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To meet increasing energy demand, several molecules have been explored as dyes for dye-sensitized
solar-cell (DSSC) applications. However, such designed cells are yet to attain a solar-power conversion
efficiency () of more than 13%. To achieve this, new molecules should be investigated. In this work, for
the first time, an antiaromatic metal-free molecule is explored for DSSC applications. We consider the
antiaromatic orangarin core and load it with different donor and acceptor moieties at rationally chosen
places that can enhance the absorption of sunlight. In this way, we design ten potential candidates for
use as dyes in DSSCs. The photovoltaic properties, including the light-harvesting efficiency (LHE), open-
circuit voltage, maximum short-circuit current density, fill factor, and 5 of all the designed molecules are
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Accepted 15th December 2025 functional theory methods. Our study reveals that the antiaromatic nature of the core indeed increases
the absorption strengths of the dyes and hence enhances the LHE and 5 up to an incredible value of

26%. The present study clearly demonstrates that an antiaromatic core should be explored further for
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1. Introduction

Today, as the world rapidly advances in energy innovation,
renewable energy (RE) is an essential source for generating
sustainable energy.' Renewable energy is crucial for a sustain-
able future because it offers a cleaner, more environment-
friendly alternative to traditional fossil fuels. Renewable
sources of energy include solar, wind, hydropower, biomass,
geothermal, and ocean energy. Among these, solar energy is
considered the best renewable source due to its abundance,
accessibility, sustainability, and low cost.”® The Earth receives
approximately 3.8 million EJ (1 EJ = 10"® Joule) of solar energy
annually and just one hour of this energy would be enough to
meet the world’s total energy consumption for an entire year,
highlighting solar power’s vast and sustainable potential.®
Solar energy can be harvested in several ways, including using
photovoltaic (PV) cells”® that convert sunlight directly into
electricity, solar thermal power systems,” and solar water
heating.'® PV cells are generally considered the most versatile
and widely used technology due to their scalability, ease of
installation, and direct electricity generation, making them the
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most effective source for distributed and decentralized energy
production.'™'? The evolution of PV technologies is classified
under three generations.'® The first-generation (wafer-based
technology) PV cells are made from conventional silicon (Si)-
based materials, and include traditional Si solar panels, mono-
Si, and multi-Si.’*"* These cells offer high efficiency, but come
with higher costs. The second-generation (thin-film technology)
PV cells use materials like cadmium telluride or copper indium
gallium selenide, offering flexibility and lower production
costs, but moderate efficiency. Examples of second-generation
PV cells also include gallium arsenide and cadmium
sulfide."®"” The third-generation (organic technology) solar
cells, such as dye-sensitized solar cells (DSSCs), organic photo-
voltaics (OPVs), quantum-dot solar cells (QDSCs), and perovs-
kite solar cells, are a more advanced and emerging technology
that promises enhanced flexibility and high efficiency.'®"®
The concept of using a dye-sensitized semiconductor to
capture sunlight and generate electricity, known as the DSSC
or Gritzel cell, was first co-developed by Brian O’Regan and
Michael Gritzel in 1988. They advanced the technology at the
Ecole Polytechnique Fédérale de Lausanne, culminating in the
first high-efficiency DSSC in 1991.?° The key components of a
DSSC,”' as shown in Fig. 1, are: a transparent conducting
electrode that allows light to pass and conducts electricity,
TiO, nanoparticles with an adsorbed organic dye that absorbs
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Fig. 1 Schematic diagram illustrating the working principle of a DSSC.

light and generates electrons, an electrolyte (I"/I3) to facilitate
electron flow and regeneration of the dye, and a counter
electrode (platinum or carbon) to collect electrons and com-
plete the circuit.

As sunlight strikes the dye on the TiO, film, electrons from
the dye are injected into the conduction band of the semicon-
ductor (TiO,). These electrons diffuse through the mesoporous
TiO, layer towards the anode. The electrons are then trans-
ferred to the electrolyte at the counter electrode, which regen-
erates the dye. Finally, the electrolyte passes electrons back to
the counter electrode, completing the circuit and allowing the
process to repeat.

