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Abstract

Renewable energy technology plays an important role in tssshe realization of sustainable development objectives,
such as those by the United Nations (UN) on Sustainable Development Goals (SDGs). In this regard, the natural dye
extracted from Indigofera tinctoria (indigo) is a potential source for low cost and eco-friendly photo-sensitizer which
could be used in Dye-Sensitized Solar Cells (DSSCs). In this study, the electronic and optical characteristics of modified
indigo derivatives are investigated for utilization in DSSCs using first-principles method. Four donor-indigo-acceptor (D-
Indigo-A) architectures were developed by replacing the amine-type donating groups as well as the cyanoanistan acceptor
conformations in the indigo scaffold. The DFT/TDDFT calculations at the B3LYP/def2-SVP level in DMF identified that
these structure modifications brought about remarkable improvements in the optoelectronic properties, especially for M2.
This derivative showed a red shift in absorption peak (518.8 nm), lower HOMO-LUMO energy gap (2.25 V), high light-
harvesting efficiency (74.72%), low exciton binding energy (0.28 eV) and suitable kinetics of electron injection/dye
regeneration. These findings demonstrate the potential of these modified indigo derivatives as effective, environmentally
friendly and low-cost natural sensitizers that correspond to SDG 7 (Affordable and Clean Energy) and SDG 13 (Climate
Action).

Keywords: Indigofera tinctoria, Dye-sensitized solar cells, Density functional theory, Time-dependent DFT, Natural
dyes, Light-harvesting efficiency, SDG 7 affordable and clean energy, SDG 13 climate action

Introduction

The global energy demand continues to increase,
necessitating a transition to renewable energy sources
due to the detrimental environmental impacts of fossil
fuels, including greenhouse gas emissions and air
pollution. Solar energy represents a plentiful and
sustainable solution to address these challenges [1].

Dye-sensitized solar cells (DSSCs) have emerged
as a promising alternative to conventional silicon-based

solar cells since their introduction by O’Regan and

Gritzel in the early 1990s [2]. DSSCs operate based on
a photosensitizer adsorbed on a mesoporous TiO,
photoanode, which absorbs light and generates excitons
[3]. The dye in DSSCs collects sunlight, which causes
electrons travel and puts them into the TiO;
semiconductor's conduction band. Then, electrons pass
through a circuit on the outside, which makes power. At
the same time, a redox couple in the electrolyte brings
the dye back to life [3]. DSSCs are great since they are
cheap and easy to produce. They might use a lot of cheap
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parts that are easy to find, unlike regular silicon solar
cells [1,4]. They can be used for a number of different
things, like building-integrated photovoltaics and
portable electronics [4], because they are versatile and
easy to put into varied uses. Some designs of DSSCs can
convert a lot of power, up to 12%, especially when the
structure and materials are altered to make them perform
better [4-6].

Natural dyes derived from plant sources have
gained increasing attention due to their cost-
effectiveness, biodegradability, and eco-friendly
characteristics. Scientists have discovered that colours
derived from beetroot, hibiscus, and dragon fruit can
improve the performance of solar cells by making them
more responsive [7-9]. Porphyrins and squaraine are 2
synthetic dyes that function better and stay longer than
other synthetic dyes [10,11]. Optimising dye designs
can make DSSCs better at collecting light by improving
their photovoltaic performance and expanding their
absorption spectrum [12,13]. Using zinc oxide (ZnO) or
carbon-based materials as photoanodes and counter
electrodes in nanomaterials also makes DSSCs more
stable and efficient by making it easier for charges to
transfer and speeding up the overall electron exchange
[5,14]. Researchers have also looked into employing
both natural and synthetic dyes together in co-
sensitization approaches to capture a larger range of
solar energy and push the efficiency frontier even farther
[15,16].

Indigofera tinctoria, or true indigo, holds an
important place in the natural indigo dye industry. It
belongs to the family Fabaceae and is well known for
yielding blue dye, which has been used for centuries in
textiles. The primary pigment responsible for the blue
color in Indigofera tinctoria is indigotin, and various
forms of it can be extracted from the plant's leaves [17-
19]. In particular, indigo and other natural dyes have
played a significant role in the textile industry in the
past. This plant’s cultivation is thought to have begun in
ancient South Asia, later spreading to tropical regions
like Indonesia and other Southeast Asian countries [20].

Derived from Indigofera tinctoria, natural dyes
have a wide range of benefits including sustainability
and being eco-friendly. These dyes are renewable
resources which, as noted in references [21,22], can be
economically utilized in textiles, solar cells, and other

industries, thus promoting green chemistry. Natural

dyes, however, face a lot of criticism due to their low
application efficiency and instability when exposed to
environmental factors. Compared to synthetic dyes,
which are more vivid and tend to be stable and robust,
natural dyes face struggles commercializing [23,24]. In
order to overcome the obstacles natural dyes face,
structural changes are necessary. The application of
donor-acceptor (D-A) frameworks, for instance, greatly
strengthens the electronic and optical attributes of these
dyes, thereby aiding in overcoming the issues. A
combination of strong donor and acceptor molecular
groups enhances the electronic transitions and light
absorption efficiencies. Studies have shown that such
changes can tailor the energy levels of the HOMO-
LUMO pair, thus improving the effectiveness of natural
dyes in numerous applications such as dye-sensitized
solar cells (DSSCs) [25,26].

