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Abstract Escalating demand for sustainable energy resources,
because of the rapid exhaustion of conventional energy resources
as well as to maintain the environmental level of carbon dioxide
(CO2) to avoid its adverse effect on the climate, has led to the
exploitation of photovoltaic technologymanifoldmore than ever.
In this regard organic materials have attracted great attention on
account of demonstrating their potential to harvest solar energy at
an affordable rate for photovoltaic technology. 2-vinyl-4,5-
dicyanoimidazole (vinazene) is considered as a suitable material
over the fullerenes for photovoltaic applications because of its
particular chemical and physical nature. In the present study,
DFTapproaches are employed to provide an exposition of opto-
electronic properties of vinazenemolecule andmolecular crystal.
To gain insight into its properties, different forms of exchange
correlation energy functional/potential such as LDA, GGA,
BLYP, and BL3YP are used. Calculated electronic structure
of vinazene molecule has been displayed via HOMO-LUMO
isosurfaces, whereas electronic structure of the vinazene mo-
lecular crystal, via electronic band structure, is presented. The
calculated electronic and optical properties were analyzed and
compared as well. Our results endorse vinazene as a suitable
material for organic photovoltaic applications.

Keywords DFT . HOMO-LUMO . Optical spectra . Organic
photovoltaic . Vinazene

Introduction

Repaid demand for sustainable energy resources has increased
more than ever because of threatening catastrophic changes in
global climate by emission of greenhouse gases from conven-
tional energy resources via combustion process. In addition,
conventional resources of energy have speedily fallen. There-
fore extensive efforts are being done to search for such alter-
nate energy systems which can fulfill future energy require-
ments alongside stabilizing the atmospheric CO2 level to pre-
serve a friendly environment [1, 2]. In this regard photovoltaic
systems are considered to be perfect candidates. Photovoltaic
is the technology that harvests the solar energy by converting
the solar radiations directly into electricity. Because of having
huge potential of supplying approximately 104 times larger
energy than our present needs, solar energy is expected to be
the best solution for the problem [3, 4].

Global industrial sectors have progressed significantly in
exploitation of photovoltaic technologies that relied largely
upon inorganic materials like silicon over a decade ago.
Though inorganic materials have shown their performance
well in photovoltaic devices, several disadvantages in terms
of high cost and limited resources have sparked the interest
among researchers to explore and investigate the replacement
of inorganic materials. Beside inorganic materials, from the
beginning of the twenty first century, organic materials have
also shown ample potential for photovoltaic (PV) systems
[5–7]. Therefore, in the present era, considerable attention is
being focused on organic materials in order to search for
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potential systems as base materials in photovoltaic systems
and solar cell devices. Moreover, because of offering some
crucial advantages such as: low cost, light, flexible, thin, avail-
ability in abundance, sustainability, utilization in large area
and easy manufacturing, organic photovoltaic (OPV) systems
have received extraordinary scientific and industrial attention
very recently [8–10]. In this regard fullerenes solar cells have
demonstrated reasonable efficiency up to 11 %. However, the
unique chemical and physical nature of 2-vinyl-4,5-
dicyanoimidazoles (vinazene) has demonstrated a great poten-
tial for OPVapplications, and has fascinated both the academ-
ic sector and industrial communities. Moreover, it has re-
ceived considerable attention due to its high stability, high
solubility, and high efficiency besides its suitability as an elec-
tron acceptor material [11, 12]. However, to the best of our
knowledge only one theoretical study has ever been reported
on vinazene so far [13], compared to the excessive experimen-
tal works that was previously reported [14, 15]. In the present
work, we make a step ahead to report an extensive and com-
parative study, by employing first principles approaches based
on the density functional theory (DFT), related to the molecule
and molecular crystal of vinazene.