In a DSSC, the sensitizer plays a crucial role in capturing
light and converting it into electrical energy. Researchers have
mainly developed two types of sensitizers, organic**>® and
inorganic.>**° The former include both natural and synthetic
variants, while the latter ones are derived from metal complexes
such as ruthenium (Ru), osmium, inorganic quantum dots and
porphyrin. Ru-based dyes, such as N3,’° N719,>* and black
dye,** are among the best performing inorganic dyes. However,
they suffer from severe drawbacks, such as lower absorption
and the low abundance of Ru. To overcome these limitations,
researchers explored and developed organic materials as sensi-
tizers for DSSC. In recent years, porphyrin-based dyes, because
of their easy and cost-effective synthesis and improved light-
harvesting efficiency, have gained significant attention as pro-
mising sensitizers for DSSCs. The 18-m-electron conjugated
system of porphyrin facilitates better absorption across a
broader spectrum ranging from visible to near-infrared (NIR)
wavelengths. One of the first reports highlighting the applica-
tion of porphyrin in DSSCs is the work by Kay et al. in 1993,
where the resultant devices were found to have a maximum
power conversion efficiency (i) of 2.6%.%* In later reports, Wang
et al. studied the photophysical and electrochemical properties
of a series of novel green Zn-porphyrin-based dyes that achieve
an 7 of 5.6%.** Further, in 2007, Campbell et al. synthesized a
novel porphyrin derivative containing an electron-accepting
unit, which showed an 5 of 7.1%.*> In 2010, Bessho et al.
tailored YD2 dyes by co-sensitization with an organic dye,
which achieved an 7 of 11%.3® In 2014, Mathew et al. reported
a porphyrin-dye-based sensitizer, SM315, with a cobalt(u/m)
redox shuttle; the DSSC achieved a high open-circuit voltage
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(Voc) of 0.91 V, short-circuit current density (Jsc) of
18.1 mA cm™?, fill factor of 0.78, and # of 13%.%” In 2015, Xie
et al. engineered a porphyrin-based co-sensitizer with an
improved Jsc from 18.83 to 20.33 mA cm 2, resulting in an
efficiency of 11.5%.°® In 2018, Kato et al reported a new
porphyrin-based dye (DIPDAB2) with an improved near-IR
absorption, better current generation and optimized yield of
about 10% solar conversion efficiency.*® In 2019, Imahori et al.
synthesized monomeric porphyrin-based sensitizers, namely
DfZnP and DfZnP-iPr; the optimized dye DfZnP-iPr achieved
10.1% 7, and its co-sensitization with LEG4 further raised the
efficiency to 10.7% for fused porphyrin DSSCs.*® Recently, in
2023, Chen et al. synthesized novel double-fence porphyrin
dyes by incorporating an indacenodithiophene group as a
donor. One of these dyes, namely YS7, is reported to have an
1 of 11.5%.*" Very recently, in 2025, Faraghally et al. introduced
various acceptors, such as benzothiadiazole, benzotriazole, and
cyanoacrylic acid, into porphyrin dyes to enhance their photo-
voltaic properties. Their strategy gives a maximum overall
efficiency of 9.9%."> All these studies indicate that porphyrin-
based molecules are potential candidates for designing photo-
sensitizers for DSSC applications. However, these sensitizers
face certain limitations, such as limited NIR absorption, rela-
tively small light harvesting efficiency (LHE), dye aggregation,
and small electron injection efficiency.*® Researchers have
adopted several strategies, such as incorporating electron-rich
donor groups,**™*° electron-deficient acceptor groups,*”*° and
dimerization®*~* to overcome said limitations.

In recent years, expanded porphyrins have drawn attention
in the field of DSSCs.**” For example, in 2019, Borges-
Martinez et al. carried out a theoretical study on BODIPY-
oxasmaragdyrin dyads for DSSC applications. In this work,
acetylene-bridged dyads showed enhanced charge separation,
panchromatic absorption, and favorable energy alignment for
electron injection and dye regeneration.’* In 2019, Pino-Rios
et al.,”® in a computational study of meso- and beta-halogenated
expanded porphyrins (sapphyrin and orangarin), revealed that
in meso-substituted systems, halogenation reduces symmetry,
stabilizes the frontier molecular orbitals, and decreases the
energy gap leading to an increase in Q-band oscillator strength,
and improving the LHE. The same group in 2021 conducted a
theoretical investigation on sapphyrin derivatives modified by
replacing imine units with oxazolone groups. These modifica-
tions resulted in enhanced NIR absorption, improved electron
injection, increased aromaticity, and better charge transport
properties, highlighting their potential as efficient chromo-
phores for DSSCs.”® Very recently, in 2023, Menéndez et al.
studied fused core-modified porphyrins (pentaphyrin, hexa-
phyrin, heptaphyrin, and octaphyrin) as potential dyes for
DSSCs, showing strong absorption in the visible to NIR range
and efficient electron injection. Pentaphyrin and hexaphyrin
showed better dye regeneration, hexaphyrin and heptaphyrin
had strong aromaticity from planarity, and pentaphyrin and
octaphyrin exhibited superior charge transport, making them
promising for solar cells.”” To the best of our knowledge, none
of these studies address the computation or measurement of
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the photovoltaic properties of expanded porphyrin systems.
Furthermore, there are several other expanded and contracted
porpyrin systems that can be explored for DSSC applications.

Being inspired by the work of Pino et al.(2019), in the current
work we focus on designing the first antiaromatic orangarin-
based sensitizers that enhance the performance of DSSCs. To
achieve this, several modifications have been made, including
altering the donor groups and varying their positions simulta-
neously. The donor moieties were chosen based on findings
from previous experimental studies,”®®* where their perfor-
mance was systematically evaluated in combination with
porphyrin.

