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A B S T R A C T

The changes in the structural, electronic, vibrational and optical properties of 5-Bromo-2-nitropyridine organic
molecule have been investigated. The semi-emprical realtions have been proposed for the calculation of the
refractive index (n). The energy gap (Eg), harmonic frequencies, Mullkien atomic charges, density of states
(DOS), radial distribution functions (RDFs) and coordination number of binary interactions were searched.
Ultraviolet–visible (UV–Vis) spectral analysis has been carried out using experimental techniques and time-
dependent (TD) DFT calculations. The stability of the organic compound changes based on solvent environment.
Eg decreases depending on increase in the concentration. The compound in chloroform is more stable than that of
the other solvents. The theoretical calculations are consistent with the experimental results.

1. Introduction

Organic semiconductors have attracted great attention as potential
advanced materials used in many electronic, optoelectronic, and pho-
tonic applications [1] such as solar cells [2–5] photovoltaics [4,5] light
emitting diodes [4,6] sensors [7,8], chemical sensors [9], vapour sen-
sors [10], gas sensors [11,12] and photodetectors [13]. Among the
semiconductors, small molecule semiconductor materials in combina-
tion with polymer binders and suitable solvents are the most widely
used in areas including the field of organic electronic applications
[14,15] because they potentially provide high-quality chain alignment
and can be reliably synthesized with accurate molecular weight control
without significant batch-to-batch variations, [16,17].

To date there have been no studies about the structural, elec-
tronic, spectroscopic and optical properties of the 5-Bromo-2-ni-
tropyridine small organic molecule. Fourier Transform Infrared (FT-
IR) and Fourier Transform Raman (FT-Raman) spectra characteristics
were investigated using quantum chemical calculations [18]. In this
study, the structural, electronic vibrational, optical properties of the
related material were investigated in detail for different concentra-
tions and solvents. In this regard, we have analysed the optimized
bond distances, angles, vibrational harmonic frequencies, process of
geometry optimization, recractive index (n), radial distribution
functions (RDFs) and probability distributions in terms of coordina-
tion number of the binary interactions, the highest occupied

molecular orbital (HOMO), the lowest unoccupied molecular orbital
(LUMO), the frontier molecular orbital energy gap (HOMO–LUMO
difference in energy gap, Eg), Mullkien atomic charges (MAC) and
density of state (DOS) of the small molecule using density functional
theory (DFT) calculations. Using time-dependent (TD)-DFT method,
the theoretically predicted the ultraviolet–visible (UV–Vis), HOMO,
LUMO and Eg of the small molecule have been compared with the
measured results and discussed in detail.

2. Experimental details

Solution technique has been used for 5-Bromo-2-nitropyridine small
organic semiconductor dye to investigate spectroscopic, electronic and
optical properties. The 5-Bromo-2-nitropyridine is provided from
Sigma-Aldrich Chemical Company (USA) with a stated purity of 99%
(HPLC). The solutions of the 5-Bromo-2-nitropyridine have been pre-
pared for 1.304, 1.775 and 3.670 μM and then the weighed 5-Bromo-2-
nitropyridine materials were dissolved homogeneously in 13mL vo-
lume of the dichloromethane (DCM) solvent.

3. Computational details

The structural, electronic and spectroscopic properties of the small
organic material have been investigated using DFT [19] at the B3LYP
level [20–22]. The 6-311G (d, p) basis set has been used in the

https://doi.org/10.1016/j.optmat.2018.09.011
Received 12 March 2018; Received in revised form 24 August 2018; Accepted 4 September 2018

∗ Corresponding author.
E-mail addresses: mkurbanphys@gmail.com, mkurban@ahievran.edu.tr (M. Kurban).

Optical Materials 85 (2018) 373–381

Available online 10 September 2018
0925-3467/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09253467
https://www.elsevier.com/locate/optmat
https://doi.org/10.1016/j.optmat.2018.09.011
https://doi.org/10.1016/j.optmat.2018.09.011
mailto:mkurbanphys@gmail.com
mailto:mkurban@ahievran.edu.tr
https://doi.org/10.1016/j.optmat.2018.09.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2018.09.011&domain=pdf


calculations. The calculations have been performed using the GAUSS-
IAN09 program package [23]. Various spin multiplicities were in-
vestigated and it has been found that 5-Bromo-2-nitropyridine have
spin singlet as the most stable (minimum total energy). The geometry of
5-Bromo-2-nitropyridine were optimized without imposing any sym-
metrical constraints and the lowest total energy configuration was as-
sumed as the global minimum case. The structure is taken as the local
minima on potential energy surface having positive vibration fre-
quencies. After geometric optimization, TD-DFT method used to get

maximum wavelengths and compared with the experimental UV ab-
sorption and Eg of the 5-Bromo-2-nitropyridine material.