One promising strategy to enhance the
performance and stability of natural dyes involves
structural modification through the incorporation of
donor and acceptor groups. As it has been shown before,
the addition of certain electron donor or acceptor groups
will increase both the dye's response and its stability.
This is the case with triphenylamine units which have
certainly increased the ability of organic dyes to harvest
sunlight in DSSCs [27,28]. In addition to this, natural
dye application in newer devices as photonic. D-m-A
structures have shown to allow tunable energy levels
and improved efficiency providing a more practical
potential for natural dyes [29,30]. A good example of
this is recent change in focus towards greater charge
mobility within the dye structures to increase the
conversion efficiency of the system [30,31].

In parallel with such tendencies, more general
advances in renewable energy systems that are in line
with the transition to sustainability are demonstrated by
recent works. For example, the implementation of IoT
empowered charging systems for electric mobility helps
to cut carbon emissions and stoke up global demand for
cleaner energies [32]. In addition, Mansouri et al. [33]
optimization of the hydrogen hybrid electric vehicle
gives some evidence to renewables integration in type
of power for transport. In energy networks, the issue of
voltage stability in distribution grids is significantly
affected by high photovoltaic penetration, which
emphasizes the need for advanced grid management

[34]. Moreover, machine-learning methods e.g. hybrid
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graph neural networks offer a potential remedy to
overvoltage problems in PV dominating systems [35].
Lastly, microgrids deployed in calamity prone-area as
detailed in the case study of Lombok Island underscore
the need for decentralized and resilient renewable-based
solutions [36].

The strategic incorporation of amine donor groups
and cyanoacrylate acceptor units has been shown to
significantly improve the charge transfer and electron
injection capabilities in DSSCs. These functional groups
are incorporated so that charge separation and electron
injection can be improved. It is these 2 parameters that
determine the final efficiency of overall DSSCs. The
incorporation of amine donor groups in dye-sensitized
solar cells (DSSCs) brings many benefits to their
performance. The chemical structure and electronic
properties of amine donors contribute greatly to the
efficiency and stability of these solar cells. One major
advantage of introducing amine donor groups is their
powerful electron-donating characteristics that improve
charge transport within the device. In the study by
Sekkat et al. [37], it was determined that compounds
such as triphenylamine derivatives, cinnamic acids, and
aliphatic amines had all better photovoltaic performance
than an isolated dye [37]. These and other aromatic
amines have since demonstrated great promise for
enhancing the performance of DSSCs; they effectively
improve light-harvesting abilities and hence overall
power conversion efficiencies (PCE) of cells.

The electron-donating properties of amines are
also beneficial to the interaction between dye and
semiconductor, which reduces energy loss in charge
separation [38]. These findings are consistent with those
of Ingole et al., who found that the inclusion of amines
as donor components distinctly improves the light
absorption characteristics of organic sensitizers, thus
capturing more light [39]. Cyanoacrylate groups are
tough acceptors because they are electron-withdrawing,
lending them the strength and tendency to anchor to the
semiconductor surface - generally titanium dioxide
(TiOy) [40]. This anchoring is crucial because it helps to
stabilize the dye on the semiconductor substrate, thereby
increasing light absorption and producing higher
photocurrent [41,42]. Research has shown that when
cyanoacrylate is used with various donor moieties,
DSSCs offer much higher power conversion efficiencies
than those obtained from natural dye alone, reaching

levels comparable to synthetic dyes [43,44].
Furthermore, taking a double approach to donors and
acceptors, i.e., in addition to the use of a variety donors
there are multiple donor groups connected to one
cyanoacrylate molecule, gives still better results even
for natural dyes. Such a system shows in principle much
stronger  light-catching and charge separation
efficiencies [45,46].

Recent theoretical investigations based on density
functional theory (DFT) and time dependent density
functional theory (TDDFT) have been very useful in
determining electronic and optical properties of wide-
ranging dyes used in dye sensitized solar cell (DSSCs).
They allow the determination of crucial optical
parameters, including the band gap, the highest
occupied molecular orbital (HOMO), the lowest
unoccupied molecular orbital (LUMO) energy levels,
and the exciton binding energy [47-49]. The precise
prediction of such properties helps in the material
selection in computing-based screening of dye
candidates performed prior to experimental synthesis,
which can significantly save the time required for
designing and developing materials for solar energy
harvesting [50-52]. Not a few authors have used DFT
and TDDFT for modeling several dye candidates
including chlorophyll and indigo derivatives [47,53].
Yang et al. [49] demonstrated the successful use of
TDDFT in the study of the opto-electronic properties of
triphenylamine-based dyes, thus indicating that
computational methods provide a means of not only
assessing the electronic properties of materials, but also
of efficient dye screening for enhanced performance of
solar cells [54]. Furthermore, investigation of molecular
energy levels and excitational transitions leads to
choosing some dyes that improve light absorption and
energy conversion efficiencies more than others [54,55].
Despite the prevalent use of simulations to model dye
sensitizers, there is an absence of reports that
concentrate on modified Indigofera tinctoria for DSSCs;
surprisingly, it is observed that earlier studies have not
focused on this counterpart. These studies, particularly
those dealing with the SAR of natural dyes, are required
for the design of new generations of DSSC materials that
can exploit naturally occurring dyes [51-55].