2. Theory

To evaluate the PV performance of a DSSC, it is essential to
consider the following factors.®> %’

2.1. Power conversion efficiency (1)

The 5 of a DSSC is a measure of how effectively the cell converts
sunlight into electrical energy. It is calculated using the follow-
ing formula:®*%°

_JSC X Voc X FF
Pin

1)

where Jsc is the short-circuit current density (mA ecm ~?), Vo is
the open-circuit voltage (V), FF is the fill factor (a measure of
the solar cell’s quality), and Py, is the power of the incident light
(mW ecm™?).

2.2.  Short-circuit current density (Jsc)

Jsc is the photocurrent density generated when a solar cell is
short-circuited. For a DSSC, Jsc indicates how efficiently the cell
converts light into charge carriers. A higher Js¢ signifies better
charge collection and improved light-to-electricity conversion,
and is given as:”°

Jse = eJ[IPCE(}.)]IS(A)d(X)
(2)
— | [LHEG) Pustgnen] 152142

where e is the elementary charge, and @i}, fyeq, and feon”” are,
respectively, the electron injection, dye regeneration, and elec-
tron collection efficiencies. Is(4) under AM1.5G conditions
represents the standard solar photon flux, measured in units
of mA cm > nm ™. When Jy¢c is maximum, i.e., J5&~, the values
of Dinj, Nregy Ncon Are set to unity.

IPCE(A) = LHE(;) X ‘pinjx Nreg X Tcoll (3)

where @jpi, #reg, Ncon are unity for the ideal case, when Js¢ is
maximum, Ze., Jig>. LHE is expressed as:®’

LHE()) =1 — 10 @’ (4)

where ¢(4) is the molar absorption coefficient at a certain
wavelength 4, and I is the surface loading of the dye, i.e., the
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product of the concentration of the dye and thickness of the
TiO, layer.

2.3. Open-circuit voltage (Voc)

Voc is the maximum voltage a solar cell generates when
exposed to light under open circuit conditions, and is calcu-
lated as:”

eVoc = Evumo — Ecem (5)

where E;ymo is the energy of the LUMO of the considered dye,
and Eggym is the conduction band minimum of TiO,. It is
important to note that the theoretical value of Vo is reported
in eV as eVpc.

2.4. Exciton binding energy (EBE)

EBE is the energy needed to separate an exciton into a free
electron and hole. It is evaluated as:®’”

EBE = Erumo — Enomo — Eo—o (6)

where Erumo, Enomo respectively are the energies of the LUMO
and HOMO of the dye, and E,_, denotes the vertical excitation
energy associated with the maximum absorption wavelength of
the dye.

2.5. Fill factor (FF)

FF is defined as the ratio of the maximum power output of a
device to its theoretical maximum power, and is expressed as:”*

voc — hl(l/oc — 072)
= (7)

FF
voc + 1

Voc in the above equation depends upon V¢ and temperature.
The relation is given as

(8)

2.6. Rate of intermolecular electron transfer

The rate of electron transfer within a system as determined
from Marcus theory is given as:*>”>7°

T o B+C
WAk, T

kinj/rec =4

B=pr ©)

(-G e + A>2
4Ky T

C=
where, AG?nj/rec is the change in Gibbs free energy for the
process (electron injection/recombination) and is given as’’

AG?nj = Erumo — Ecs [10)
AG?ec = Ecp — Enomo (11)

A is a unit-less constant with a value of 2.5 x 10~2, § is known
as the attenuation factor and its value is estimated from
empirical values (0.5 A™*).°® r is the electron transfer distance,
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where ri,; is the distance between the electron accepting group
(the acid anchoring group of the dye) and the TiO, surface, and
T'ec IS the distance between the electron donating group (the
donor group of the dye) and the TiO, surface,®® with their
values provided in the SI file (Table S5). A is the reorganization
energy corresponding to the combined structural changes in
the donor and acceptor molecules during charge transfer. It is
given as

A=A+ Ap (12)

where A. and A, are the reorganization energies for the
electron and hole, respectively.
Ao = (E} — E.) + (E] — Eo)
(13)
A= (5~ B) + (£~ o)

here E, is energy of the optimized neutral molecule, and E3 is
the energy of the cation or anion evaluated at the geometry of
the optimized neutral molecule. E, . refers to the total energy of
the fully optimized cation or anion, while EJ,. represents the
energy of the neutral molecule calculated at the optimized
geometry of the corresponding charged species. Further, the
change in Gibbs free energy for dye regeneration (AGie,) is
given as’®

AGreg = Eredox — Edye (14)

where E..q0x 1S the redox potential of the electrolyte (for I /I3,
the value is —4.8 eV)”® and Egy. is the oxidation potential of the
dye in the ground state and is given as the HOMO of the dye.*°

