigated using DFT approach. These properties were controlled with
different solvents such as dichloromethane (DCM), dichloroethane
(DCE), dimethyl sulfoxide (DMS), acetonitrile and chloroform.
Calculated Eg values obtained from B3LYP and CAM-B3LYP functionals
were compared with the measured Eg values for different solvents. The
calculated ultraviolet-visible (UV–vis) spectra obtained from time-de-
pendent (TD)-DFT method have been compared with the measured
results. In addition, the photoluminescence (PL) spectra have been
calculated in different solvents based on TD-DFT calculations. The op-
tical refractive index n( ) is calculated using the semi-empirical relations
based on measured energy gap E( )g data. Later, the effects of the sol-
vents on the mass extinction coefficient, αh( ϑ)2 curves based on the
photon energy E( ), density of state (DOS) spectrum obtained Mulliken
population analysis, optical conductance σ( )opt and electrical con-
ductance σ( )elect and the radial distribution functions (RDFs) were in-
vestigated. Finally, we discussed these parameters based on different
solvent environments in detail.

2. Experimental details

DCM and chloroform solvents, and 2,5-bis(1-naphthyl)-1,3,4-ox-
adiazole (BND), whose synonym is 2,5-di(naphthalen-1-yl)-1,3,4-ox-
adiazole were purchased from a chemical company (Sigma-Aldrich,
USA). The BND material was adjusted for 0.35 mM molarity and was
separately dissolved in 20mL volume of the DCM and chloroform sol-
vents. Thence, we obtained the BND solutions for different solvents.
Then, we took the measurements of the UV-spectra with a UV-1800
Spectrophotometer (Shimadzu model, Japan) at room temperature.

3. Computational details

Photophysical, electronic structure and spectroscopic properties of
BND organic material have been searched using DFT [34] with B3LYP
functional [35–37] and 6–311 G (d, p) basis set. CAM-B3LYP [38]
functional were also tested for accuracy and efficiency of the calcula-
tions because B3LYP actually underestimates excited-state energies
[39–41]. Even so, the results obtained from B3LYP were also compared
with CAM-B3LYP in this study because, especially for some molecular
systems, excited state energy obtained from B3LYP functional gives
better results [14,42]. GAUSSIAN09 program package is used in the
calculations [43]. To obtain the most stable structure with minimum
total energy without imposing any symmetrical constraints, various
spin multiplicities were performed and found that spin singlet gives the
most stable structure which assumed as the global minimum case. The
most stable structure is taken as the local minima on potential energy
surface with positive vibration frequencies. Using optimized geometry,
the maximum wavelengths are obtained from TD-DFT method com-
pared with the measured ones of BND organic molecule.

4. Results and discussion

4.1. Structural analysis

Optimized geometry of BND organic molecule with atom numbering
calculated by B3LYP/6-311-G (d, p) is indicated in Fig. 1. From DFT
calculations, the positive vibrational spectra were found that the opti-
mized geometry is located at stationary point on the potential energy
surface. The lowest vibrational harmonic frequencies of BND molecule
are found to be 12.6, 12.7, 14.6, 14.4 and 13.9 −cm 1 in DCM, DCE, DMS,
acetonitrile and chloroform solvents, respectively. From this results,
one can conclude that the compound in DCM is more stable than that of
chloroform. Form the geometrical optimization results, the structure
with minimum total energy is the C1 form.

4.2. Absorption and emission spectra properties

The optical properties of the BND material for different solvents
were investigated using the data of the UV spectra with experimental
and theoretical techniques. Fig. 2a indicates the experimental absor-
bance (Abs) and theoretical molar absorptivity spectra vs. wavelength
λ( ) of the BND material for various solvents. As seen in Fig. 2a, the BND
material exhibits the maximum peaks of the absorbance and molar
absorptivity spectra at different wavelengths of near ultraviolet (NUV)
region. On the other hand, the BND material for experimental method
displays two peaks, which are in NUV region, while the BND material
for theoretical method displays three peaks except for DCM solvent,
which two of them are in NUV region and other is visible region. This
figure shows us two important consequences. First, the absorbance and
molar absorptivity spectra differ when different methods such as the-
oretical and experimental methods are used. Secondly, the absorbance
and molar absorptivity spectra that differ in each method also vary with
different solvents. Fig. 2b indicates the curves of photoluminescence
(PL) intensity vs. λ of the BND material for various solvents. As seen in
Fig. 2b, the BND displays the maximum peaks of the PL in the visible
region and the positions of the PL are close to each other, but the
maximum peak of the PL in chloroform is formed in a smaller wave-
length. These results suggest that the BND material is suitable for
photoluminescence devices.