Indigo and its derivatives have been also studied
over the years as potential sensitizers for DSSCs. It has
been found in a theoretical work using TDDFT
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(B3LYP/6-31G(d,p)) that the optical properties of
indigo is drastically affected by substitution of nitrogen
atoms with chlorine, sulfur, selenium and bromine
atoms [56]. Other experimental methods had been
adopted like making use of hydrosulfide reduction to
yield indigo [57]. Leuco-indigo and unmodified indigo
was then further explored computationally to confirm
their feasibility as active materials in DSSCs [58].
Experimental and theoretical studies have also been
done explained the molecular structures and spectral
properties of indigo and indirubin that possess also good
optical properties without structural modifications [59].
Furthermore, spectroscopic measurements and time
dependent density functional theory (TD-DFT)
calculation studies of indigo in aqueous solutions
indicated that the isomerization (cis-trans) may also
affect the optical properties in DSSCs [60].

Unmodified indigo still appear to give significant
potential as a sensitizer, based on other experimental
studies with natural indigofera tinctoria [61]. In
addition, incorporation of indigo carmine derivatives
into TiO»/carbon nanotube composite photoanodes
improved photovoltaic characterization and charge
transport properties [62]. The new class of organic dyes
based on the indigo core synthesized and analyzed
(donor—acceptor frameworks D-A-D and D-A-phi-A)
has showcased the structural flexibility provided by
indigo—based sensitizers [63]. Natural unmodified
indigo has been evaluated from the perspective of
stability while generating and sustaining electrical
output in DSSCs, where it showed consistent
performance [64]. Indeed, co-sensitization also has been
studied extensively as well; for instance, the
combination of betanin and lawsone with indigo
enhanced efficiency of solar cells, demonstrating the
possibility of utilizing indigo in cooperative dye systems
[65].

This was followed by a quantum chemical study
where newly-designed indigo derivatives (IM-Dye-1,
IM-Dye-2, and IM-Dye-3) were proposed by employing
triphenylamine (TPA) as the donor unit, a m-spacer, and
-CN, -COOH, and -NO; electron-accepting groups [66].
DFT and TDDFT computations (CAM-B3LYP/6-311 +
G*) carried out in both gas and solvent phases confirmed
that these architectural changes resulted in decreased
HOMO-LUMO  gaps, bathochromically shifted
absorption spectra with better light-harvesting

efficiencies (LHE) and free energy of electron injection
(AGinject). This conclusion demonstrates that the
newly-designed indigo-based dyes are excellent
sensitizers in comparison with pristine indigo and
should be consider for application in future DSSCs [67].
In addition, natural indigo has been successfully
synthesized experimentally in dimethylformamide
(DMF) solvent, producing absorption wavelengths of
268 and 612 nm [59].

Based on previous research, the use of natural
indigo dye in DSSC applications has not been widely
explored by researchers. This research is still
experimental in nature, and most of the chemical
structures of indigo dyes are unmodified. In addition, the
DSSC parameters contained in equations 1 - 6 have not
been fully explored. Therefore, we designed a novel
donor-indigo-acceptor  (D-Indigo-A) model by
introducing an amine donor group and a cyanoacrylic
acid acceptor into the natural indigo structure, an
innovation that has not been widely explored in the
literature. This study employs a computational approach
using time-dependent density functional theory (TD-
DFT) with the purpose of analyzing the optical and
electronic properties of dyes derived from Indigofera
tinctoria (Indigo) as natural solar cell sensitizers, with
the D-Indigo-A design proposed as a new strategy for
the development of indigo-based photosensitizers. In
our computational calculations, we used DMF as the
solvent, in accordance with previous experimental
research [59].

Computational methods

The electronic and optical properties of the dye
molecules were investigated using density functional
theory (DFT) and time-dependent DFT (TDDFT)
methods, as implemented in the Orca software package
(version 6.0.1) [68,69]. To ensure the accuracy of the
results, uncertainty analysis was performed by
comparing several hybrid functions (B3LYP, CAM-
B3LYP, LC-BLYP, ®B97X-D) and validated with
available experimental data. The ground-state geometry
optimization, single-point energy calculations, and
molecular orbital analyses were performed using DFT
with the B3LYP hybrid functional [70-73] and a double-
zeta valence basis set with a “new” polarization function
(def2-SVP) [74]. For the excited-state properties,
including the UV-Vis absorption spectra and oscillator
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strengths, TDDFT calculations were conducted. During
the functional selection stage, 4 different functionals -
B3LYP [70-73], CAM-B3LYP [75], LC-BLYP [76],
and ©B97X-D [77], as well as the same basis set,
namely def2-SVP. TD-DFT calculations were speeded
up using the resolution-of-the-identity  (RI)
approximation according to the RIJCOSX procedure, a
default setting in Orca that employs both the RI for
Coulomb integrals (RI-J) [78] and the chain-of-spheres
approximation for exchange integrals (COSX). The
SMD solvation model was used to solvent effect in all
calculations [79]. The charge natural population
analyses (NPA) were carried out using NBO version 7.0
incorporated in Orca [80]. Structural and molecular
orbital models were visualized using Avogadro
software[63], while 2D structures were generated with
MarvinSketch (version 22.3, ChemAxon) [81].