3. Computational details

The ground state geometries of all the dyes were fully optimized
in acetonitrile solvent using B3LYP/6-311+G(d,p) with Grim-
me’s D3 empirical dispersion correction with Becke-Johnson
damping,®®* and the conductor-like polarizable continuum
model (C-PCM).*® To ensure the obtained structures corre-
spond to a true minimum, a vibrational frequency analysis
was carried out at the same level. The absence of any imaginary
frequency confirmed that the optimization resulted in a stable
configuration. After geometry optimization and frequency cal-
culations, the reorganization energy was determined by opti-
mizing the neutral and charged ground-state geometries of the
cation and anion at the same level of theory. Single-point
energy calculations were then performed for these optimized
structures. In the next step, the optical absorption spectra of all
the molecules were simulated in acetonitrile solvent using the
TD-CAM-B3LYP/6-311+G(d,p) method. The CAM-B3LYP func-
tional is a combination of the hybrid functional B3LYP and a
long-range correction term, designed to better describe charge
transfer excitations, which are important for accurately predict-
ing optical properties.®* The charge density difference (CDD)
plot and distance of the charge transfer (dcr)®® are calculated
using the MN15°%%7/6-311+G(d,p) level of theory. MN15 is a
long-range exchange correlation functional well-known®® for
charge transfer studies. Compared to the CC2 model, this
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functional gives relatively accurate ground- and excited-state
electronic densities.®® All these calculations were performed
using the Gaussian 16 program package.®®

To study the adsorption of the dyes on the TiO, surface,
which is essential for understanding the nature of interactions
between the two, we considered a (TiO,)s;g cluster and opti-
mized the geometries of the cluster, the dye, and dye-cluster
systems using the DMol3°*°' program in Materials Studio
Version 7.0. These calculations employed the generalized gra-
dient approximation (GGA)°*®® method with the Perdew-
Burke-Ernzerhof (PBE)**> exchange-correlation functional
and the double numerical polarized (DNP)®® basis set, in
acetonitrile solvent using the Conductor-like Screening Model
(COSMO).””*® To enhance the computational efficiency, a
Fermi smearing of 0.005 Hartree and a global cutoff of 5.2 A
were applied. The convergence criteria were set to 1 x 107>
Hartree for energy, 2 x 10~ Hartree per A for force, and 5 x
1072 A for displacement. Subsequently, all dyes were adsorbed
onto the (TiO,);5 surface in a bidentate bridging configuration,
where both oxygen atoms of the -COOH anchoring group
coordinate with two titanium atoms. This mode of binding is
considered the most stable for a carboxyl group as a anchoring
group.””'®® From the energy of the optimized structures, the
adsorption energy and the parameters required for photovoltaic
properties were calculated for the dye@(TiO,);s surface.

4. Result and discussion
4.1. Naming convention used in this work

The structures of the 10 donor-acceptor-substituted orangarin
molecules considered for this study are shown in Fig. 2. Five
different donors, viz. carbazole (CBZ), bis(4-hexyl)phenyl amine
(DPA), phenothiazine (PTZ), phenothiazine glycol (GLY) and
triarylamine (TAA), and a fixed acceptor, namely benzoic acid,
are considered to design the 10 molecules. The donor moieties
are chosen based on previous studies,”®®* where it was shown
that porphyrin-based DSSC systems having these groups dis-
play better efficiency. Orangarin is considered as the core for
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Fig. 2 Representation of the 10 different orangarin-based dyes consid-
ered for this study.
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attaching the donor and acceptor groups. The acceptor is
attached at one of the meso positions and the donor (D) is
varied between positions 4 (D’) and 7 (D”), as shown in Fig. 2.
The molecules are named as ODnm, where O represents oran-
garin core, D represents one of the donors (CBZ, DPA, PTZ,
GLY, or TAA), and n and m represent, respectively, the positions
of the acceptor and donor groups, as shown in Fig. 2. The
rationale behind choosing positions 4 and 7 for the donors is
supported by our initial assessment of one of the donors placed
successively at all possible positions in the orangarin core
(except 1, 2, 10, and 11).

4.2. Frontier molecular orbital energy alignment

In a DSSC, when light is absorbed by the dye molecules, the dye
is excited as an electron moves from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO). The excited electron is then injected into the
conduction band of the TiO, semiconductor. For efficient
electron injection, the LUMO energy level of the dye must be
higher than the conduction band edge of TiO,, which is
typically around —4.0 eV. After injection, the dye molecule is
left in an oxidized state and must be regenerated by accepting
an electron from the redox electrolyte; for this to happen
effectively, the HOMO level of the dye should be lower than
the redox potential of the I"/I 5 electrolyte, which is approxi-
mately —4.8 eV."*" The energies of the HOMO and LUMO, and
the corresponding energy gaps for all the ten dyes are illu-
strated in Fig. 3. It is evident that the LUMOs of all the dyes are
positioned above the conduction band of TiO,, facilitating
efficient electron injection, and the HOMO levels are situated
below the redox potential of the electrolyte, indicating favorable
conditions for rapid regeneration of the dye molecules.

