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Abstract

The electronic and photovoltaic parameters of 2,2’-biquinoline-4,4'-dicarboxylic acid (2BA) were investigated using the
B3LYP and M06-2X hybrid functionals of density functional theory (DFT) with the basis set 6-311++G (d, p). The frontier
molecular orbital (FMO) energies, absorption wavelengths, and electronic characteristics (total energy and energy range)
of the 2BA were calculated using the B3LYP and M06-2X levels of time-dependent DFT (TD-DFT) with the 6-311++G
(d, p) basis set. The TD-DFT method, employing the integral equation formalism-polarized continuum model (IEF-PCM),
was utilized to investigate electronic transitions within the solvent environment (ethanol and methanol). When calculations
performed using two different methods were compared with experimental values, the results closest to the experimental
values were obtained using the TD-DFT/B3LYP method in ethanol. Photovoltaic parameters such as light harvesting
efficiency (LHE), open-circuit voltage (Voc), driving force for electron injection (AGinj), and driving force for dye
regeneration (AGreg) Were similarly calculated and analyzed. LHE calculations showed that the DFT/M06-2X method

calculated better values than the TD-DFT/B3LYP method.
Keywords: DFT, energy, photovoltaic

1. Introduction

The environmental impacts of fossil fuels and rising
energy demand have led researchers to pursue clean
and renewable energy sources. In this context, Dye-
Sensitized Solar Cells (DSSC), due to their low
production costs and flexible structures, are a strong
alternative to silicon-based photovoltaic systems [1].
The efficiency of DSSCs largely depends on the dye
molecules  (sensitizers) that adhere to the
semiconductor surface (typically) and absorb sunlight
[1, 2]. The photovoltaic potential of this molecule
stems from both its optical behavior within metal
complexes and the carboxylic acid groups that enable
it to attach to semiconductor surfaces [1, 3]. 2,2'-
Biquinoline-4,4'-dicarboxylic acid (2BA) is an
important organic ligand in this field. It is an important
organic ~ molecule. Due to its  strong
photoluminescence and electroluminescence
properties, it finds applications not only in solar cells
but also in light-emitting devices and electro-optic
displays [3-6].

Another factor affecting the photovoltaic performance
of the 2BA is its interaction with the semiconductor
surface. Wojtal and Zhitomirsky used the 2BA in
surface modification of inorganic particles and
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electrophoretic deposition processes to ensure stable
film formation [3]. Bae et al., on the other hand,
investigated electron transfer rates on the surface of
ruthenium-biquinoline complexes and emphasized the
effects of the hydrophobic character of the ligand
structure on its stability during this process [2].This
broad perspective shows that the 2BA is not merely a
dye but also a versatile building block for complex
photovoltaic and optoelectronic systems.

Fluorescence emissions of 2BA-based complexes are
critically important for understanding photovoltaic
processes. Shankar and Baruah investigated how
stacking effects modulate fluorescence emission in Cu
complexes [5]. Additionally, the gas transport and
electrochemical properties of polymeric structures
containing biquinoline units
(polybenzoxazinoneimides) have been studied, and
their stable redox behavior when complexed with
ruthenium has been reported [7, 8].

This study investigates the electronic and photovoltaic
properties of the 2BA in different environments (gas
phase, ethanol, and methanol). Calculations were
performed using the DFT method and two different
hybrid functionals, B3LYP and M06-2X. Its potential
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as a dye material for dye-sensitized solar cells was also
investigated.

2. Computational Details

All calculations were performed using the
GAUSSIAN 09W program [9] and visualized using
the GaussView05 program [10]. The DFT and TD-
DFT methods B3LYP [11] and M06-2X [12] hybrid
functional with 6-311++G (d, p) basis set were used to
calculate electronic and photovoltaic parameters. The
Highest Occupied Molecular Orbital (HOMO),
Lowest Unoccupied Molecular Orbital (LUMO),
energy gap (AE), chemical hardness (i), chemical
potential (), softness (s), and electronegativity () of
the 2BA were calculated using the same levels in the
gas phase, ethanol, and methanol.