4. Results and discussion

4.1. Structural analysis

Optimized ground state structure and process of geometry optimi-
zation of the 5-Bromo-2-nitropyridine with atom numbering calculated
by B3LYP/6-311-G (d, p) is shown in Figs. 1 and 2, respectively. From
DFT calculations, the positive vibrational spectra, that is no any kind of
imaginary frequency, were found that the optimized geometry is lo-
cated at stationary point on the potential energy surface. The lowest
vibrational harmonic frequencies were found to be 36.16, 37.11 and
38.65 for chloroform, chlorobenzene and DCM, respectively. From
these results, one can conclude that the compound in chloroform is
more stable than that of the other solvents. The geometrical optimiza-
tion results reveal that the structure with minimum total energy is the
C1 form. All the 33 fundamental modes of vibrations were found to be
IR and Raman active suggesting that the molecule possesses a non-
centro symmetric structure. For visual comparison the simulated FT-IR
and FT-Raman spectra are shown in Figs. 3 and 4, respectively.

4.2. Ultraviolet–visible spectroscopy

The molar extinction coefficient ε( ), which is also known as the
molar absorptivity and molar attenuation coefficient is an intrinsic
property of the species. The ε can be given depends on the Beer-Lamber
law [24],

=ε Abs
CL (1)

Fig. 1. (Colour online) Optimized ground state geometry of 5-Bromo-2-ni-
tropyridine small organic molecule with atom numbering calculated by B3LYP/
6-311-G (d, p). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 2. (Colour online) Process of geometry optimization of the 5-Bromo-2-nitropyridine depending on energy. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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where Abs is the absorbance, C is the concentration of a solution sample
and L is the path length of the sample. The molar absorptivity value of
the 5-Bromo-2-nitropyridine for chloroform solvents was experimen-
tally obtained from Eq. (1). Fig. 5(a) indicates the molar absorptivity
plots vs. wavelength λ( ) for DCM solvent. As seen in Fig. 5(a), for DCM
solvent the experimental and theoretical molar extinction coefficient
exhibits maximum values at 282 and 292 nm, respectively. In addition,
the experimental and theoretical molar extinction coefficients exhibit
one dominant peak in invisible region. Obtained results suggest that the
experimental molar extinction coefficient values are compatible with

theoretical ones. The theoretical molar extinction coefficients are close
to each other as seen in Fig. 5(a). Fig. 5(b) shows the absorbance curves
of the 5-Bromo-2-nitropyridine solutions for different concentrations.
The absorbance of 5-Bromo-2-nitropyridine decreases with decreasing
concentrations. The maximum peak position or wavelength values for
1.304, 1.775 and 3.670 μM were found to be 282 nm. The position of

Fig. 4. (Colour online) FT-Raman spectra of the 5-Bromo-2-nitropyridine. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.) Fig. 5. (Colour online) The molar absorptivity plots vs. wavelength (λ) of the 5-

Bromo-2-nitropyridine for (a) different solvents (experimental and theoretical)
and (b) different concentrations. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. (Colour online) FT-IR spectra of the 5-Bromo-2-nitropyridine. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the Web version of this article.)

B. Gündüz, M. Kurban Optical Materials 85 (2018) 373–381

375



peaks and corresponding values are displayed in Fig. 5(b). These results
indicate that the concentration has significant effect on optoelectronic
properties for 5-Bromo-2-nitropyridine solution.

4.3. Electronic band structure

The energy gap which is HOMO–LUMO difference in energy, is an
significant parameter in measuring the electron conductivity. Thus,
HOMO and LUMO energies were obtained DFT and TD-DFT/B3LYP/
6–331 G (d, p) level. The calculated energy value of HOMO is −7.731,
−7.719, and −7.698 eV for DFT and −7.725, −7.414 and −7.692 eV
for TD-DFT in chloroform, chlorobenzene and DCM solvents, respec-
tively. Similarly, LUMO is −2.985, −2.988 and −2.996 eV for DFT
and −2.963, −2.965 and −2.970 eV for TD-DFT in chloroform,

chlorobenzene and DCM solvents, respectively. From HOMO–LUMO
difference, we have obtained the Eg values from quantum chemical
calculations.