4.3. UV-visible absorption and charge transfer analysis

Absorption studies play a vital role in DSSCs by assessing the
dye’s ability to capture solar energy efficiently. For optimal
performance, the dye should strongly absorb light in the visible
region (~400-700 nm), where sunlight intensity peaks, to
maximize photon absorption and enhance overall solar energy
conversion (Table 1).
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Fig. 3 Energy levels and HOMO-LUMO gaps of all the 10 dyes, calculated
at the TD-CAM-B3LYP/6-311+G(d,p)/C-PCM level of theory in acetonitrile
solvent.
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Table 1 Calculated data for electronic transitions in terms of excitation
energies (in eV), wavelengths (in nm), oscillator strengths, and orbital
contributions for the dyes at the TD-CAM-B3LYP/6-311+G(d,p)/C-PCM
level of theory in acetonitrile solvent

Excited Excitation Wavelength Oscillator

Dye state  energy (eV) (1) (nm) strength  Contribution

SM315 S; 2.60 477 1.06 H — L+1 (46%)
OCBZ04 S, 2.56 483 1.60 H — L+1 (62%)
OCBZ07 S, 2.48 499 1.50 H-1 — L (54%)
ODPA04 S; 2.49 497 1.42 H — L+1 (65%)
ODPAO7 S, 2.39 517 1.82 H-1 - L (63%)
OPTZ04 S, 2.50 496 1.29 H — L+1 (49%)
OPTZ07 S, 2.25 550 1.87 H-1 — L (58%)
OGLY04 S; 2.52 492 1.29 H — L+1 (54%)
OGLY07 S, 2.10 590 1.09 H-2 — L (61%)
OTAA04 S; 2.50 496 1.91 H — L+1 (64%)
OTAA07 S, 217 571 2.10 H-1 > L (59%)

The simulated absorption profiles of all the ten dyes and
SM315, displayed in Fig. 4, indicate that all of these dyes absorb
strongly in the UV-vis range. The strongest absorption peak
always corresponds to either the Sy — S,, Sy = Sz or Sy — S,
transition and is red-shifted in the order of CBZ < DPA < PTZ
< TAA < GLY, which correlates well with the increasing
conjugation. We further noticed that OD07 dyes consistently
show a larger red-shift compared to their OD04 counterparts.
Notably, OGLY07 shows the largest red-shift among the con-
sidered systems. This trend can be explained by examining the
excitation energies. The excitation energy of the OD04 dyes
does not change significantly, whereas the same for the OD07
systems gradually decreases on moving from OCBZ07 to
OGLYO07, resulting in the largest oscillator strength for OCBZ07.

A study by Woller et al.'® on orangarin reveals that its
antiaromatic character arises from a fully conjugated 20 =-
electron macrocyclic system, formed by three fused pyrrole
rings and the meso-carbon bridges that connect them. This
extended conjugation pathway includes both the OD04 posi-
tions (B-positions of the pyrrole units) and the OD07 positions
(meso-carbons), enabling continuous m-electron delocalization
throughout the ring system. Notably, both OD04 and ODO07 are
integral components of this conjugated circuit and play a direct
role in the molecule’s antiaromatic behavior. These positions
exhibit higher one photon absorption strengths compared to
other sites, reflecting their enhanced electronic involvement.

W
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Fig. 4 UV-visible spectra of the dyes calculated at the TD-CAM-B3LYP/6-
311+G(d,p)/C-PCM level of theory in acetonitrile solvent.
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The researchers also analyzed the anisotropy of the induced
current density (AICD) plots, which showed a paratropic (antic-
lockwise) ring current, which is consistent with the presence of
antiaromatic systems.'®® Orangarin displays a stronger current
density within the inner circuit, particularly at higher AICD
isovalues. The OD07 position lies within this inner circuit,
meaning that electron donors at this site directly contribute
to the antiaromatic ring current. This antiaromaticity intro-
duces electronic instability by raising the energy of the deloca-
lized m-system, which in turn significantly affects the
molecule’s optical absorption. Specifically, it leads to a red
shift in the absorption spectrum due to a narrowing of the gap
between the involved orbital pairs. An orbital analysis of the
strongest peaks revealed that in all the OD04 systems, the
HOMO — LUMO+1 is the most contributing orbital transition
involving a shift of electron density from the orangarin core to
the acceptor moiety. However, the strongest peak in all the
ODO07 systems is dominated by HOMO—-1 — LUMO and

