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This study employed aniline-based D-7-A organic dyes, consisting of four dyes
differentiated by their -conjugated moieties. Calculations were performed using
DFT/TD-DFT with the B3LYP/6-31G basis set. The work examined structural
modifications of aniline-based D-m-A dyes in the gas phase to identify
7t- conjugated variations with high sensitizing potential for DSSCs. Among the
dyes evaluated, Dye 2 (8-(4-aminophenyl)-9H-purine-2-carboxylic acid)
showed the most promising characteristics, with an absorption maximum (Amax)

of 504.45 nm and a bandgap of 3.0618 eV. These findings indicate that converting
aniline dyes into D-7t-A systems can improve DSSC performance.

1. Introduction

Currently, renewable energy sources derive from
continuous natural processes, including solar power,
wind power, hydroelectric power, biofuels, biomass, and
geothermal sources, and play a critical role in addressing
the global energy crisis. Developed countries, such as the
European Union, aim to achieve 27% of their total energy
consumption from renewable sources by 2030. The
United States has invested more than $90 billion in
developing clean energy through the Recovery Act [1].

In 1990, Grdtzel and O’Regan introduced Dye-
Sensitized Solar Cells (DSSCs) as the third-generation
solar cell technology. DSSCs are low-cost, easy to
fabricate, and capable of achieving high sunlight-to-
electricity conversion efficiency [2]. Their core
components include TiO. anode, a sensitizer, an I-/I3-
electrolyte, and a counter electrode. Sensitizer
contributes crucially to improving light absorption
efficiency [3, 4]. Sensitizers can be either organic or
inorganic dyes. Ruthenium-based organometallic dyes
are known to significantly enhance DSSC performance [5,
6], but their use is limited by high production costs due to
the scarcity and expense of ruthenium [7]. Metal-free
organic dyes offer several advantages, such as
environmental friendliness, abundant availability,

structural tunability, low synthesis cost, and high molar
extinction coefficients [8]. However, they generally
exhibit lower light-absorption efficiency and stability,
making structural modification necessary.

One type of organic dye is aniline, which occurs
naturally in the Indigofera suffruticosa plant and can also
be commercially produced through the hydrogenation of
nitrobenzene [9]. Aniline has a simple molecular
structure and contains a lone pair on its nitrogen atom,
making it an effective electron donor [10]. However,
aniline dyes require structural modification to enhance
their performance in DSSCs. This improvement is
typically achieved by converting aniline into D-m-A
(Donor-m-conjugated—Acceptor) type dyes. D-m-A dyes
are highly suitable as DSSC sensitizers due to their strong
push—pull electronic characteristics [11]. Previous studies
on D-m-A dyes have explored systems based on
porphyrin [12], indoloquinoxaline and phenothiazine
[13], aniline [14], triphenylamine [15], coumarin [16],
quinoxaline [17], and others.

Charge transfer from the donor (D) to the acceptor
(A) moiety occurs intramolecularly, and during
photoexcitation, electrons are injected into the
semiconductor’s conduction band through the dye’s
acceptor unit. By modifying the donor, acceptor, and/or
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m-conjugated bridges, the absorption properties and
excitation energies of the dye can be tuned, which can be
effectively evaluated using computational methods [18,
19].

Computational methods now play a crucial role in
scientific development, enabling the calculation of
complex molecular properties with results that correlate
strongly with experimental observations. These methods
have become increasingly popular in recent years because
they require less time and cost compared to laboratory
experimentation. Among them, Density Functional
Theory (DFT) is the most widely used due to its ability to
produce accurate results that closely match experimental
data [20].

Based on this background, this study focuses on a
theoretical investigation of structural modifications of
aniline-based dyes to enhance the performance of DSSCs.
The objective is to characterize the m-conjugated
variations of aniline-derived D-m-A organic dyes and
evaluate their potential for improving DSSC efficiency.
Additionally, this work aims to identify the most
favorable dye candidate to function as an efficient
sensitizer in DSSCs.

2. Experimental

This study employed Gaussian 16W, using DFT for
ground-state optimization and TD-DFT for excited -state
optimization. The B3LYP/6-31G basis set was applied
throughout the calculations [17]. All optimizations were
performed in the gas phase. The molecular model used in
this work consisted of D-m-A type dyes, as shown in
Figure 1. Molecular structures were constructed using
GaussView 6.0. Each dye featured an aniline donor moiety
and a formic acid acceptor moiety, combined with
different m-conjugated bridge variations.