The right account of the electronic band structure of a spe-
cific material plays a crucial role to endorse it for a particular
application. In this paper, we present an intensive theoretical
study of the electronic band structure and corresponding op-
toelectronic properties for vinazene in both forms: molecule
and molecular crystal. This work is performed by applying
state of the art first principles quantum mechanical approach
implemented within DMol3 [16, 17] and vienna ab-initio sim-
ulation package (VASP) [18]. As a first step, structures of the
molecule and molecular crystal of vinazene are optimized by
relaxing the atomic positions at the level of different exchange
correlation energy functionals like LDA, GGA, BLYP, and
B3LYP and then, comprehensively, their optoelectronic prop-
erties are computed. Throughout the discussion, we focus on
the bridge between the optoelectronic structure and the possi-
ble OPVapplication.

Computational details and description of structures

Vinazene molecule structure was investigated using DFT
based method, implemented in DMol3 computational code
[16, 17]. This was carried out using different local and non
local exchange correlation energy functional/potential such as
LDA [19], GGA [20], BLYP [21], and B3LYP [22]. In this
scheme of calculations, molecular orbitals are expanded in
terms of linear combination of atomic orbitals/atomic basis
functions and the atomic orbital basis set. The atomic orbital
basis set is derived numerically on an atomic centered grid
using Bdouble numeric plus polarization^ (DNP) numerical
functions. To attain an adequate accuracy, a radial cutoff of

3.7 Å is used for all calculations. To depict core states, Ball
electrons^ were taken into account [23]. Total energy conver-
gence criteria for self-consistent field (SCF) were set to
10−6 eV. To improve computational performance in terms of
fast SCF convergence, a smearing of 0.005 Hartree was con-
sidered. Computations were carried out at the gamma point of
the first Brillouin zone. Regarding the molecular crystal of
vinazene, we used the VASP code [18–20]. Plane wave cutoff
energy of 520 eV was used for the cell optimization. Electron-
ic iterations convergence was considered 10−5 eV using the
normal (blocked Davidson) algorithm and reciprocal space
projection operators. K-spacing was set 0.5 per Å, leading to
a 2x1x2mesh. The k-mesh is forced to be centered onΓ-point.
To simulate the crystal structure of vinazene, experimentally
obtained crystal data, for lattice parameters, were used as a
starting point. Then, a full geometry of the modeled unit cell
of vinazene molecular crystal structure, containing 120 atoms,
was optimized using conjugate gradient algorithm. Conse-
quently, all the atomic coordinates as well as cell parameters
of the simulated molecular crystal structure were relaxed with-
out applying any symmetry constraint. Correspondingly the
energy between successive iterations was found to be less than
10−3 eVand force value 0.03 eV/Å.

Results and discussion

Optimized vinazene molecule structure and corresponding
molecular crystal are shown in Fig. 1. Generally, the molecule
of vinazene is made up from an aromatic imidazole ring. The
aromatic imidazole ring exists in two tautomeric forms with
the hydrogen atommoving between two nitrogen atoms. Each
rings consists of nitrogen atoms at positions 1 and 3, hydrogen
atom at position 1, a vinyl group at position 2, carbon atoms at
positions 2, 4, and 5, and a pair of cyano substituent at posi-
tions 4 and 5 [24]. In this work, we presented the nitrogen
atoms, carbon atoms, and hydrogen atoms in different colors:
blue, gray and white respectively. We also show the skeletal
diagram of the molecule that has proposed by Rasmussen
et al. [25] who sparked the main interest among researchers
to study this material by predicting its potential implication in
modern technologies especially in photovoltaic systems.

Electronic structure, HOMO-LUMO isosurfaces and band
gap

Electronic properties play an important role in understanding
the performance of OPV materials. As a matter of fact, elec-
tronic properties are mostly determined by molecular energy
level near the Fermi energy. Gap between the energy level
around the Fermi level is defined as energy band gap. Here,
the molecular energy gaps for the molecule refers to the ener-
gy gap between the highest occupied molecular orbital
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(HOMO) and the lowest unoccupied molecular orbital
(LUMO). Whereas energy gap for the molecular crystal refers
to the energy gap between minimum of the conduction and
maximum of the valence band. Smaller energy band gap OPV
materials can show better efficiency as a result of higher elec-
tron excitation probability. Thus, to emphasize the possible
OPV application, the electronic structure of the single mole-
cule and molecular crystal of vinazene are investigated and
discussed.