OCBZ04 ODPA0O4 OPTZ04 ., OTAA04 SM315
i3 E ey v.‘%‘#‘ v ©2
W, & n
Ny 5%
[ Rt L\

& -, y
.;_-ﬁ;.* ] &

L+l L+1 L+1 H
OGLY07 OTAA07

8 3
41.'3'\"!'6‘.“,\.“

H-2

Fig. 5 Most contributing pairs of orbitals involved in the strongest one
photon absorption peak in all the designed dyes, calculated at the TD-
CAM-B3LYP/6-311+G(d,p)/C-PCM level of theory in acetonitrile solvent.
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HOMO-2 — LUMO transitions, where the electron density is
moved from the donor moiety to the acceptor moiety via the
orangarin core, indicating a long-range charge transfer in these
systems. The orbital pictures are presented in Fig. 5. To get
further insight into the charge transfer mechanism, we calcu-
lated the CDD and dcr for all the dyes and SM315, as shown in
Fig. 6, where the CDD is evaluated as the difference between the
total electron densities of the excited and ground states, and
dcr is the distance between the barycenter of the positive and
negative charge densities. Here, the CDD plots represent the
distribution of electron and hole densities, where the green
color represents the electron-deficient regions and yellow color
represents the electron-rich regions. A large spatial distribution
of the electron and hole densities signifies a stronger intra-
molecular charge transfer (ICT) character, while their overlap
indicates a localized excitation process. Among the investigated
dyes, it was observed that a more distinct delocalization of
electron and hole densities was observed for OPTZ04, OPTZ07,
and OTAA07 compared to SM315, confirming that the excited-
state transition is primarily ICT in nature. This is also corro-
borated by the higher dcr values for the respective systems.
This pronounced charge separation highlights the role of the
donor and acceptor groups in enhancing the ICT process,
which is crucial for improving charge transport and overall
photovoltaic performance.

4.4. Adsorption of dyes on a (TiO,);5 cluster

In an actual solar cell, the dye is adsorbed on a semiconductor,
say TiO,. This adsorption may affect the relevant photophysical
properties of the dyes. To mimic the actual scenario, we
calculated the adsorption energy and corresponding change
in orbital energies of all the ten dyes adsorbed on a TiO,
cluster. Based on a literature survey,'”*™'% we considered the
(TiO,)3s cluster for adsorbing our dyes. The dyes are attached to
the (TiO,)ss surface through a bidentate binding between the
two oxygen atoms of the -COOH anchoring group of the dye

OCBZ04 ODPAO4 .. OPTZ04 x OGLY04‘:;11 OTAA04 SM315
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<k paC33%eR
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Fig. 6 Plot showing the charge density difference (CDD) and charge transfer distance (dct), calculated at the MN15/6-311+G(d,p) level of theory. Here,
yellow zones represents electron-rich regions and green zones represent electron-deficient regions. An iso-contour value of 0.0004 a.u. was used for

the dct plot.
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Table 2 Calculated HOMOs, LUMOs, band gaps, Ti-O bond lengths (in
bidendate bridging), and E,qs (kcal mol™) of the dye@(TiO,)sg clusters,
calculated using the TD-CAM-B3LYP/6-311+G(d,p)/LANL2DZ/C-PCM
level of theory for dyes optimised using GGA/PBE/DNP in acetonitrile
solvent using the DMol3 package

HOMO LUMO Band Ti-O Ti-O Faq
Dye@TiO, (eV) (eV) gap (eV) (A (&) (kcal mol™)

SM315@TiO, —6.10 —2.45 3.65 2.16 212 —12.50
OCBZ04@TiO, —5.94 —2.90 3.04 1.29 1.59 -—-13.44
OCBZ07@TiO, —5.86 —2.91 2.94 1.31 1.60 —12.03
ODPA04@TiO, —5.75 —2.88 2.87 1.38 1.41 -11.93
ODPAO7@TiO, —5.80 —2.84 2.96 214 217 -9.21
OPTZ04@TiO, —5.87 —2.90 2.97 2.10 2.14 —5.81
OPTZ07@TiO, —5.85 —2.98 2.87 1.62 1.84 —8.29
OGLY04@TiO, —5.88 —2.90 2.98 2.09 2.14 -10.62
OGLY07@TiO, —5.85 —2.99 2.87 2.13 214 -10.13
OTAA04@TiO, —5.85 —2.91 2.94 2.15 216 —13.09
OTAA07@TiO, —5.83 —2.96 2.87 1.75 1.40 —9.44

and two neighbouring titanium atoms of the (TiO,);5 surface.
The adsorption energy (E.qs) was calculated using:

Eags = Edye+Ti02 - (Edye + ETiOZ) (15)

where Egy. is total energy of the isolated dye, Erio, is the total
energy of the bare (TiO,)3s cluster and Egyeitio, is the total
energy of the dye-(TiO,)s;s system. The calculated HOMO,
LUMO, HOMO-LUMO gap, and E,q4s after adsorption are listed
in Table 2.

The results indicate that all the dye-(TiO,)ss Systems possess
negative values for E,qs indicating a more stable interaction
between the two. Among all the dyes, OCBZ04 exhibits a slightly
higher E, 45 value along with a shorter Ti-O bond length, indicat-
ing a strong interaction with the TiO, surface. The interaction
strength follows the trend: OCBZ04 (—13.44 kcal mol ') >
OTAA04 (—13.09 kcal mol™) > OCBZ07 (—12.03 kcal mol ")
> ODPA04 (—11.93 kcal mol™") > OGLY04 (—10.62 keal mol ")
> OGLY07 (—10.13 kcal mol™") > OTAA07 (—9.44 kcal mol ")
> ODPAO07 (—9.21 kcal mol ') > OPTZ07 (—8.29 keal mol ') >
OPTZ04 (—5.81 kcal mol™"). A further analysis of the HOMO,
LUMO, and corresponding energy gap as shown in Table 2
indicates that the HOMO-LUMO gap increases with the adsorp-
tion of the dyes on the (TiO,);s surface.