4.3. Optical parameters of the BND solutions for different solvents

We obtained absorbance band edge −EAbs be, mass extinction
coefficient α( )mass , optical band gap E( )g and refractive index n( ) values
of the BND solutions for DCM and chloroform solvents.

The −EAbs be values of the BND solutions for DCM and chloroform
solvents were achieved from the maximum peaks of the dT dλ/ curves
vs. λ as seen in Fig. 3 and found to be about 3.29 and 3.31 eV, re-
spectively. This result suggests that the absorbance band edge of the
BND solution for DCM is lower than the absorbance band edge of the
BND solution for chloroform.

The mass extinction coefficient of the BND in different solvents
qualifies how easily it can be penetrated by a beam of light, particles,
sound, or matter or other energy. With this term, the interaction of light
and material is better understood. Thus, the response of these behaviors
is of great importance for OLED applications. The αmass coefficient de-
pends on the molar extinction coefficient and is given by [44],

=α Abs
CLMmass

A (1)

where C is the concentration of sample, L is the path length of the
sample and MA (322.36 g/mol for BND material) is the molecular
weight. We calculated the αmass values of the BND solutions in DCM and
chloroform solvents from Eq. (1). The αmass curves vs. photon energy E( )
of the BND in DCM and chloroform is shown in Fig. 4. As seen in Fig. 4,
the mass extinction coefficient values of the BND in DCM are higher
than the mass extinction coefficient values of the BND in chloroform
and the BND in DCM and chloroform exhibits the maximum peaks at
about 5.28 and 5.12 eV, respectively. The maximum αmass values of the
BND solutions for DCM and chloroform solvents are 13.693 and 4.442
Lg−1 cm−1, respectively.

The vital Eg parameter for optoelectronic applications can be ob-
tained with Tauc model and is given the following equation [45],

= −α h A E E( ϑ) ( )g
m (2)

where α is absorption coefficient, hϑ and E are the photon energy, and
A is a constant. For BND solutions, m was found as ½, which corre-
sponds to allowed direct band gap. Thus, the αh( ϑ)2 curves vs. E of the
BND for DCM and chloroform were indicated in Fig. 5. To gain insight
into photophysical behavior of all the studied solvents we analyzed
energy gap values (see Table 1) of the BND organic molecule. By
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Fig. 1. Optimized ground state geometry of BND organic molecule with atom numbering calculated by B3LYP/6-311-G (d, p).

Fig. 2. a) The experimental and theoretical (for different solvents) molar absorptivity plots vs. wavelength λ( ) b) PL intensity vs. wavelength of BND organic material.

Fig. 3. (a) The dT dλ/ plot vs. wavelength λ( ) of BND organic material for DCM
and chloroform solvents.

Fig. 4. The mass extinction coefficient α( )mass plot vs photon energy E( ) of BND
organic material for DCM and chloroform solvents.
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extrapolating the linear plot to =αh( ϑ) 02 , we obtained the Eg values as
3.34 and 3.32 eV for DCM and chloroform. The energy gap increased by
about 0.02 eV for the BND molecule in DCM solvent. The measured and
calculated Eg results are also found to be consistent with the absorbance
band edge results. We have also calculated HOMO, LUMO and Eg values
using DFT approach with B3LYP (see Table 1) and CAM-B3LYP func-
tionals (see Fig. 6). Comparing calculated Eg values with measured
results, one can conclude that B3LYP (3.38 eV) gives better result than

that of CAM-B3LYP (6.27 eV). The lower optical band gap of the BND is
obtained in DCE solvent comparing the other solvents DCM, DMS,
acetonitrile and chloroform. The computational and experimental re-
sults indicate that the gap values of the BND change with the solvent
environments. Comparing with DCE, DMS and acetonitrile solvents, the
HOMO energy increased by about 0.1 eV in DCM while the LUMO en-
ergy level increased by about 0.04 eV. In addition, the derivatives of
BND have considerable potential as multifunctional layers and as
electron transport layers in OLED [25]. The HOMO and LUMO energy
levels of the BND molecule in different solvent environments range
from -2.17 to 2.21 eV and from -6.10 to -6.22 eV (see Table 1), in-
dicating that BND organic molecule will function well as electron
transport materials in OLED applications. From this viewpoint, the
properties make the BND organic material suitable candidate for the
preparation of OLEDs.