Theoretical background
The results of the computational calculations are
then entered into the DSSC theory calculation, which is

described as follows.

Energy gap
The energy difference of the highest occupied

molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) is called the energy gap. A
lower energy band gap is crucial to improve the

efficiency of the charge transfer [82].

Complementary photovoltaic parameter

One in principle could call the parameter for the
electronic injection mechanism from the Lowest
Unoccupied Molecular Orbital (LUMO) the conduction
band of a Titanium Dioxide anatase-type semiconductor
by the qVLC parameter. The parameter can be
determined using the equation shown below [83-87],

qVic = Erymo — EZZ;OZ (D

where TiO; has a conduction band energy of —4 eV

Light harvesting efficiency
The equation for calculating Light Harvesting
Efficiency (LHE) is as follows [82]:

LHE =1 — 10 fosc )

where fosc is the maximum oscillator strength of
adsorbed dye molecules.

Electron injection and dye regeneration
The equation for calculating AGinject is as follows
[83,85-901:

_ pdyex TiO, _ pdye dye TiO,
AGinject =E)x — ECB =Epxy —Epo— ECB (3)
dye _ pdye
~Eyomo =Eox )

where the sign (—) is negative. Eoo is the energy
difference between ground-state and relaxed or excited-
state level. The equation for calculating AGregen is as

follows:
AGTe9en = EY¢ — 4.8 (5)

The value of 4.8 eV is the redox potential for
iodide or triiodide electrolyte [91]:

Exciton binding energy
The parameters for splitting electron and hole

pairs are described by the following equation [82]:
Ep = E; — Ex = AEtransition — Ejmqx (6)

where (Eg) is the energy difference of transitions and
(Ermax) 1s the maximum absorbed energy, optical
bandgap.

Computational models

The molecular structure used in our study was
adopted from the experimental study by Ju et al. [59].
Visualization of the Indigofera Tinctoria (Indigo) dye

molecule can be seen in Figure 1.
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Figure 1 Molecular structure of natural indigo.

In the initial stage, the molecular geometry shown
in Figure 1 was optimized using the DFT approach.
Next, the UV-Vis absorption spectrum was calculated

using the TDDFT approach with a fixed functional set,

230

constant basis set, and the same DMF solvent. To ensure
the reliability of the excited-state calculations and to
assess methodological wuncertainty, the calculated

absorption wavelengths are summarized in Table 1.

Table 1 Experimental and calculated absorption peaks (nm) of Indigo by using different functionals at def2-SVP basis

set in DMF solvent.

Method A1 (nm) A2 (nm) Average (nm)
Experiment? 268 612 440
Theory (Functional Set) B3LYP 312.9 596.6 454.75
CAM-B3LYP 231.2 501.5 366.35
LC-BLYP 222 469.8 345.90
wB97X-D 223.3 476.5 349.90
“[59]

Table 1 provides computational results for
different functionals and DMF as solvent at the level of
def2-SVP basis set. It is seen that when functional is
changed, computed absorption wavelengths differ
considerably for this system. Seen from the information
that follows, the experimental average absorption
wavelength is 440 nm. B3LYP sum gives the nearest
identification into a mean value of 454.75nm among all
methods tested on which this spectrum’s calculation was
planned to appear. However, in contrast CAM-B3LYP
(366.35 nm), LC-BLYP (345.90 nm), and wB97X-D

(349.90 nm) show much more marked deviations from
the experimental data. These results clearly show that
B3LYP produces the best agreement with experiment,
and is therefore the most appropriate functional to use in
describing the electronic and optical properties of this
system. Next, model the chemical structure using the D-
Indigo-A model with an amine donor and a
cyanoacrylate acid acceptor. The donor and acceptor
molecules are placed at specific sites in Figure 1, which
can be summarized in Table 2 below. This modified
model can be seen more clearly in Figure 2.
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Table 2 Modified model of the natural indigo dye structure (M).

Side 1 Side 2
Molecule
H28 H29 H26 H27
M1 N N
M2 V Vv
M3 Vv v
M4 v Vv

Figure 2 Indigo dye modification model.