4.5. Photovoltaic properties of dyes on a (TiO,);5 cluster

The computed values of the photovoltaic properties mentioned
in the theory section, viz. EBE, eVoc, JSG s Voc, FF and 7, of the
dyes adsorbed on the (TiO,)s5 surface are presented in Table 3.
The ideal value of LHE is 1, representing 100% absorption of
photons. The variation of LHE with the wavelength of the
absorbed light is displayed in Fig. 7.

The plot reveals that for the dye@(TiO,)ss systems, the
maximum value of the LHE is obtained in the wavelength range
of 680 to 950 nm. In general, the LHE plots for the OD07 dyes
are broader and red-shifted as compared to those for the OD04
dyes, suggesting better absorption in the solar spectrum and
hence making them better candidates for DSSC applications.
Among the OD07 dyes, OTAA07 shows greatest red-shift in its
LHE plot.

3358 | Phys. Chem. Chem. Phys., 2026, 28, 3352-3362

View Article Online

Paper

Table 3 Table showing the calculated photovoltaic properties of all
studied dyes adsorbed on the (TiO5)sg cluster

EBE  eVoo Jmex
Dye@TiO, (ev) (eV) (mAem™) v FF 1 (%)
SM315@TiO, 1.05 1.55 27.15 59.90 0.92 38.57
OCBZ04@TiO, 0.48 1.10 18.60 42.54 0.89 18.25
OCBZ07@TiO, 0.49 1.09 21.54 41.95 0.89 20.81
ODPA04@TiO, 0.40 1.12 22.00 43.29 0.89 22.00
ODPAO7@TiO, 0.59 1.16 25.13 44.80 0.90 26.08
OPTZ04@TiO, 0.47 1.10 23.78 42.50 0.89 23.21
OPTZ07@TiO, 0.71 1.02 27.51 39.27 0.88 24.72
OGLY04@TiO, 0.47 1.10 23.28 42.40 0.89 22.76
OGLY07@TiO, 0.72  1.02 27.19 39.23 0.88 24.41
OTAA04@TiO, 0.45 1.09 23.84 42.26 0.89 23.22
OTAA07@TiO, 0.75 1.04 25.87 40.06 0.89 23.77
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Fig. 7 LHE plot for all the considered dye@(TiO,)sg systems, against the
AM 1.5G solar spectrum shown in green.

To generate an electric current efficiently from the absorbed
photons, the excitons thus created should be separated into
electrons and holes. This can be done if their respective
binding energy, i.e., EBE, is very small.’® In Table 3, we report
that the EBE values for all the designed dyes range between 0.40
to 0.75 eV, lower than the value calculated for SM315
(1.0 eV), indicating a balance between exciton stability and
charge carrier generation and correlating well with the pre-
viously reported values in the literature.®”*>'®” The short-
circuit current density is calculated as the maximum theoretical
value (Js¢¥) when the incident photon-to-current efficiency
(IPCE) across the absorption spectrum is 100%, i.e., when
Dinjy Nreg and neon are all taken to be unity. The experimental
value’’ of Jsc for the best performing porphyrin-based
DSSC dye (SM315) is 18.1 mA cm > as compared to the
theoretical value of Ji&* of 27.15 mA cm 2, as shown in
Table 3. The values of Jg&™ for all the dye@(TiO,)ss Systems
considered in this work lie in the range of 18.60 mA cm >
for OCBZ04 to 27.51 mA cm > for OPTZ07, suggesting that
the Js&~ values of the studied dyes are comparable to that of
SM315. We observed that the OD07 dyes have larger values
of Js¢~ than the respective OD04 siblings, which is directly
related to the larger oscillator strength of the former than the
latter. Amongst them, the OPTZ07 and OGLY07 dyes exhibit a
comparable photoresponse to SM315, indicating similar light-
harvesting characteristics.
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To understand the n of the dyes, it is also important to
analyze the eV, which depends upon the Ecg and the number
of electrons in the conduction band. All of our designed dyes
possess high eV values, ranging from 1.02 eV to 1.16 eV
(Table 3), which are comparable to that of the SM315 dye, as
shown in Table 3. The largest value of eV (1.16 €V) is observed
for ODPAO7. An elevated eVoc reflects effective charge carrier
separation and reduced recombination losses, which are criti-
cal for achieving high solar-cell efficiency. Our further compu-
tation reveals that the fill-factor and overall n are also the
largest (0.90 and 26.08% respectively) for ODPA0O7. The values
of 5 for the studied dyes range from 18.25% to 26.08%. The
ODO07 dyes possess larger # than their OD04 counterparts.

4.6. Rate of electron transfer between the dye and (TiO,)3s

kinj/rec can be understood using Marcus theory, as mentioned in
the Theory section (eqn (9)). The calculated reorganisation
energies, and the changes in Gibbs free energy for the two
processes (electron injection and recombination) along with
their respective calculated rates, are presented in Table 4. The
changes in Gibbs free energy for the electron injection (AGHy)
and recombination (AG.) and dye regeneration (AGrg) pro-
cesses are crucial for ensuring efficient charge transfer and dye
regeneration. These quantities are calculated from the energies
of the HOMO (Exomo) and LUMO (Epumo) of the dye and the
conduction band minimum (Egg) of TiO,.