2.1. The Performance of DSSCs

The performance of DSSCs can be evaluated through
key parameters, including the dye bandgap, short-circuit
current density (Jsc), open-circuit voltage (Voc), and
overall energy conversion efficiency (n). These
parameters were analyzed using Equations (1-6). The
ease of electron excitation in a dye is determined by the
energy difference between the Highest Occupied
Molecular Orbital (HOMO) and the Lowest Unoccupied
Molecular Orbital (LUMO), commonly referred to as the
bandgap [21] (Equation 1).
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Figure 1. Dyes 1-4

AE = Erumo - Enomo (1)

A smaller bandgap enables electrons to be excited
more easily from the HOMO to the LUMO, resulting in
stronger light absorption. According to Planck’s law,
energy is inversely proportional to wavelength, meaning
dyes with lower bandgaps absorb light more effectively
[22]. The energy conversion efficiency of a DSSC is given
by Equation 2.

— ]scXVOC(ff)
= lexocUD )

n

Where, Jsc is the short-circuit current density, Voc is
the open-circuit voltage, ff is the fill factor, and Is is the
light intensity. The Voc of a DSSC reflects the energy
difference between the redox potential of the electrolyte
and the quasi-Fermi level of electrons in the TiO-
conduction band [23] (Equations 3 and 4).

]sc = f}’ LHE (A) X cbinject X Neottect X da (3)

Voc = Erumo — Ecs (4)

Where, ff is the fill factor, Is is the light intensity,
Dmject is the electron injection efficiency, nconect is the
electron collection efficiency, and Ecs (conduction band
energy of TiO,) value is -4.0 eV.

According to Equation 3, achieving a high Jsc requires
large values of LHE (Light Harvesting Efficiency), 2, and
®inject. LHE was calculated using Equation 5.

LHE =1-10~f (5)
Where, f is the oscillator strength of dyes.

Electron injection free energy (AGiect) was obtained
using Equation 6.

AGinject — Edye* —Ecp = Edye —Ey_o—Ecp (6)

Where, Eaye is the oxidation potential of dyes in the
basic state, and Eo-o is the vertical electronic transition
energy in Amax [24] or the bandgap of dyes [25].

3. Results and Discussion
3.1. Optimal Geometric Structures

The geometric structures of the four dyes with n-
conjugated moiety variations were optimized using the
B3LYP/6-31G basis set, aiming to obtain optimal
structures and HOMO-LUMO contours of the dyes, as
shown in Figure 2. The HOMO contours represent the
electron density in the HOMO level, which reflects the
electron-donating regions of the dye, while the LUMO
contours represent the electron-accepting regions in the
LUMO level [26]. In the HOMO, the electron density is
distributed over the nitrogen atom of aniline, the C—C
framework of the donor moiety, and part of the m-
conjugated bridge, confirming that aniline functions as
the electron-donating group. In the LUMO, the electron
density is concentrated on the oxygen atoms of the formic
acid unit and part of the m-bridge, indicating that formic
acid acts as the electron-withdrawing group and the 7 -
moiety serves as the electron-transfer pathway. Thus,
upon sunlight exposure, m-electron resonance occurs
from the aniline donor toward the formic acid acceptor.
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Figure 2. Optimal geometric structures of dyes 1-4 (atom
colors: red = oxygen, blue = nitrogen, grey = carbon,
white = hydrogen), contours of HOMO and LUMO

3.2. ESP (Electrostatic Surface Potential)

ESP analysis was used to identify the electronegative
and electropositive regions within the dyes.
Electronegativity refers to the ability of an atom,
molecule, or ion to attract electrons toward itself [27].
The ESP color scale follows the order red > orange >
yellow > green > blue, where red represents the most
electronegative areas, and blue represents the most
electropositive ones [28]. Electropositive regions (blue)
act as electron donors, while electronegative regions
(red) serve as electron acceptors. The ESP maps of dyes
1— 4 in Figure 3 show that the formic acid group behaves
as an electron-withdrawing region, whereas the amine
group in aniline functions as an electron-donating
region.

3.3. Frontier Energy and Bandgap (AE)

In DSSCs, the source of electrical energy is the
excitation of electrons on dyes. Electron excitation occurs
from the HOMO to the LUMO bands, and the energy
difference between the HOMO band and the LUMO bands
is called the bandgap (AE). The efficient sensitizer in
DSSCs has a small bandgap value; the smaller bandgap
value facilitates the electron excitation from the HOMO to
the LUMO bands. The data in Table 1 show the energy of
HOMO-LUMO and the bandgap of dyes 1-4.