In addition, the measured results exhibit that from the linear region
[25] (the best fitting of results) of the variation of (ahv)2 versus E (see
Fig. 6), the type of electron transition is direct allowed transition. The
energy gap, Eg is determined by means of extrapolating the linear re-
gion of Fig. 6. The experimental direct optical band gaps Egd depending
on solvent and different concentrations obtained from DFT and TD-DFT
calculations are tabulated in Table 1.

As it is seen in Table 1, the energy gap for DCM solvents gives
reasonable value. For example, the measured Egd for DCM solvent is
3.881 eV, which is consistent with the theoretical Eg value (4.701eV)
obtained from DFT (see Table 1). From the results, one can conclude
that DCM solvent with the lowering of the band gaps can be preferred
for optoelectronic applications or devices, which prefer lower band
gaps because the electronic transfer is easier. It implies that the HOMO-
LUMO energy gap for chloroform solvent allows easy excitation of
electrons from HOMO to LUMO.

The dispersion of the electronic bands for thicker the 5-Bromo-2-
nitropyridine samples also increases due to interacting layers and thus
reduces Eg as it seen in Table 1. We also see that the band gap energies
decrease with increase of the size of the materials (see Table 1). This is
the most remarkable feature of materials, especially at nano level
[26–28].

4.4. Refractive index values obtained from different solvents, concentrations
and relations

To obtain the refractive index (n) values of the 5-Bromo-2-ni-
tropyridine solved in different solvents, many equations such as Reddy,
Ravindra, Kumar-Singh, Herve-Vandamme and Moss [29] were used
together with the direct (Egd) values. The n values for chloroform,
chlorobenzene and dichloromethane (DCM) solvents from theoretical
and for DCM solvent from experimental were calculated by using the
related equations. Fig. 7(a) indicates n curves vs. solvents obtained
from DFT calculations for various relations. As seen in Fig. 7(a), the n
values for chloroform and chlorobenzene are the the same while the n
values for DCM is slightly different. Similarly, n values obtained from
Ravindra relation are the lowest, while the n values obtained from
Reddy relation are the highest.

In addition, the direct refractive index (ngd) values of the 5-Bromo-
2-nitropyridine for 1.304, 1.775 and 3.670 μM were obtained by using
the related equations mentioned above. Fig. 7(b) indicates ngd curves vs.
concentrations for various relations. As seen in Fig. 7(b), the ngd values
for 3.670 μM are the highest, while the ngd values for 1.304 μM are the
lowest. On the other hand, the ngd values obtained from Reddy relation
are the highest, while the ngd values obtained from Ravindra relation
are the lowest. Obtained results suggest that the ngd values increase
based on the concentration.

Fig. 6. (Colour online) The αhv( )2 vs photon energy of the 5-Bromo-2-ni-
tropyridine solutions for different concentrations. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Table 1
The experimental direct optical band gaps E eV( , )gd and the absorption band edges

−
E eV( , )g Abs depending on different solvents and concentrations μM( ) and the

energy gaps E eV( , ),g obtained from DFT and TD-DFT calculations.

Solvents DFT TD-DFT Conc. Egd −
Eg Abs

Chloroform 4.730 4.762 1.304 3.881 3.815
Chlorobenzene 4.746 4.748 1.775 3.858 3.781
Dichloromethane 4.701 4.722 3.670 3.747 3.691
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4.5. Experimental spectral behaviour of transmittance(T)

The transmittance (T) spectra of the solutions of the 5-Bromo-2-
nitropyridine solutions for (1.304, 1.775 and 3.670 μM are shown in
Fig. 8(a). T spectra of the 5-Bromo-2-nitropyridine organic molecule for

different concentrations exhibits minimum trenches at 282 nm. After
the minimum tendency of the wavelengths of T, a sharply increase is
observed up to about 390 nm which is maximum constant value of the
wavelengths.

The first derivative ( )dT
dλ of T versus λ are plotted to obtain the

Fig. 8. (Colour online) (Colour online) (a) The transmittance T( ) vs. λ (b)
dT dλ/ plots vs. λ of the 5-Bromo-2-nitropyridine solutions for different con-
centrations. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 7. (Colour online) The refractive index n( ) curves of the 5-Bromo-2-ni-
tropyridine for (a) different solvents (b) 1.304, 1.775 and 3.670 μM obtained
from experimental, Reddy, Moss, Kumar-Singh, Hervé-Vandamme and
Ravindra relations. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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absorption band edge (Eg - Abs) values for different concentrations as
seen in Fig. 8(b). Eg - Abs values were obtained using the maximum peak
position. Eg - Abs for different concentrations are tabulated in Table 1. As
seen in Table 1, the Eg - Abs value decreases with the increase of con-
centration.