According to a study by Fu et. al,"” AG},; > 0.2 eV leads to
®;n; ~1, indicating an efficient electron injection from the dye
to TiO,. Table 4 shows that our designed dyes have AG?HJ-
ranging from 1.02 eV to 1.16 eV and AG%. ranging from
1.75 eV to 1.94 eV. The respective values for SM315 are
0.33 eV and 1.05 eV.

The reorganization energy for all the investigated dyes lies
within the range of 0.06 eV to 0.14 eV, lower than that of the
SM315 dye, thus indicating a relatively low energy barrier for
electron transfer. Such low A values further suggest that mini-
mal structural rearrangement is required during the electron
transfer process, thereby promoting efficient and rapid charge
transfer from the donor to the acceptor, as shown in Fig. 8. This

Table 4 Gibbs free-energy change for electron injection (AG,OnJ) and
electron recombination (AGGc), reorganization energy (A), rate of electron
injection (kin), rate of electron recombination (k.ec), and Gibbs free-energy
change for dye regeneration (AG.g) of the considered dyes with the
(TiOy)zg cluster

AG?nj AG?ec A ka krec AGrcg
Dye@TiO, (ev) (ev) (ev) (10" s (10™s7) (eV)
SM315@Ti0, 0.33 1.05 0.33 0.51 0.0003 0.25
OCBZ04@TiO, 1.10 1.94 0.14 4.53 4.93 1.14
OCBZ07@TiO, 1.09 1.86 0.13 5.39 1.01 1.06
ODPA04@TiO, 1.12 175 0.09 9.91 11.9 0.95
ODPAO7@TiO, 1.16 1.80 0.14 5.22 0.68 1.00
OPTZ04@TiO, 1.10 1.87 0.07 13.7 13.4 1.07
OPTZ07@TiO, 1.02 1.85 0.11 6.33 1.38 1.05
OGLY04@TiO, 1.10 1.88  0.07 14.9 29.5 1.08
OGLY07@TiO, 1.02 1.85 0.13 4.53 0.95 1.05
OTAA04@TiO, 1.09 1.85 0.06 17.3 24.0 1.05
OTAA07@TiO, 1.04 1.83 0.10 6.73 1.31 1.03
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Fig. 8 HOMO and LUMO orbitals showing charge transfer for dyes
adsorbed on the (TiO,)zg surface, calculated at the TD-CAM-B3LYP/6-
311+G(d,p)/C-PCM level of theory.

L+19 L+12

also helps in minimizing charge accumulation on the dye
molecules, which is beneficial for improving overall device
performance. Further, the k;,; is about 10° times higher than
the ke, with both being higher than those of the SM315 dye.
This combination is favorable for efficient charge separation, as
it ensures rapid electron transfer from the dye to the (TiO,);s
cluster while minimizing charge loss due to recombination. As
a result, the efficient intermolecular electron transfer validates
the improved performance of the engineered dyes and high-
lights their effectiveness in enhancing overall device efficiency.
Apart from efficient electron injection into the conduction
band of (TiO,)ss, it is also very important that the oxidized
dye be reduced by the electrolyte and regenerated. The results
of AG,, for all the dye@(TiO,);s3 systems are presented in
Table 4. From the table, it is observed that all the designed
dyes have AG., > 0.95 eV, which exceeds the minimum
threshold criterion of 0.60 eV'%® as reported in various experi-
mental studies,'% thus indicating better recombination for the
studied dyes than SM315. Thus, all our tailored dyes exhibit
efficient charge regeneration and a reduced possibility of
charge recombination.

5. Conclusion

In conclusion, using the state-of-the-art DFT and TDDFT meth-
ods, we designed ten orangarin-based molecules that can be
used as photosensitizers (dyes) in DSSCs. To the best of our
knowledge, this is the first study where an antiaromatic core
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devoid of any metal is used for designing a DSSC-dye. For this
purpose, we attached five donor moieties at the two most promis-
ing positions (4 and 7) in the orangarin core and studied all the
DSSC-relevant properties of the ten designed molecules. Our study
reveals that all the ten dyes absorb strongly in the visible region
where the solar spectrum AM1.5G displays maximum irradiance.
Due to the antiaromatic nature of the orangarin core, the sub-
stitution of a donor at the 7th position places it in the inner circuit
and contributes to the ring-current. This leads to a red-shift in the
absorption profile and larger oscillator strength for the OD07
molecules. All the ten dyes display negative adsorption energy,
reflecting good binding with the (TiO,)sg surface. The adsorption
alsoleadsto an increase in the HOMO-LUMO gap and hence their
absorption falls within the visible region. The study of the photo-
voltaic properties suggests that all the OD07 dyes have larger open-
circuit voltage, maximum short-circuit current density and overall
n. Almost all of the dyes have # larger than 20%, with a maximum
value of 26.08% for ODPAO7. Our study suggests that an antiaro-
matic molecule can also be used for designing a highly efficient
dye for DSSC applications.
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