Results and discussion

The calculated absorption wavelengths of
unmodified indigo and their summary for different
functionals in shown in Table 1, where the average
absorption wavelength using B3LYP was the only one
that agreed with experimental value. It is confirmed that
B3LYP is most appropriate by system, and we can
reduce computational uncertainty. Using CAM-B3LYP,
LC-BLYP, and ®B97X-D showed that these functionals
really underestimated absorption wavelengths. Since the
present work is based on density functional theory and
Time-dependent DFT, and the predictions of energy gap
and spectrum differences highly depended on the choice
of functionals and basis sets, the difference in absorption
maxima for different functionals with more than 100
nm’s range from the experimental value shown in Table
1 demonstrates the importance of the uncertainty of the
calculated results. As for the way to reduce these
uncertainties and check the robustness of the conclusion,
first, we confirm some functions. The B3LYP /def2-

SVP is used because of the most agreement with
experiments [59,92]. Second, it also provides the better
deviation among these functionals. Therefore, we
decided to use B3LYP for all the simulations. The
solvent effects were also considered through the SMD
model. With these presumptions, it became possible to
reduce uncertainties and approximate to reality, and we
can assume that the absolute values of optical and
electronic properties can be still roughly estimated, the
trends for our modeling are very robust, and, therefore,
all the current conclusions are trustful.

The absorption wavelength calculations were
obtained using the time-dependent density functional
theory (TDDFT) approach. The absorption wavelength
calculations for each model are illustrated in Figure 3.
The different colors in the spectrum indicate different
structural models. The figure describes that Model #0 is
the unmodified indigo molecule (MO0), Model #1 is M1,
Model #2 is M2, Model #3 is M3, and Model #4 is M4.
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Figure 3 Absorption wavelengths of the natural indigo dye model.

Based on Figure 3, the highest absorption
wavelength of each model exhibits different values. The
unmodified indigo molecule shows an absorption
wavelength of 312.9 nm with the highest oscillator
strength of 0.46. Molecule M1 exhibits an absorption
wavelength of 354.1 nm with the highest oscillator
strength of 1.35. Molecule M2 shows an absorption
wavelength of 518.8 nm with the highest oscillator
strength of 0.60. Molecule M3 has an absorption
wavelength of 307.3 nm with the highest oscillator
strength of 0.99. Molecule M4 exhibits an absorption

wavelength of 412.2 nm with the highest oscillator
strength of 0.85. In this study, molecules M1, M2, and
M4 successfully shifted the absorption towards the
visible spectrum. Among them, molecule M2 achieved
the largest shift, namely 205.9 nm, compared to the
unmodified indigo molecule. Therefore, in terms of
shifting towards the visible light spectrum, molecule M2
shows strong potential as a sensitizer for natural indigo
molecules. The maximum wavelengths of each model

are summarized in Table 3.

Table 3 Contributions of orbital transitions to the maximum absorption band.

% Contribution

Molecule Amax (nm) Main configuration State
Part Total

H-5—-L 1.05
H-4—>L 49.02
H-3—>L 1.89

MO 312.9 94.08 S6
H-1—-L+1 3.18
H—-L+1 36.95
H—-L+2 2.00
H-4—>L 5.00
H-2—>L 7.79

Ml 354.1 H-2—->L+1 2.10 94.51 S7
H-1—-L+1 1.20
H— L+2 78.42
M2 518.8 H-2—->L 5.77
H-1—-L 6.77

98.06 S3
H—L 3.88
H—-L+1 81.64
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% Contribution

Molecule Amax (nm) Main configuration State
Part Total

H-4—-L 4.63
H-2—-L 1.29

M3 307.3 H-1—-L 1.81 93.01 S10
H-1-L+2 10.64
H->L+2 74.64
H-4—-L 2.20
H-2—->L 49.01
H-2—->L+1 2.28

M4 412.2 96.97 S5

H-1-L 2.55
H-1-L+1 15.20
H—-L+1 25.74

MO: Unmodified

The listed orbital transitions in Table 3 are based
on the one with the maximum absorption wavelength
(Amax) for each model, being that the state with the most
electronic energy. Model M2 shows a maximum Amax
occurrence at 518.8 nm and occurrence with a high
contribution from the HOMO — LUMO + 1 transition
(81.64%), yielding a total contribution of 98.06% for
state S3. Isoform M1 behaves similarly with a dominant
transition at 354.1 nm with the HOMO — LUMO + 2
transition accounting for 78.42% and thus for a total of
94.51% of state S7. Model MO at Amax = 312.9 nm has
major involvement from HOMO — LUMO + 1
(36.95%) and HOMO-4 — LUMO (49.02%) with a

combined 94.08% for state S6. Model M3 has the
absorption at 307.3 nm with state S10 (HOMO —
LUMO + 2, 74.64%) as the dominant component and
93.01% as the overall contribution. On the other hand,
for Model M4 the Amax is found at 412.2 nm, the
HOMO -2 — LUMO (49.01%) and HOMO — LUMO
+ 1 (15.20%) transitions are dominant with a total
contribution of 96.97% for state S5. Taken together,
these results show that the primary excitations are
transitions from HOMO and its close neighboring
orbitals to LUMO + 1 or LUMO + 2 that strongly affect
the optical absorption properties of the models.

Table 4 Optical properties of modified natural indigo molecules.

