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Abstract

Here, the effects of dimethyl sulfoxide (DMSO), ethanol and tetrahydrofuran (THF) solvents on the electronic, optoelectronic
and photonic properties of N-butyl-1H-benzimidazole (NBB) organic material were investigated in detail with experimental
measurements' suitable. Quantum chemical calculations including absorbance spectrum, HOMO-LUMO, and OPDOS
spectrum were performed with the help of density functional theory and compared with experimental results NBB material
has a middle-ultraviolet absorbance spectrum in the range of 248-295 nm for the studied solvents and near-ultraviolet emis-
sion spectrum at 311 nm in THF solvent. Similarly, the optical bandgap ranged from 4.16 eV to 4.26 eV and is compatible
with both the optoelectronic device technology and the HOMO-LUMO energy gap. It was determined that the electrical
conductivity of the material is higher than its optical conductivity. From all the results obtained, it can be concluded that
NBB material may be a suitable candidate for optoelectronics and photonics technology in all relevant solvents.
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Introduction

In recent years, there has been a great interest in the search
for new materials in the field of organic electronics, such
as organic light-emitting diodes, organic field-effect tran-
sistors, and organic solar cells.' In these material studies,
benzimidazole, which is an N-heterocyclic compound of the
w-conjugate class consisting of a combination of benzene
and imidazole rings, and its derivatives have been the subject
of intense study.*® Benzimidazole and its derivatives are
known as electron-transporting materials in organic elec-
tronics due to their good electron mobility and injection.”!?
In addition, compounds containing benzimidazole units have
high stability and strong electron-accepting capacity.'*!>
Shannon et al.'® determined the capacity of butylbenzimi-
dazole to hold SO, and CO, gases depending on temperature
and alkyl chain length. Ustiin et al.!” reported the structural,
electronic and reactivity properties of molybdenum and
tungsten carbonyl complexes using the butylbenzimidazole
ligand. Jachyun and colleagues'® also published a study on
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the butyl group’s high performance as the layer emitting
brightness and efficiency in an organic light-emitting diode
(OLED) device.

Through new methodologies that enable the determina-
tion of solvent action, it has been found that solute—solvent
interactions are responsible for significant changes in the
chemical and physical properties of matter. Therefore, deter-
mining the effect of the solvent is critical to understanding
the various properties of the molecules of interest.'”

There is no study in the literature on the optical, elec-
tronic and photonic properties of NBB material. We were
motivated to conduct this study because of the unique prop-
erties of benzimidazole mentioned above. Therefore, in this
study, NBB, a benzimidazole derivative, was investigated
in detail experimentally and theoretically in terms of elec-
tronic, optical and photonic properties in various solutions.

Experimental Details

NBB and ethanol, dimethyl sulfoxide (DMSO) and tetrahy-
drofuran (THF) were purchased from Sigma-Aldrich Co.
LLC in liquid form with purity of above 97%. The molecular
weight of the NBB and empirical formula are 174.24 g/mol
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and C; H ,N,, respectively. The solutions were prepared in
DMSO, THF and ethanol solvents for 2.5 nM concentration.

UV spectra of the NBB solutions were recorded in a range
of 200—600 nm using a Evolution 201 UV Vis Spectropho-
tometer. The fluorescence measurement of the NBB solution
for THF solvent was carried out with a Hitachi S-7000 fluo-
rescence spectrophotometer at room temperature.

Quantum Chemical Computations

The calculations of the NBB were performed using
the Gaussian 09,2 GaussView 5.0%! and GaussSum
2.2%2 programs. The TD-DFT/B3LYP function with the
6-311++G(d,p) basis set was used for electronic and optical
calculations. The TD-DFT method is known to be one of the
most reliable methods for calculating the electronic structure
of molecules and complex oxide materials.>>>° The opti-
mized structure used in quantum chemical calculations is
given in Fig. 1. After optimization, electronic calculations
were performed for all solvents to compare with the experi-
mental absorbance values.