We started with the vinazene molecule, where all calcula-
tions of electronic properties were performed using DMol3
package. Different exchange correlation energy functional ap-
proximations such as LDA,GGA, BLYP, and B3LYP are used
in order to see their impact on the energy band gap values. In
order to obtain the energy band gap values, HOMO-LUMO of
the material is desired, since HOMO-LUMO defines reactiv-
ity of the molecular material [26]. Therefore, in the first part,
calculations were performed to obtain HOMO and LUMO
isosurfaces of the vinazene molecule and the obtained respec-
tive isosurfaces (derived from the band structures at X and Γ
points) are shown in Fig. 2.

From the HOMO-LUMO isosurfaces of the vinazene mol-
ecule, the energy gap values, evaluated corresponding to each
exchange and correlation functional has been gathered in

Table 1. We may observe that calculations using LDA
exchange-correlation [19] potential [19] on vinazenemolecule
with parameterizations of VWN and PWCgive the energy gap
values of 3.282 and 3.283 eV respectively in comparison with
other approximations. These energy band gap values could be
interesting for technological applications, however it is better
to recalculate the energy gap by applying other exchange-
correlation energies since LDA approach is known for show-
ing its tendency for over binding. As a result (either molecular
crystal or molecule) calculated band gap values at level of
LDA are usually underestimated. Thus, calculations of energy
gap values at level of different exchange-correlation func-
tionals are very important for predicting reliable energy gap
of any material. Moreover, successful application of GGA
functionals [20, 21, 27–29] in improving accuracy in the cal-
culation of electronic structure has been reported for different
materials in literature, especially with hybrid functional [30].
By taking into account advantages of GGA functional, and in
order to make comparisons between LDA and other exchange
correlation approaches, we adopted GGA approach with sev-
en different parameterizations as listed in Table 1. Results
obtained for energy gap values within different approxima-
tions are in the range 3.284 to 3.336 eV. One can see that all
these values are consistent/nearly the same although various

Fig. 1 Molecule (a), molecular
crystal (b) and skeletal diagram
(c) of vinazene
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parameterizations were used. This indicates that the energy
gap calculations with GGA approximations are almost inde-
pendent from chosen parameterizations. From Table 1, one
can see the slight difference between results obtained with
GGA in comparison to LDA band gap value.

In fact, hybrid functionals are widely used in the molecular
studies due to their improved incorporation of the missing
features from LDA and GGA functionals [30]. The improve-
ment of the functional has lead to better results in total ener-
gies and energy gap of electronic structure. In addition, these
functionals are also highly recommended to study the phe-
nomena of charge transfer, especially where the exchange in-
teraction is an important aspect to evaluate [31]. B3LYP [22]
is one of the most updated hybrid Hartree-Fock (HF) density

functionals, that combines Becke’s three parameter exchange
functional [32] with Lee-Yang-Parr’s correlation functional
[33]. This updated functional version of BLYP has been re-
ported to be successful in providing good results for structural
and excited states properties [31]. In order to complement our
energy gap calculations of vinazene molecule with LDA and
GGA, we also carried out calculations by applying B3LYP
and BLYP hybrid functionals. Calculations of the electronic
structure with BLYP hybrid functional reflect energy gap val-
ue of 3.274 eV. However with more updated hybrid functional
of B3LYP, obtained energy gap value has been drastically
increased, i.e., 4.675 eV.

Similar to the vinazene molecule, electronic properties cal-
culations on vinazene molecular crystal have also been per-
formed. Figure 3 shows the obtained energy spectra near the
Fermi level of vinazene molecular crystal that was calculated
by applying exchange correlation energy of GGA [20]. GGA
functional is chosen due to its abilities in computing good