By using the Frontier Molecular Orbitals (FMOs)
[HOMO and LUMO] energy values of the 2BA
obtained at DFT method, ionization potential [I = -
Eromo], electron affinity [A = -ELumo] energy gap
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(AE), chemical hardness (), chemical potential (p),
softness (s), and electronegativity (y), which are
global chemical reactivity parameters, were obtained
using Equations (1)-(5) [13-15].

AE = Erymo — Enomo 1)
n = (ELUMO;EHOMO) @)
u= (EHOMO;ELUMO) 3)
:

21

3. Result and Discussion

3.1. Frontier Molecular Orbitals and Reactivity
Descriptors

The optimized geometry of the 2BA [16] was
performed using the DFT method B3LYP and MO6-
2X functional with 6-311++G (d, p) basis set. The
optimized structures of the 2BA are shown in Figure
1.

Figure 1. The geometric structure of 2BA was optimized using the DFT/B3LYP method.

The FMO energies, energy gaps, and global reactivity
parameters derived from TD-DFT simulations
produced varying findings for two distinct functionals
of the 2BA in both the gas phase and in ethanol and
methanol environments.

The AE value of the 2BA was calculated to be greater
when employing the TD-DFT/M06-2X method
compared to the TD-DFT/B3LYP method.

Calculations of the energy gap for 2BA utilizing the
MO06-2X and B3LYP levels yielded comparable
results between gas phase and solvent phase analyses.
This value was calculated as 3.83 eV in the gas phase,
3.82 eV in ethanol, and 3.82 eV in methanol using the
TD-DFT/B3LYP method, while it was calculated as
6.03 eV in the gas phase, 6.01 eV in ethanol, and 6.01
eV in methanol using the TD-DFT/ M06-2X method.
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Table 1. The FMO energies and related properties for 2BA

TD-DFT Gas phase Ethanol Methanol
Parameters M06-2X B3LYP M06-2X B3LYP M06-2X B3LYP
Enomo (eV) -7.85 -6.65 -7.98 -6.73 -7.98 -6.73
ELumo (eV) -1.82 -2.82 -1.97 -2.91 -1.97 -2.91

AE (eV) 6.03 3.83 6.01 3.82 6.01 3.82
1 (eV) 7.85 6.65 7.98 6.73 7.98 6.73
A (eV) 1.82 2.82 1.97 2.91 1.97 2.91
x (eV) 4.83 4,73 4.97 4.48 4.97 4.48
7 (eV) 3.01 1.91 3.00 1.91 3.00 1.91
u (eV) -4.83 -4.73 -4.97 -4.48 -4.97 -4.48
s (eV?Y) 0.16 0.26 0.17 0.26 0.17 0.26

The 7, x, and p parameters of the 2BA in the gas phase
were calculated as 1.91, 4.73, and -4.73 eV,
respectively, using the B3LYP level. In ethanol, these
parameters were calculated as 1.91, 4.48, and -4.48
eV, respectively, using the B3LYP method. The same
parameters were calculated as 3.01, 4.83, and -4.83 eV
in the gas phase, respectively, using the TD-
DFT/MO06-2X method, while they were calculated as
3.0, 4.97, and -4.97 eV in ethanol, respectively. The n
values obtained using the M06-2X level imply that the
molecule may exhibit low reactivity and resistance to
load deformation, but the B3LYP level indicates that
2BA has a diminished hardness value and may have
significant chemical reactivity.

3.2. Optical Analysis

The experimental spectrum of the 2BA exhibits three
absorption bands at 208 nm, 260 nm, and 332 nm [17].
The electronic absorption spectra and transitions of
the 2BA in both gas phase and solvent (ethanol and
methanol) were computed utilizing the TD-DFT
method with M06-2X and B3LYP hybrid functionals,
employing the 6-311++G (d, p) basis set. The solvent
effect was assessed using IEF-PCM. Table 2 lists the
UV-vis spectrum data of the 2BA using the GaussSum
software [18], which was produced using two different
methods and different media. Figures 2 and 3 show the
UV-Vis absorption spectra calculated for 2BA using
two different methods.