Another important optical parameter is the refractive index
n( )parameter, which can be given using reflectance (R) by [46],

= ⎧
⎨⎩ −

− − +
−

⎫
⎬⎭

n R
R

k R
R

4
( 1)

1
12

2

(3)

Where k=αλ/4π. We calculated the n values of BND for DCM and
chloroform. Fig. 7 depicts the n curves vs. λ of the BND for DCM and
chloroform. As seen in Fig. 7, the BND shows the normal (region I) and
abnormal behavior (region II). These results suggest that the n values
vary from about 1.6 to 3.9 in the NUV region. Then, we calculated the n
values for various relations [47] such as Moss, Kumar-Singh, Ravindra,
Hervé-Vandamme and Reddy. Obtained n values of the BND for DCM
and chloroform are given in Table 2. As seen in Table 2, the lowest n
values (2.024 and 2.010) of the BND for DCM and chloroform are ob-
tained from Ravindra relation, while the highest n values (2.686 and

Fig. 5. The αhv( )2 vs photon energy E( ) of BND organic solutions for different
solvents.

Table 1
The refractive index values of the BND material obtained experimental optical
band gap for DCM and chloroform solvents.

Solvents Refractive index (n) values

Moss Ravindra Hervé-Vandamme Reddy Kumar-Singh

DCM 2,312 2,024 2,238 2,686 2,286
Chloroform 2,308 2,010 2,232 2,681 2,281

Fig. 6. Density of state (DOS) spectrum (for B3LYP and CAM-B3LYP func-
tionals) of BND organic molecule in chloroform obtained from Mulliken po-
pulation analysis.

Fig. 7. The refractive index n( ) curves wavelength λ( ) of BND organic material
for DCM and chloroform solvents.

Table 2
The calculated HOMO and LUMO energies eV( ) and energy gaps E in eV( , )g

between HOMO and LUMO orbitals of BND organic molecule for different
solvents. (Dichloromethane (DCM), dichloroethane (DCE), dimethyl sulfoxide
(DMS), acetonitrile and chloroform).

Energy level (eV) DFT/B3LYP/6–311 G (d, p)/(Experiment)

DCM DCE DMS Acetonitrile Chloroform

HOMO 6.22 6.10 6.12 6.12 6.19
LUMO 2.21 2.17 2.17 2.17 2.21
Eg 4.00/(3.34) 3.92 3.94 3.94 3.97/(3.32)
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2.681) of the BND are obtained from Reddy relation. Also, the n values
of the BND for DCM are slightly larger than the values of the BND for
chloroform. This result shows that the BND material in DCM, which
displays the lower optical band gap and higher refractive index can give
the most results for OLED devices.

4.4. Conductance parameters of the BND solutions

The optical conductance σ( )opt and electrical conductance
σ( )elct parameters are important for optical materials and devices
[48,49]. σopt and σelct are given by [50], respectively.

=σ αnc
π4opt (4)

and

=σ
λσ
α

2
elect

opt

(5)

where c is the speed of light. We obtained the σopt and σelct parameters of
the BND for DCM and chloroform via Eqs. (4) and (5), respectively. The
σopt and σelct curves vs. E of the BND for DCM and chloroform are shown
in Fig. 8(a, b), respectively. As seen in Fig. 8(a), the optical conductance
values of the BND for DCM and chloroform are in the range of 1011 and
1010 S, respectively. Also, the σopt values for DCM are higher than that of
the σopt for chloroform. The highest optical conductance peak of the
BND for DCM is observed at 5.277 eV. As seen in Fig. 8(b), the electrical
conductance values of the BND for DCM and chloroform are in the
range of 103 and 102 S, respectively. These results suggest that the
optical and electrical conductance can be changed with solvent en-
vironments. In addition, the BND material in DCM, which exhibits the
higher optical and electrical conductance can give the most results for
OLED devices. We also observed this compatible result for the optical
band gap and refractive indices obtained.