Table 1 Calculated HOMO-LUMO energy gap (eV) of vinazene
molecule

Approach Parameterizations Eg (eV) = |EHOMO - ELUMO|

LDA VWN 3.282

LDA PWC 3.283

GGA PW91 3.295

GGA BP 3.300

GGA PBE 3.300

GGA hcth407 3.336

GGA RBPE 3.312

GGA VWN-BP 3.312

GGA BOP 3.284

BLYP 3.274

B3LYP 4.675
Fig. 3 Zoomed energy spectra of vinazene molecular crystal

Fig. 2 HOMO-LUMO of
vinazene molecular crystal (a)
and isolated molecule (b)
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results for organic molecules especially for vinazene structure.
As shown in Fig. 3, the lowest conduction band lies at the X
point with an energy value of 2.9388 eV and the highest va-
lence band lies at the Γ point with an approximate energy
value of 0 eV with reference to the Fermi level. These values
clearly indicate the high oxidative stability of vinazene molec-
ular crystal, which is a key requirement for an organic elec-
tronic material. It also shows, that vinazene molecular crystal
exhibits an indirect band gap. So, a change of electron mo-
mentum occurs to allow the transition of electrons from va-
lence to conduction band. Since there is a change in momen-
tum, the electron has to occupy more energy to be diffused in
the conduction region. This result clearly shows the energy
required must be larger than the energy gap value of Eg=
2.9388 eV. Fortunately, the obtained energy gap is considered
small for a basic structure of crystalline OPV material com-
pared to the others OPVs. Consequently it may be deduced
that vinazene molecular crystal possess the suitable character-
istic as a good electron acceptor material and contains a high
ability in conducting electrons with holes.

Optical properties

In addition to the electronic properties, we have also calculat-
ed the optical properties using VASP package [18]. All of the
optical parameter calculations are based on DFT and were
done by applying the exchange correlation functional of
GGAwith adopted PBE parameterization. The calculated op-
tical properties of reflectivity, refractive index, n, absorption
coefficient, k, together with real and imaginary parts of the
frequency dependent dielectric and conductivity function,
for vinazene are shown in Figs. 4, 5, and 6. These calculations
were done for both molecule and molecular crystal forms.

Figure 4 shows the reflectivity of the molecule and molec-
ular crystal of vinazene. It can be seen from these graphs, the
highest peaks were contributed from the (010) direction and
interestingly, reflectivity of both graphs start to reach a plateau
after 30 eV. In the energy range of 0 to 5 eV of vinazene
molecular crystal, maximum reflectivity from (001), (010),
and (001) directions occurs with a value of 0.506. Whereas
the maximum reflectivity value of vinazene molecule is only

0.08 which occurs in the energy range of [5–10] eV and
[14–16] eV. Obtained value of reflectivity for vinazene mole-
cule is greatly lower compared to vinazene molecular crystal.
When the reflectivity value is low, it generally shows that level
of transparency of the material is high. Thus, vinazene mole-
cule is more efficient to play the role of OPV material com-
pared to its molecular crystal since it is almost transparent for
the photon energy less than 50 eV.

Besides reflectivity spectra, it is important to highlight the
function of refractive index and extinction coefficient in the
calculation of optical properties. By referring to Fig. 4, the
refractive index for both vinazene molecule and molecular
crystal showed a similar pattern with different level of indices.
The highest refractive index of vinazene molecule at 0 eV is
1.2 which is lower than vinazene crystal by 0.8. This means
that vinazene crystal have higher tendency to refract photon
compared to vinazene molecule. Both of these structures have
high indices values in energy range of [0–10] eV; therefore the
generated outputs in the respective region are quite low. How-
ever, the situation of low generated outputs is turned over,
starting from the energy range of 10 eV. The refractive index
graphs clearly show both of the materials are able to generate
high outputs with the input photon energy as low as 10 eV.
Interestingly, from the energy of 20 eVonward both structures
continuously show stable indices with a value of 1.0.