Molecule Enowmo [eV] Evumo [eV] Egap [eV] Eexcitation [eV] Fosc LHE [%]
Mo -5.32 —2.95 2.36 3.96 0.46 65.27
M1 -5.21 —2.88 2.33 3.50 1.35 95.55
M2 -5.19 —2.94 2.25 2.39 0.60 74.72
M3 -5.59 —2.69 2.90 4.04 0.99 89.74
M4 -5.55 —2.82 2.73 3.01 0.85 85.73

MO: Unmodified

The optical properties of these natural indigo
molecules (MO - M4) were examined and then assessed
as possible sensitizers in dye-sensitized solar cells

(DSSCs). To this end they were analyzed on key

indicators such as: The energies of frontier orbitals
(HOMO and LUMO); energy gap (Egap); excitation
energy (Eexcitation); oscillator strength (fosc); light-
harvesting efficiency (LHE). As we can see in Table 4,
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the energy levels of the HOMO in these compounds
range from —5.59 to —5.19 eV and the event for LUMO
lies between —2.69 and —2.95 eV. Hence the HOMO
levels are low enough to ensure efficient regeneration of
the dye from its oxidised form by iodide or triiodide
electrolyte [93-95] and LUMO is above the conduction
band of TiO,, which means electron injection into the
semiconductor is thermodynamically favoured [96,97].
The calculation gives the compounds Egp as ranging
from 2.25 to 2.90 eV. In this range, compound M2 has
the smallest gap (2.25 eV), indicating that it should have
much better absorption of visible light than its
congeners. On the other hand, M3 has the wider, blue-
shifted. Its maximum absorption is shifted more toward
the blue end of the spectrum. The actual excitation
energies (Eexcitation) vary among different molecules

to a remarkable extent. Here M2 again gives the lowest

Table 5 Contribution of natural bonding orbitals.

figure (2.39 eV), which is just about enough to catch
light in the visible spectrum.

Oscillator strength (fosc) is a key parameter indicating
the intensity of electronic transitions. Molecule M1
stands out on this score with a value of 1.35, followed
by M3 (0.99) giving it strong absorption and thus
offering good charge transfer facilities; whereas MO has
a rather small value (0.46), which is predictable from its
osculator strength. This is also reflected in the calculated
value of light-harvesting efficiency (LHE). The high
light harvesting performance comes from large
oscillator strength (LHE ~ f), the high current density (J
sc ) is larger and the solar energy to be absorbed by dye
is enhanced [87,98,99]. Through this method, M1 again
comes out best having a rate near 95%. Then comes M3
with 89%, M4 only manages 86% showing that there

clear differences in performance.

Bond Orbital Occupation
Molecule

HOMO LUMO HOMO LUMO
MO LP (1) N4 RY* (1) O1 1.93146 0.00167
M1 LP (1) N36 RY* (1) O1 1.97082 0.00171
M2 LP (1) N36 RY* (1) H1 1.97053 0.00343
M3 LP (1) N36 RY* (1) O1 1.97082 0.00165
M4 LP (1) N38 RY* (1) H1 1.97057 0.00340

MO: Unmodified

Based on Table 5, it is described that in the ground
state, HOMO and LUMO are contributed by a single
atom. The pure model (M0) means that the HOMO state
is contributed by the lone pair (LP) atom N4 with an
occupation of 1.93146, while the LUMO state is
contributed by the Rydberg atom (RY*) Ol with an
occupation of 0.00167. Atoms N4 and Ol in the M0
model can be seen in Figure 1. Lone pair atoms N36,
N38, Rydberg O1, and HI can be seen in Figure 2. The
unmodified system MO has its HOMO localized on the
lone pair of N4 with an occupation of 1.93146. All
modified models (M1 - M4) show the HOMO as an LP
on nitrogen as well but localized on different nitrogen
centers (primarily N36, and N38 in M4). The HOMO
occupation rises consistently from MO to the modified
models (= 1.93 — 1.97). This ~0.04 increase in

occupation for M1-M4 indicates a greater electron
density localization on the nitrogen lone pair in the
modified structures relative to M0. In chemical terms,
the modifications strengthen the donor character of the
nitrogen lone-pair orbital compared with the unmodified
molecule. In MO the LUMO is a Rydberg-type orbital
on O1 with an occupation of 0.00167, which is typical
for an essentially unoccupied acceptor orbital. M1 and
M3 retain a RY(OI)* LUMO with occupations
essentially unchanged relative to MO (0.00171 and
0.00165, respectively), indicating that those particular
modifications do not materially alter the acceptor
character or occupancy of the oxygen-centered Rydberg
orbital. In contrast, M2 and M4 have LUMOs described
as RY(H1)* and show an increased LUMO occupation
(~0.0034). Although still very small in absolute terms,
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this roughly 2-fold increase relative to MO suggests a
measurable change in the nature of the lowest
unoccupied orbital - the acceptor orbital in these
modified systems is shifted toward a hydrogen-centered
Rydberg-type state and carries slightly more electron
density.