When comparing the UV-Vis absorption spectrum
data obtained from the TD-DFT/B3LYP simulation of
the 2BA with experimental data, it is observed that the
calculations performed using the solvent are in very
good agreement with the experimental value.
Comparison of the UV-Vis absorption spectrum data

derived from the TD-DFT/M06-2X simulation of the
2BA with experimental data revealed that the gas
phase calculations exhibited superior concordance
with the experimental values. The computations in the
solvent medium resulted in a little reduction in
wavelength.

The largest absorption peak of 2BA, calculated using
the TD-DFT/B3LYP method, was found to be 356 nm
in the gas phase and 362 nm in ethanol and methanol.
This band was found to be 362 nm in the gas phase
and 305 nm in ethanol and methanol using the TD-
DFT/ MO06-2X method. According to TD-
DFT/B3LYP results, the longest absorption band
corresponds to the electronic transition calculated as
HOMO—LUMO (87%) in the gas phase,
HOMO—-LUMO (91%) in  ethanol, and
HOMO—-LUMO+1 (91%) in methanol (Fig.4). These
transitions were calculated using the TD-DFT/ MO06-
2X method as HOMO—LUMO (91%) in the gas
phase, HOMO—LUMO+1 (81%) in ethanol, and
HOMO—LUMO+I1 (81%) in methanol (Fig.5). When
calculations performed using two different methods
are compared with experimental values, it can be said
that the closest results to experimental values were
obtained using the TD-DFT/B3LYP method and the
ethanol solution.

For 2BA, using the TD-DFT/B3LYP method, it was
predicted that the bands calculated in the gas phase in
the range of 325-260 nm, and in ethanol and methanol
in the range of 338-263 nm, are n—n* and n—n*
transitions. According to the TD-DFT/ MO06-2X
method results, these transitions were calculated to be
in the range of 338-263 nm in the gas phase and 254-
232 nm in ethanol and methanol.
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Figure 2. UV-Vis absorption spectra of 2BA obtained by TD-DFT/B3LYP simulation are shown in (a) gas phase, (b)
ethanol, and (c) methanol.
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Figure 3. UV-Vis absorption spectra of 2BA obtained by TD-DFT/M06-2X simulation are shown in (a) gas phase, (b)
ethanol, and (c) methanol.
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Figure 4. Frontier molecular orbitals of the 2BA calculated using the TD-DFT/B3LYP method.

Table 2. Calculated electronic transitions for 2BA with the TD-DFT/ IEF-PCM method.

TD-DFT Solvent A (nm) E (eV) Osc. Strength(f) Major Contributions
356 3.48 0.285 H— L (+87%)
Gas 325 0.300 H-1— L+1 (+87%)
260 0.615 H-4— L+1 (+32%)
362 3.42 0.419 H— L (+91%)
B3LYP Ethanol 338 0.240 H-2— L (+94%)
263 0.676 H-4— L+1 (+36%)
362 3.42 0.407 H— L (+91%)
Methanol 338 0.232 H-2— L (+94%)
263 0.672 H-4— L+1 (+35%)
362 3.42 0.407 H—L (+ 91%)
Gas 338 0.232 H-2 — L (+94%)
263 0.672 H-4— L+1 (+35%)
305 4.06 0.674 H— L (+81%)
MO06-2X Ethanol 254 0.983 H-1— L+1 (+54%)
232 0.173 H-3— L+1 (+14%)
305 4.06 0.657 H— L (+81%)
Methanol 254 0.978 H-1— L+1 (+54%)
232 0.170 H-3— L+1 (+14%)
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Figure 5. Frontier molecular orbitals of the 2BA calculated using the TD-DFT/M06-2X method.