As the refractive index function reported above, the absorp-
tion coefficient function is also discussed in parallel. A similar
pattern for both vinazene molecular crystal and molecule is
also seen in the absorption coefficient spectra graphs. In the
energy range of [0–10] eV, the highest absorption peak values
for vinazene molecule and molecular crystal are 0.6 and 2.6
respectively. The calculated absorption value for vinazene
molecular crystal is higher compared to vinazene isolated
molecule due to the arrangement and size of the structure
system. A larger structure will have larger windows to harvest
light and consequently contributes to higher intensity of spec-
trum absorbance. The absorption spectra of both structures
cover ultraviolet spectrum and extends to the infrared zone.
This shows the vinazene can absorb a wide range of electro-
magnetic spectrum with suitable arrangement. The perfor-
mance of vinazene crystal was also found to be more efficient

Fig. 4 Reflectivity spectra of
vinazene: isolated molecule (a)
and molecular crystal (b). They
are presented in black, red, and
blue color lines, respective to
three polarization vectors of
(100), (010), and (001) directions
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than vinazenemolecule since vinazene crystal has achieved its
stability in the transition process starting from the energy of
10 eV. However, the vinazene molecule starts to stabilize only
on the energy of 20 eV.

Furthermore, Fig. 5 shows the real and imaginary part of
the frequency dependent dielectric and conductivity function
for vinazene molecular crystal and molecule. Significant dif-
ferences are found in the dielectric spectra for both forms. All

Fig. 5 Refractive index n and
extinction coefficient k versus
energy. They are presented in
black, red, and blue color lines,
respective to three polarization
vectors of (100), (010), and (001)
directions

Fig. 6 Real and imaginary parts
(ε1 and ε2) of dielectric constants
and real and imaginary parts (σ1

and σ2) of conductivity function
for vinazene molecular crystal at
the right side and molecule at the
left side. They are presented in
black, red, and blue color lines,
respective to three polarization
vectors of (100), (010), and (001)
directions
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of the polarization vectors for vinazene molecule exhibit an
intense spectrum in the energy below 20 eV. Whereas for
vinazene crystal, only polarization vectors of (100) and
(010) directions tend to have a slight intense spectra, but it
only occurs in the energy below 10 eV. The obtained values
for the real part of dielectric function for vinazene molecule at
0 eVare ε(100)=1.4486, ε(010)=1.4206, and ε(001)=1.2903 and
for vinazene crystal are ε(100)=4.1788, ε(010)=4.1989, and
ε(001)=2.6910. These values might suggest that vinazene crys-
tal has a great potential to play a role as an electron acceptor
material as compared to vinazene molecule. This is due to the
higher dielectric constant values which indirectly results in a
high capability in conducting and transporting the electrons.

Almost similar optical spectra are also found in Fig. 5 for
the real and imaginary parts of conductivity function. The real
part of conductivity function for vinazene molecule is clearly
monopolized by the (001) polarization vectors, while the
imaginary parts are evenly distributed for all polarization vec-
tors. This is different from real and imaginary parts of the
molecular crystal, where the majority of the spectra values
are contributed from the (010) directions. In the energy range
of [0–20] eV, the real part of conduction spectrum for both
form shows a drastic increase but a sudden decrease appears
after it reaches a plateau. The plateau represents the achieve-
ment of optimum stability of the structure that indirectly re-
sults to a high capability in conducting and transporting elec-
trons smoothly.

Conclusions

We have successfully emphasized the understanding of opto-
electronic properties of vinazene molecule and molecular
crystal as an effective molecular material for organic photo-
voltaic applications. Systematic studies of electronic and op-
tical properties were accomplished using density functional
theory computational approaches. Several exchange correla-
tion functionals were employed to attain a sturdy calculations
result. Our study has further opened the possibility of
performing systematic computational investigations of the
corresponding electronic and optical response. In addition,
by establishing HOMO and LUMO of vinazene molecule
and band structure of the corresponding molecular crystal,
reliable energy band gap values have been evaluated. From a
deep analysis of energy band gaps, reflectivity, refractive in-
dex, absorption coefficient, dielectric, and conductivity func-
tion of vinazene molecule and molecular crystal, we were able
to accurately predict the possibility of integrating vinazene in
OPV devices and discussing its performance. Hence, we came
to a conclusion that vinazene molecular crystal is more com-
patible, compared to the molecule form, to serve as a new

active material for applications in the OPV system. Further-
more, DFT approach is found to be a good predictive tool for
the study of excitation energy of molecular material. Because
of unavailability of experimental measurements and not very
many reported studies related to this material, our study egg
on researchers for further investigations on this potential OPV
material for energy harvesting to realize the goal of green and
sustainable energy technologies.
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