Compared to MO0, the modified models exhibit a
stronger donor (HOMO) character on nitrogen, which
may make electron donation from the HOMO more
favorable upon excitation. Models where the LUMO
remains on O1 (M1, M3) preserve the original acceptor
localization seen in MO, whereas models with H1-
centered LUMOs (M2, M4) present a different acceptor
site with a modestly higher LUMO occupation. The

change of LUMO localization (O — H) and its increased
occupancy in M2/M4 could alter excitation energies,
oscillator strengths, and the spatial overlap between
HOMO and LUMO - all factors that govern charge-
transfer ~ propensity and  vertical  excitation
characteristics. The pronounced increase in HOMO
occupation together with either preserved (Ol) or
shifted (H1) LUMO localization indicates that chemical
modification tends to enhance the donor strength while
modifying the acceptor site in some variants; these
combined effects are expected to influence HOMO-
LUMO gaps and the nature (local vs charge-transfer) of

low-energy excitations.

Table 6 Electronic properties of modified natural indigo molecules.

Molecul. Edye OX Edye OX*  AGInject AG Regen qVic E Transition AE Transition Eb
olecule
[eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV]
HOMO-4 LUMO
MO 532 1.35 -2.65 0.52 1.05 431 0.35
-7.27 -2.95
HOMO LUMO+2
M1 5.21 1.71 -2.29 0.41 1.12 3.83 0.33
-4.97 -1.14
HOMO LUMO+1
M2 5.19 2.80 -1.20 0.39 1.06 2.67 0.28
-4.99 -2.33
HOMO LUMO+2
M3 5.59 1.55 —2.45 0.79 1.31 441 0.37
—5.44 —-1.03
HOMO-2 LUMO
M4 5.55 2.54 —-1.46 0.75 1.18 3.35 0.34
—6.34 -2.99

MO: Unmodified

The electronic properties (ground and excited state
oxidation potentials, Gibbs free energy of electron
injection AGinject, Gibbs free energy of dye
regeneration AGregen, qVLC, and electronic transition
levels, transition energies, and exciton binding energies)
of the modified natural indigo molecules are furtherly
calculated and listed in Table 6. Overall, the negative
AGinject values confirm that all modified molecules can
be used as photosensitizers. In comparison with
unmodified indigo (MO0), models M1 - M4 differ in
AGinject (M2 and M4 with less negative AGinject)
which indicates relatively more difficult electron
injection into the TiO, conduction band, and higher
driving forces for electron injection was found (M1 and
M3). Using the principles of Islam et al [100], the

difference in absolute value of AGinject of 0.2 eV is

considered to be an effective sensitizer, as it can inject
electron from dye to TiO, semiconductor.

The determined Gibbs free energy of dye
regeneration is positive for all complexes, between 0.39
eV (M2) and 0.79 eV (M3). The values of these 2
parameters clearly demonstrate that the regeneration
process is thermodynamically favourable and easier in
the modified molecules than the unmodified dye (0.52
eV). It is also interesting to observe that M2 exhibits the
smallest regeneration energy in Table 6, that is, more
efficient dye regeneration by the electrolyte redox
couple. A dye regeneration energy as small positive
indicates that the reduction potential of the electrolyte is
higher than the ground state of the dye and that electron
transfer is fast [85,90,99,101]. The charge
recombination losses parameter qVLC falls between
1.05 and 1.31 eV. Modified dyes have for all substituted
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dyes, also slightly higher qVLC values as compared to
the unmodified dye, among which as the highest is M3
(1.31 eV), which would indicate improvement of the
electron mobility and reduction of the recombination
losses. Regarding the optical transitions, the modified
molecules present different HOMO-LUMO transitions
(excitation energies AE transition) ranging from 2.67
eV (M2) to 4.41 eV (M3). This demonstrates that it is
M2 that exhibits the most pronounced redshift for
absorption which might be beneficial for a more
efficient visible light harvesting.

Finally, the molecules have exciton bind energy
(Eb) between 0.28 and 0.37 eV. The binding energy of

Table 7 Natural population analysis charge of modified Indigo.

unmodified dye is 0.35 eV, and for modified units
comparably or even somewhat smaller values were
obtained; in 0.28 eV for M2 the smallest one. A decrease
in the exciton binding energy is beneficial for excitons
dissociation and charge separation that benefits in power
conversion efficiency (PCE) enhancement in DSSCs
[80,87,90,94,102]. The overall electronic behavior of
the modified natural indigo molecules is promising, with
M2 having both the lowest regeneration energy and
exciton binding energy, and red-shifted absorption.
These characteristics indicated that M2 may have better

photovoltaic performance than untreated indigo.