Results and Discussion

The Absorption and Fluorescence Characteristics
of the NBB Solutions

The experimental absorbance results of the NBB molecule
depending upon the solvents (DMSO, ethanol and THF)
is shown in Fig. 2. The absorbance spectrum of NBB was
observed at around 276 nm (4.49 eV) in DMSO, representing
the z-z* transition. While NBB peaked at 291 nm (4.26 eV)
in ethanol solvent, two absorption peaks were observed in
THF solvent at 248 nm (4.50 eV) and 295 nm (4.20 eV),
one of which was slightly lower than the other. It is evident
from these results that NBB has maximum absorbance peaks
in the middle-UV region for all solvents. When compared
with the results of poly(methyl methacrylate) (PMMA) and

N

Fig.1 2D and theoretical optimized geometric structures of N-butyl-
1H-benzimidazole (NBB).

cadmium sulfide (CdS) nanocompositesf(*32 which are suit-

able for OLED applications and have an absorption bandgap
in the range of 190-330 nm, it can be concluded that NBB
may also be a suitable candidate for OLED applications.

Figure 3 shows the correlation bars for experimental and
theoretical absorbance results. In Fig. 3 it is seen that the
agreement between the two methods is greatest in THF sol-
vent, and the highest error is obtained in ethanol solution.

The fluorescence spectrum, which determines the fluores-
cence characteristics of the NBB molecule, was measured
in THF solution and is presented in Fig. 4. The NBB mol-
ecule emits light at 311 nm (or 3.99 eV), while it absorbs
light energy at 248 nm (4.50 eV) and 295 nm (4.20 eV) in
THF solution. The results show that NBB is a molecule that
absorbs light in the middle-UV region and emits light in the
near-UV region.

Theoretical UV calculations are carried out using the
TD-DFT/B3LYP/6-311++G(d,p) basis set and polarisable
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Fig.2 Experimental absorbance spectra of NBB for different sol-
vents.
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Fig.3 Correlation bars of calculated and experimental absorbance
results.
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continuum model (PCM) within self-consistent reaction
field (SCRF) theory®® and presented in Fig. 5. Maximum
absorbance is 248 nm (4.50 eV) for all solvents, and it is
clearly seen from the experimental measurements that this
is in perfect agreement with the results in the THF solvent,
while it remains at a lower wavelength for other solvents. In
addition, the solvent effect is not seen from the results of the
theoretical calculations.

Frontier Molecular Orbital (FMO) Analysis

The frontier molecular orbitals, namely highest occupied
molecular orbital (HOMO) and lowest unoccupied molecu-
lar orbital (LUMO), and the energy difference between these
orbitals are important in terms of electronic and optical
properties.>* Figure 6 shows the contour plots of the HOMO
and LUMO and the energy values of these orbitals for the
NBB. It can be seen that the butyl group partially contrib-
utes to the HOMO orbitals, but does not contribute to the
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Fig.4 Experimental fluorescence spectra of NBB for THF solvent.
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Fig.5 Theoretical absorbance spectra of NBB for different solvents.
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LUMO orbitals. HOMO and LUMO energies of the NBB
were found to be —9.22 eV and —5.22 eV, respectively. The
difference between the HOMO and LUMO energy levels
is called the electronic bandgap, which was calculated as
4.0 eV. It is seen that this obtained bandgap value is quite
compatible with the electronic bandgap results for the phenyl
pyridoindole (Ph-Cb1) molecule, which was found suitable
for OLED material design in a previous study.*

Also, overlap population density of states (OPDOS)
analysis was performed for the NBB molecule to support
the boundary molecular orbital diagrams and identify the
donor—acceptor moieties and is shown in Fig. 7. For this, the
GaussSum 2.2 program”? was used, and molecular orbital
information was combined with unit height and full-width
Gaussian curves at half maximum (FWHM) of 0.3 eV. Zero,
negative and positive values on the OPDOS spectrum repre-
sent non-bonding, anti-bonding and bonding states, respec-
tively. Supporting the results in Fig. 6, it is clearly seen in
the OPDOS spectrum that the benzene and imidazole rings
contribute the most to the bond orbitals.