3.3. Photovoltaic Performance

Photovoltaic factors include LHE (Light Harvesting
Efficiency), open voltage (Voc), the driving force for
electron injection (AGin), and the driving force for
regeneration of dye (AGreg), Which are important for
creating efficient DSSCs (Eg. 6-9). We have
calculated the parameters as follows [19-22]:

Voc = ELumo-Ecs (6)
LHE= 1-10f @)
AGinj = E9ver — Ecp (8)
AGreg = E e — Eféfia 9)

where f is the title complex’s oscillator strength
corresponding to the Amax Wavelength, E%¢" is excited
state oxidation potential energy of the complex, Ecg is
the conduction band of the TiO, (-4.00 eV), E% is
oxidation potential energy of the complex at the

ground state, EE'ét is the redox potential energy of

the electrolyte (-4.85 eV) [23].

The LHE, Vo, AGinj, and AGreg parameters of the 2BA
were computed using two different functionals with
the TD-DFT method and in different environments
and are given in Table 3. A system must possess a
greater open circuit voltage-current to efficiently
capture light [24-26]. The V. value of the complex
was calculated as 1.18 eV in the gas phase and 1.09
eV in ethanol and methanol using the DFT/B3LYP
method. This parameter was obtained as 2.18 eV in the
gas phase and 2.03 eV in ethanol and methanol using
the DFT/M06-2X method. Comparing the results
obtained from the two different methods, it is
observed that the DFT/M06-2X method results are
higher. Furthermore, in both methods, the results
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obtained in the gas phase are greater than those
obtained in the solvent environment.

Calculating the LHE value for 2BA using the
DFT/B3LYP method yielded higher calculation
results in the solvent medium compared to the gas
phase, while the DFT/M06-2X method resulted in
higher values in the gas phase compared to the solvent.
According to Table 3, negative AGin values were
obtained in all media in the B3LYP results (-0.83 and
-0.69 eV), while in the M06-2X results, a positive

Volume 15(1), June 2026, pp 98-106

value (+0.43 eV) was found in the gas phase, and the
values became slightly negative in the solvent medium
(-0.08 eV). Therefore, it can be said that the
DFT/B3LYP method will show a more suitable
injection behavior in terms of DSSC.

All media had negative AGreg values. This indicates
that the oxidized dye can be easily reduced by the
electrolyte. The M06-2X method revealed much more
substantial negative results (-3.13 eV), suggesting that
regeneration may occur considerably.

Table 3. Calculated photovoltaic parameters for 2BA with the TD-DFT/ IEF-PCM method.

TD-DFT Gas phase Ethanol Methanol
Parameters | M06-2X B3LYP M06-2X B3LYP M06-2X B3LYP
Exomo (V) -7.85 -6.65 -7.98 -6.73 -7.98 -6.73
ELumo (eV) -1.82 -2.82 -1.97 -2.91 -1.97 -2.91

AE (eV) 6.03 3.83 6.01 3.82 6.01 3.82
LHE 0.61 0.48 0.79 0.61 0.78 0.61
Voc 2.18 1.18 2.03 1.09 2.03 1.09
Eg;’ff* 4.43 3.17 3.92 331 3.92 3.31
AGinj 0.43 -0.83 -0.08 -0.69 -0.08 -0.69
AGreg -3 -1.8 -3.13 -1.88 -3.13 -1.88

4. Conclusions

In this study, the electronic and photovoltaic
parameters of the 2BA were investigated using the
B3LYP and M06-2X hybrid functionals and the 6-
311++G (d, p) basis set of the DFT method. According
to UV-Vis absorption spectral data, the results most
consistent with the experimental values of 2BA were
obtained from calculations performed with
DFT/B3LYP and in the solvent phase, and from
calculations performed with DFT/ M06-2X in the gas
phase. The AE calculations for 2BA show that the
value obtained using the TD-DFT/M06-2X method is
higher than that obtained using the TD-DFT/B3LYP
method. The highest Vo value for 2BA was derived
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