Table 1. The frontier energy of dyes 1-4
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Figure 3. The ESP of dyes 1-4

Table 1 shows that all four dyes modified on the
7i- conjugated bridge have smaller bandgap values than
the unmodified aniline. This indicates that the extended
conjugation allows greater electron delocalization,
making the HOMO-LUMO separation smaller and
facilitating electronic excitation. A lower bandgap means
that less light intensity is required to promote electrons
from HOMO to LUMO [29]. Among the dyes, dye 2 has the
smallest bandgap at 3.0618 eV. This is linked to the larger
number of atoms in its mw-conjugated purine moiety.
Nitrogen atoms in the w-bridge have an electronegativity
of 3.04, which is lower than that of oxygen (3.44) in the
acceptor group [30], enabling the oxygen atoms to more
effectively pull electron density from the nitrogen sites.
At the same time, the nitrogen atoms, being more
electronegative than the carbon atoms in the donor
region, readily attract electrons from the donor moiety.
This overall gradient in electronegativity enhances
intramolecular charge transfer within dye 2, resulting in
areduced bandgap.

3.4. Dihedral Angle and Bond Length

The bond lengths and dihedral angles of dyes 1—2 are
summarized in Table 2. In DSSCs, the geometric structure
of the dye significantly influences its electronic and
optical properties. Two key structural parameters are the
dihedral angle and bond length. The dihedral angle
reflects the planarity of the molecular moieties; values
approaching 0° or 180° indicate a coplanar arrangement,
which facilitates more efficient electron transfer between
moieties. Likewise, shorter bond lengths promote easier
electron movement along the molecular framework [25].

Table 2. The dihedral angle (6) and bond length (d) of

Dye T -conjugated E(I:{I}’;O FEZ[{I}A)O (é\];:)
Aniline - -5.10 0.06 5.16
1 naphthalene -5.17 -1.85 3.33

2 purine -5.40 -2.34 3.06

3 carbazole -4.66 -1.49 3.18

4 quinoline -5.36 -2.21 3.15

dyes1-4
Dye 6; (°) 0, (°) di (R) d> (B)
1 -37.02 -0.09 1.48 1.45
2 0.00055 -179.98 1.44 1.43
3 -158.90 -0.01 1.46 1.43
A 90.31 0.00083 1.48 144
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In Table 2, 6, and d: represent the dihedral angle and
bond length between the donor moiety and the
7- conjugated bridge, while 6. and d. represent those
between the m-conjugated bridge and the acceptor
moiety. Based on the data, dye 2 shows a dihedral angle
closer to 0° and shorter bond lengths compared to the
other dyes. This structural arrangement promotes more
efficient electron transfer, indicating that dye 2 has the
most favorable geometry for charge transport.

3.5. Absorption Spectrum

The absorption spectra of dyes 1—4 are shown in
Figure 4, and their electronic transitions are summarized
in Table 3. In the spectrum, the X-axis represents the
wavelength, while the Y-axis corresponds to the molar
absorptivity (¢). As seen in Figure 4, dye 1 exhibits the
highest molar absorptivity, whereas dye 2 shows stronger
absorption at longer wavelengths than the other dyes.

Table 3 shows that all modified dyes exhibit longer
wavelength absorption than aniline. Their absorption
wavelengths fall within the visible region, with dye 2
displaying the highest value at 504.45 nm, along with the
lowest excitation energy of 2.4578 eV. The electronic
transitions are dominated by major contributions from
H-L, H>L+1, H-1>L, H>L+2, and H~>L+1, while minor

transitions appear in bands such as H-2~>L, H-1>L+1, H-
3->L,and H-1~>L+3.

A dye with strong light absorption efficiency
generally shows both high intensity and broad
wavelength coverage. However, wavelength plays a more
decisive role in enhancing DSSC performance [31]. Based
on these parameters, dye 2 is the most efficient sensitizer
among the investigated dyes.

40000 -

35000 —-
30000 ﬁ
25000 -
20000 -
15000 —
10000 4

5000 ~

04

Molar Absorptivity (L mol ' cm ™)

-5000 - T T T T
0 200 400 600 800
Wavelength (nm)

Figure 4. The UV-Vis spectra of dyes 1-4

Table 3. The data of electronic transitions of dyes 1-4

Dye Excitz‘it‘ion Aexcitation Excitation The conﬁguratioq of Oscillator
condition (nm) (eV) the molecular orbital strength (f)
Aniline 1 273.98 4.5254 H-1->L+1(30.17 %) 0.0447
H ->L (95.38%)
2 217.12 5.7103 H-1>L (44.38%) 0.1059
H ->L+1(89.23%)
3 198.12 6.2579 H ->L+2(99.64 %) 0.0005
1 1 409.44 3.0281 H L (99.16 %) 0.3900
2 336.95 3.6796 H-2>L (24.72 %) 0.0422
H-1->L (76.26 %)
H ->L+1(56.47%)
3 308.22 4.0226 H-1->L (58.94 %) 0.0739
H ->L+1(56.47%)
2 1 504.45 2.4578 H-1->L (98.95%) 0.0001
2 373.01 3.3239 H L (99.48 %) 0.8825
330.06 3.7564 H-3->L (3172 %) 0.0015
H-1->L+1 (87.53%)
H-1->L+3 (3.01%)
3 1 44495 2.7865 H L (99.20%) 0.1099
2 367.40 3.3747 H-2>L (14.86 %) 0.0486
H ->L+1(97.39 %)
3 306.90 4.0399 H-2->L (38.34 %) 0.1090
H-2->L+1 (16.98 %)
H-1>L (83.06 %)
H ->L+2 (32.08%)
4 1 47413 2.6150 H ->L (99.10 %) 0.0003
2 348.61 3.5566 H-2->L (97.70 %) 0.0017
3 332.85 3.7249 H ->L+1 (98.33%) 0.0010