The Bandgap Energy and Refractive Index

The optical bandgap is an important optical parameter that
controls the nature of the electroluminescence signal in
OLEDs.* It can be calculated with the help of the Tauc
relation®® used in the literature®’-%

n

(ahv) = A(hv - E,) (D)

where «a is the absorption coefficient, A is a constant, Av
is photon energy, E, is the optical energy gap, and n is a
parameter which measures the types of bandgap. For NBB,
the type of bandgap® is the direct allowed bandgap (Ey).
For this, we plotted the (ahv)? plot versus E of the NBB for
DMSO, ethanol and THF solvents, as seen in Fig. 8. We
calculated the E, values from the linear regions of Fig. 8,
and the E, values obtained for the NBB are given in Table L.
It can be seen that the E, value of NBB was approximately
4.20 eV for THF, and approximately 4.16 eV and 4.26 eV
for ethanol and DMSO, respectively. These results seem to
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Fig.6 Frontier molecular orbitals of NBB in gas phase.
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(ehv)? (cm™eV)?

—o— DMSO
—o— Ethanol
—o— THF

-1

Fig.8 (ahd)2 curves vs. photon energy (E) of the NBB for different

solvents.

Table!l The E, values of the
NBB for different solvents
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Energy(eV)

Solvents Eg V)
DMSO 4.26
Ethanol 4.16
THF 4.20

15 20 25 30 35
Energy (eV)

be quite compatible with the energy difference of 4.0 eV
between the HOMO-LUMO orbitals. In a previously pub-
lished study,*” the optical bandgap of poly(methyl meth-
acrylate) (PMMA) material, which has remarkable elec-
tronic and optical properties, was found to be 4.15 eV. This
result is very close to the optical bandgap of NBB.

The optical refractive index (n) is an important value for
optoelectronics, as it shows how the frequencies and wave-
lengths of light change as it passes through a transparent
material. The experimental n values can be determined by*!

[4R

—_k2:|1/2_R+1
(R - 1)

R—1 @

and are given in Table II. The experimental refractive index
values were calculated for all solvents using the experimen-
tal optical bandgap. As can be seen from the table, the lowest
experimental refractive index is 2.01 in ethanol solvent and
the highest is 2.09 in THF solvent. The semi-experimental
refractive indices obtained using equations of Moss, Ravin-
dra, Hervé—Vandamme, Reddy and Kumar-Singh***? are
presented in Table II. Except for the Hervé—Vandamme
results, the results are in good agreement with the experi-
mental ones. When the experimental refractive index values
we obtained are compared with PMMA/Ti02,% a metal
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Table Il The experimental (Exp.) refractive index (n) parameters and Moss (M), Ravindra (Ra), Hervé—Vandamme (H-V), Reddy (Re) and

Kumar-Singh (K-S) relation results of the NBB for different solvents

Solvents Exp. Ra H-V M Re K-S
DMSO 2.03 2.52 3.07 2.48 2.90 2.50
Ethanol 2.01 2.66 3.28 2.54 2.99 2.57
THF 2.09 2.60 3.18 2.51 2.95 2.57
4
35

Optical Refractive Index Values
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Fig.9 Correlation bars of experimental and semi-experimental refractive indices results.

oxide nanomaterial, it is seen that NBB is a very suitable
candidate for applications such as OLEDs and solar cells.

Figure 9 shows the correlation bars for experimental and
semi-experimental refractive index results. In Fig. 8, it is
seen that the results closest to the experimental values were
obtained in Moss, Kumar-Singh and Ravindra, and the error
amount is mostly with the Hervé—Vandamme results.

Figure 10 shows the experimental refractive index (a) and
experimental reflectivity (b) as a function of wavelength.
Maximum peaks in Fig. 10a are observed at 285 nm, 300 nm
and 274 nm for DMSO, ethanol and THF solvents, respec-
tively. The maximum peaks correspond to the approximate
optical bandgap value of the sample in the respective sol-
vent. For all solvents, the refractive index values decrease
rapidly after the optical bandgap values.