Molecule Donor Indigo Acceptor
M1 0.0384 0.1414 —0.1799
M2 0.0492 0.1409 —0.1901
M3 0.0869 0.0897 —0.1765
M4 0.0878 0.0791 —0.1669

The natural population analysis (NPA) charge
distributions of the different indigo derivatives were
changed significantly in the donor-indigo-acceptor (D-
Indigo-A) system modification; Table 7. The calculated
data shows that the donor component always has a
positive charge with values varying from 0.0384 (M1)
to 0.0878 (M4). The positive charge of the nitrogen atom
was due to their good nature as electron donors, one that
could transfer the density of charge toward the indigo
core and finally reach the acceptor groups. The indigo
fragment itself has a little positive charge that decreases
in an order from 0.1414 (M1) to 0.0791 (M4). This
tendency indicates that structural changes progressively
decrease the electron density at indigo framework, thus
facilitating it to act as an electron transport bridge
between donor and acceptor groups. Such a behavior is
essential, because bridge should not arrest electrons but
the link instead should allow an rapid electron transfer.
On the other hand, all acceptor units bear uniformly
negative charges from —0.1901 (M2) to —0.1669 (M4).
This suggests the strong capability of accepting
fragment to capture and absorb electrons transferred
from donor through indigo bridge. Of the models, M2

possesses the most negative acceptor charge (—0.1901)

indicating larger capability of electron-withdrawing
ability which can promote charge separation and
suppress recombination detrimental.

Most importantly, the charge distribution
reproduction corroborates with the classical donor-
indigo-sacceptor mechanism, where donors are
positively charged, while the indigo portion acts as
conductive bridge and acceptors as negatively charged.
This is consistent with previous reports that a positive
natural charge in the donor contributes to an increase in
electron donating ability and a negative charge on the
acceptor also results in an enhancement on electron
accepting efficiency [103-109]. The lessening of
indigo’s positive charge in the modified molecules
indicates an enhancement of its bridging property that is
anticipated to be one ingredient causing stronger
electronic delocalization, potentially leading to lower
levels of excitation and consequently a broadened
absorp- tion window region - which is a desired
characteristic for applications in dye-sensitized solar
cells (DSSCO).

The economical viability of modified indigo dyes
in DSSCs stands as an important contribution toward
sustainable energy

technology, combining
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environmentally benign materials chemistry and the
expanding worldwide need for alternative energy
sources. Natural dyes are attracting more and more
interest in photovoltaic applications, and indigo
derivatives have an outstanding potential as good
sensitizers. This potential could be fulfilled through
chemical  modifications that improve  their
photophysical properties while keeping the cost low, in
order to decrease the dependence on traditional
resource-intensive substitutes. One significant benefit of
this modified indigo dyes is its lower syntheses cost
comparing to metal sensitizer and easy to produce with
little facilities [110]. Beyond the first class properties of
electronics and optoelectronics, modified indigo
derivatives enjoy a considerable price advantage over
synthetic organic dyes. The raw material, Indigofera
tinctoria, is a widely available plant resource and can be
easily renewed at the low costs of cultivation [17,20].
The chemical modifications used are usually based on
inexpensive and commercially available donor and
acceptor groups, in contrast to the many-step synthesis
routes that are needed for porphyrin-, squaraine-or
ruthenium-based sensitizers [10,11]. A rough (and
necessarily approximate) estimate based on literature
gives that the extraction and modification of an natural
dye can cost even less than half with respect to common
sensitizers used in direct-sensitization [111]. It is
estimated that the possibility of large scale, cost
effective production of green sensitizing dyes from
surficially renewable natural indigo is also greatly
increased by the scale with which indigo can be grown (
eg Indonesia and South Asia) [20]. These merits account
for the potential cost-effectiveness of donor—indigo—
acceptor systems, in addition to exceptional
optoelectronic characteristics when deployed in DSSCs.

Conclusions

The aim of this study was to investigate the optical
and electronic features of Indigofera tinctoria (indigo)
based dyes as natural sensitizers for Dye Sensitized
Solar Cells (DSSC). The main innovation of this study
is the design of the D-Indigo-A model by introducing
amine donor groups and cyanoacrylate acceptor groups
into the natural indigo structure, which has not been
extensively explored in the literature. Calculation
methods based on TDDFT were used to analyze the

absorption wavelength, orbital transitions, frontier

orbitals energy levels, oscillator strength, light-
harvesting efficiency and charge distribution as well as
thermo-dynamics of electron injection generation. The
findings of the present work indicate that chemical
derivatization of indigo causes a dramatic change in its
optical and electronic properties. The 3 molecule M1,
M2 and M4 can be properly red-shifted the absorption
towards visible region where M2 yields a largest shift
(518.8 nm), decrescent HOMO-LUMO gap 2.25 eV,
minimal excitation energy 2.39 eV. Among mono-meric
dyes, M1 showed a large oscillator strength (1.35) and
high light harvesting efficiency (95.55%), while M2
demonstrated good absorption at the lowest exciton
binding energy (0.28 eV) and the minimum regeneration
energy (0.39 eV), indicating good separation of charge
carriers and dye regeneration capability. What is more,
natural population analysis indicated that M2 owned the
most powerful electron- withdrawing acceptor charge (—
0.1901), which could facilitate charge separation and
reduce recombination losses.

In general, these results suggest that structural
changes increase the Donor-Indigo-Acceptor properties
of indigo dyes and hence could be interesting
photosensitizer. Among these derivatives, M2 is the best
material alternative for photosensitizer candidate
because of its red-shifted absorption, effective
regeneration of fullerenes, small exciton binding energy
and strong charge transfer ability. Herein we show that
natural indigo, when suitably modified, serves as an
affordable and environmentally friendly dye material for

DSSC applications.
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