4.5. Mulliken atomic charges and dipole moments

The Mulliken atomic charges result from the Mulliken population
analysis. The charges of BND organic molecule were given in Table 3.
The charges in the different positions for of the same atoms show dif-
ferent characteristic properties. For example, C1, C2, C3 atoms exhibit a
negative charge, however; C4 and C5 atoms show a positive charge (see
Table 3). When it comes to DCM and chloroform solvents, the charge
for DCM is bigger than that of chloroform. Hydrogen atom also exhibits

a positive charge because it is an acceptor atom.
The dipole moments result from differences in electronegativity.

When dipole moment is bigger stronger intermolecular interaction
occur. The bigger value of the component of dipole moment along the
y-axis (μy =5.20 Debye) predicts large charge separation. The corre-
sponding total dipole moment has been calculated to be about 5.20
Debye. The value of dipole moment of BND in DMS solvent is higher
than that of DCM (5.14 Debye), DCE (4.98 Debye), acetonitrile (5.18
Debye) and chloroform (4.91 Debye) solvents.

4.6. Radial distribution function

The radial distribution functions (RDFs) give the probability of
finding a particle in the distance from another particle. In this study, the
purpose of the RDF is to compare experimental theoretical RDF results.
The theoretical RDF is found to be in good agreement with the results of
the theoretical study. From Fig. 9, one can see that calculated RDF is
greater than that of measured. Both calculated and measured values are
greater in the range of 1–1.5 Å. Theoretical RDF result is greater than
the experimental one in this range. It also has a narrower distribution
than experimental distributions.

Fig. 8. (a) The optical conductance σ( )opt and (b) electrical conductance σ( )elect curves vs. E( ) of BND organic material for DCM and chloroform solvents.

Table 3
Mullkien atomic charges (MACs) of BND for [a]Chloroform and [b]DCM solvents.

Atoms [a]MACs [b]MACs Atoms [a]MACs [b]MACs

C1 −0.641999 −0.648523 C20 0.925658 0.922276
C2 −0.010335 −0.012887 C21 0.489725 0.490285
C3 −0.051861 −0.055240 C22 −0.311956 −0.312205
C4 0.489862 0.490424 C23 −0.051716 −0.055096
C5 0.925545 0.922164 C24 −0.476049 −0.475770
C6 −0.312231 −0.312478 C25 −0.642080 −0.648606
H7 0.163393 0.168607 H26 0.213485 0.213444
H8 0.198653 0.202799 C27 −0.010349 −0.012900
H9 0.163121 0.168603 C28 −0.383367 −0.383741
C10 −0.383436 −0.383812 C29 −0.403708 −0.409140
C11 −0.476084 −0.475804 H30 0.125031 0.127606
H12 0.213493 0.213450 H31 0.198651 0.202797
C13 −0.403548 −0.408981 H32 0.163121 0.168603
C14 −0.281802 −0.286826 C33 −0.281844 −0.286867
H15 0.194325 0.198118 H34 0.163396 0.168610
H16 0.184766 0.188956 H35 0.194323 0.198116
H17 0.125027 0.127600 H36 0.184767 0.188957
C18 −0.093357 −0.083003 N37 −0.034174 −0.045492
C19 −0.093151 −0.082795 N38 −0.034109 −0.045425

O39 0.060814 0.064176
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5. Conclusions

Based on the experimental and theoretical techniques, photo-
physical, electronic structure and spectroscopic properties of BND or-
ganic material have been investigated. From the results, the optimized
structure with minimum total energy is the C1 form. Predicted band
energy values using B3LYP functional give better results than that of
CAM-B3LYP, comparing with experimental data, however; calculated
molar extinction coefficients using CAM-B3LYP functional gives rea-
sonable results than that of B3LYP. From the lowest vibrational fre-
quencies and the energy gap results, the compound in DCM is more
stable than that of chloroform solvent. Radial distribution functions
(RDFs) were also recorded using DFT and experimental results. Optical
band gaps and refractive indices of the molecule were controlled with
different solvents. Moreover, DCM solvent can be preferred for optical
devices with lower absorbance band edge, lower optical band gap, and
higher mass extinction coefficient, higher optical and electrical con-
ductance. These differences are also due to solvatochromism of the
solvents with different polarities. Because the solvents change the po-
sition and shape of the material and thus the density of the absorption
band.
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