In Fig. 10b, the reflectivity peaks of NBB in DMSO,
ethanol and THF solvents are observed at 285 nm, 289 nm
and 286 nm, respectively. It is seen that HNMB reflects
about 20% of the incident light for all solvents at these
wavelengths. After these wavelengths, both refractive index
and reflectivity decrease. In addition, it is understood from
Fig. 10b that the reflectivity of HNMB increases from 1% to
20% in the range of 274-300 nm in all solvents, This result

@ Springer
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Fig. 10 (a) Reflectivity and (b) refractive index of NBB for different
solvents.

shows that the sample will mostly absorb the incident light,
that is, the absorption property of NBB is good.
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Electrical and Optical Conductance

Electrical and optical conductivity are important parameters
that determine the optical and photonic properties of high-
tech devices.***® They can be calculated with the following
equations:

Goptical = ((X}’lC)/47T (3)

22
Oelectrical = (; ) -Ooptical 4)

Figure 11a shows the change in optical conductivity in
the respective solvents depending on the photon energy. It
can be seen from Fig. 11a that when the photon energy is
equal to the bandgap of NBB, there is a sudden increase
in optical conductivity. The maximum optical conductiv-
ity values are around 7.5x107 S/m at peaks for all solvents.
From this result, it is seen that the optical conductivity does
not change according to the solvent. The energy-dependent
change in electrical conductivity in the studied solvents is
shown in Fig. 11b. Here it is evident that the highest electri-
cal conductivity is at low energies, and its value is around
7x10'° S. It is seen that electrical conductivity, like optical
conductivity, does not change according to solvents. Also,
the electrical conductivity of NBB is much greater than its
optical conductivity.

The Photonic Properties

The properties of optoelectronic materials such as the angle
of incidence (&), refraction angle (@,), and contrast (a,) are

very important. &,, @, can be given by**%

—an-' (™2
@, = tan <”1> 5)

D, = sin_1<<Z—;>Sin®1> 6)

Figure 12a shows the variation in incidence and refraction
angle values in respective solvents as a function of energy.
The incidence angle of NBB for all solvents increased from
~ 62° to ~ 70°, as seen in Fig. 12a. The energy dependent
changes of @, values obtained by using Eq. 6 are shown
in Fig. 12b. In contrast to the @, variation in Fig. 12a, @,
appears to have a minimum scattering angle at low energies
in all solvents. The refraction angle is decreased from ~ 52°
to ~ 45°. Also, the @, values of NBB are higher than the &,
values. In a study in the literature, the incidence and refrac-
tive angle values are in the visible region range, as they are
here, and are greater than our values.

Contrast, which is an important value for determining the
sensitivity of NBB, is calculated by the following formula
to show the refractive index of n; medium and n, in the
NBB solvent.’! The variation in contrast versus energy and
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Fig. 11 (a) Optical conductance and (b) electrical conductance values of the NBB for different solvents.
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Fig. 12 (a) Angle of incidence and angle of refraction; (b) contrast of NBB for different solvents.

solvents is given in Fig. 10b. It is observed that the contrast
increases for all solvents with increasing photon energy.
-y
a,=1—-(—
=1-G @

Conclusion

Herein, changes in the electronic, optical and photonic prop-
erties of NBB for various solvents were studied in detail.
NBB is a molecule that absorbs light in the middle-UV
region for all solvents. In addition, for the THF solvent,
NBB was found to absorb light in the middle-UV region and
emit light in the near-UV region. NBB is a direct-bandgap
semiconductor (4.20 eV for THF, approximately 4.16 eV for
ethanol and 4.26 eV DMSO). The energy gap value (4.0 eV)
between HOMO and LUMO is quite compatible with this
measured direct bandgap. The theoretical results are in
agreement with the experimental results. The electrical con-
ductivity of NBB is much greater than its optical conductiv-
ity. It is understood from the experimental and theoretical
results that NBB can be used in photonic and optoelectronic
technology with its low refractive index, excellent optical
photonic and contrast properties in all studied solvents.
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