The αmass values for different concentrations were calculated from
Eq. (1). Fig. 9 shows αmass plot vs. photon energy E( ) of the 5-Bromo-2-

nitropyridine. As seen in Fig. 9, the mass extinction coefficient varies
significantly with photon energy. Obtained results indicate that αmass

values increase with the rise in concentration.

4.6. Theoretical analysis of mulliken atomic charge and dipole moment

The Mulliken atomic charges (MACs) have a significant for quantum

Fig. 9. (Colour online) The mass extinction coefficient α( )mass plot vs. λ of 5-Bromo-2-nitropyridine solutions for different concentrations. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Mullkien atomic charges of 5-Bromo-2-nitropyridine for DCM.

Atoms Mulliken atomic charges Atoms Mulliken atomic charges

Br1 0.028296 C8 0.081347
O2 −0.270784 C9 −0.268769
O3 −0.288679 C10 0.138930
N4 −0.297613 H13 0.155989
N5 0.205688 H13 0.152604
C6 0.326708 H13 0.154873
C7 −0.118589
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mechanical applications. MACs of the 5-Bromo-2-nitropyridine were
gathered in Table 2. The charges of the same atoms in the different
positions show different charge with each other for the atoms in the 5-
Bromo-2-nitropyridine compound. For example, the value of MAC of
the C6 atom exhibits a positive charge and it is bigger than others.
Hydrogen atom exhibits a positive charge because it is an acceptor
atom.

The dipole moments are other important electronic properties. The
bigger the dipole moment represents the stronger intermolecular in-
teraction. The highest value of component of dipole moment along the
x-axis (μx=6.095 Debye) predicts large charge separation. The corre-
sponding total dipole moment calculated to be 6.615 Debye. DCM has
bigger dipole moment than that of chloroform and chlorobenzene sol-
vents. This is compatible with the energy gap values.

4.7. Analysis of density of state

The density of state (DOS) is important, because the occupied and
unoccupied molecular orbitals can be seen on DOS spectrum. DOS gives
a representation of molecule orbitals (MOs) compositions and their
contributions to chemical bonding. Using Mulliken population analysis,

we plotted DOS spectra (see Fig. 10) for 5-Bromo-2-nitropyridine in
DCM, chlorobenzene and chloroform solvents. From Fig. 10, the density
of localized states has a sharply increasing tendency in the region of
between −10 and −15 eV. The DOS analysis also indicates that the
energy gap has the highest value (4.74 eV) in Chlorobenzene, therefore
it is less reactive compared with other solvents. 5-Bromo-2-nitropyr-
idine with Chloroform is found to be the highest energy of HOMO value
(−7.73 eV).

4.8. Radial distribution function and probability density

Fig. 11 shows the radial distribution functions (RDFs) analysis for
the carbon-carbon (CeC), carbon-nitrogen (CeN), carbon-hydrogen
(CeH), carbon-oxygen (CeO) and carbon-bromine (CeBr) interac-
tions. of the 5-Bromo-2-nitropyridine. The RDFs was calculated for
each atomic pairs. One can see that CeC has a narrower and higher
distribution than the other pair interactions because of CeC double
bonds which is stronger than one bond. There also is a difference
between the interactions. For example, for C atoms, CeO is shorter
than CeC, CeN, CeH and CeBr interactions; for all of the combina-
tions, CeC has stronger interactions than the other ones. To study the

Fig. 10. (Colour online) Density of state (DOS) spectrum of 5-Bromo-2-nitropyridine in DCM, chlorobenzene and chloroform solvents obtained from Mulliken
population analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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influence of interactions of the atoms in the molecule, we also per-
formed the probability distribution depending on the coordination
number (see Fig. 12). The coordination number of CeC, CeBr and
CeO interactions significantly decrease while it increases for CeN and
CeH interactions.

5. Conclusions

5-Bromo-2-nitropyridine small organic molecule have been in-
vestigated using experimental and theoretical techniques. The results
showed that the structure with minimum total energy is the C1 form.
The maximum peak of experimental molar extinction coefficients for
DCM solvent and different concentraions is found to be compatible with
theoretical value. The increase in the concentration causes an increase
in the direct refractive index values. Bond distances and angles are
compatible with available experimental results. From the lowest vi-
brational frequencies, the compound in chloroform is found to be more

stable than that of the other solvents. The increase in concentration
gives rise to the dispersion of the electronic bands thus the band gap
energies decrease. Predicted band energy values for different solvents
are also agreement with the experimental data. In addition, CeC in-
teractions has a narrower and higher distribution. Optical band gaps
and refractive indices of the molecule were controlled with different
concentrations and solvent environments.
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