Note: H refers to the HOMO (Highest Occupied Molecular Orbital), and L refers to the LUMO (Lowest Unoccupied Molecular Orbital).
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3.6. Dipole Moment and AGiet Injected Gibbs Free
Energy

Table 4 presents the dipole moment and A Ginject
values of dyes 1—4. The dipole moment reflects the degree
of polarization within a molecule; a higher value indicates
that the molecule polarizes more easily [32]. [n D—-t—A
dyes, polarization leads to a positive pole on the donor
moiety and a negative pole on the acceptor moiety as
electrons move through the m-conjugated bridge. Alarger
dipole moment generally facilitates electron transfer
from donor to acceptor. Among the studied dyes, dye 4
shows the highest dipole moment, whereas dye 2 has a
notably lower value due to the presence of multiple
nitrogen atoms within its m-conjugated bridge, which
distributes polarity across the structure. This indicates
that the dipole moment alone is not the primary
determinant of m-electron resonance in these dyes [33].

All modified aniline-based D-m—A dyes exhibit
higher dipole moments than unmodified aniline. AGinject
indicates the spontaneity of electron injection, where
more negative values correspond to more favorable
injection processes. Dye 4 shows the most spontaneous
AGmeet although the values for dyes 1 and 2 are only
slightly less negative. Overall, dyes 1, 2, and 4 all
demonstrate favorable electron injection characteristics
for DSSC applications.

3.7. Electrical Properties Analysis

The capability of dyes to produce electrical current is
evaluated through key electrical parameters, such as the
values of Vo, Jsc, and . A high value of  is achieved when
both Voc and Jsc are high while the light intensity remains
low, as described in Equation 5.

Table 4. Dipole moment and AG™ect of dyes 1-4

Dye m-conjugated Dipole(gl)oment A( (Z;'v;j)ect
Aniline - 4.08 -6.26
1 naphthalene 22.49 -4.50

2 purine 07.62 -4.46

3 carbazole 23.01 -3.84

4 quinoline 28.83 -4.51

Table 5. The values of LHE and Voc of dyes 1-4

Vi
Dye m - conjugated LHE (e(\)/?)
1 naphthalene 0.5926, 0.0926, 2.1526
P 0.1565 15
. 0.0002, 0.8689,
2 purine 0.0034 1.6647
0.2236, 0.1059,
3 carbazole 0.2220 2.5145
4 quinoline 0.0007, 0.0039, 1.7874

0.0023

According to Equation 2, the n value increases when
the light intensity decreases. Lower light intensity
corresponds to higher wavelengths. Jsc represents the
current density per 1 cm?> of cell area, and based on
Equation 3, it is influenced by the values of LHE and A.
Higher LHE and longer wavelengths will lead to a higher
Jsc value. As shown in Table 5, dye 2 has the highest LHE
value.

The Voc reflects the amount of energy delivered
across the cell; a longer electron transport domain
produces a higher voltage, resulting in a higher Voc value
[3]. Table 5 shows that dye 3 has the highest Voc. However,
among these parameters, the most influential factor for
electrical energy efficiency is the wavelength absorption
capability of the dye. Therefore, dye 2 is predicted to
exhibit superior light-harvesting efficiency and overall
DSSC energy conversion efficiency.

4. Conclusion

According to the analysis of the conducted study on
aniline-based D-m-A type organic dyes with the
modification of the m-conjugated moiety through the
DFT/TD-DFT method with a basis set of B3LYP/6-31G,
the density in the contours of HOMO was formed in the
domain of the electron donor, while the density in the
contours of LUMO was formed in the domain of the
electron acceptor. According to the parameters of
bandgap value, the absorption of wavelength, excitation
energy, oscillator strength, LHE, dihedral angle, and
bond length, dye 2, named 8-(4-aminophenyl)-9H-
purine-2-carboxylic acid, exhibits the most favorable
properties, including an absorption maximum (1) of
504.45 nm. These values indicate that the latest aniline-
based dye is capable of improving the efficiency of light
absorption in DSSC equipment.
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