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ABSTRACT: Density functional theory (DFT) calculations are performed on the newly
developed and designed photosensitizers having [D-D-triad-A]- and [D−π−π−A]-type
structural models for near-infrared absorption dye-sensitized solar cells (DSSCs). For this
purpose, three novel molecules are designed, which are named as follows: [naphthalene-
anthracene-thiophene-furan-benzonitrile] as dye S1, [coronene-anthracene-thiophene-furan-
benzonitrile] as dye S2, and [fluorene-thiophene-furan-benzonitrile] as dye S3. In all three
systems, benzonitrile is the acceptor moiety, while thiophene and furan are bridging moieties.
Naphthalene and anthracene are donor moieties in S1, whereas coronene and anthracene are
donor moieties in S2, and fluorene is the only single donor moiety used for designing the dye
complex S3. All three dye complexes are optimized under the DFT framework by using the
B3LYP hybrid functional with 6-31G(d,p) basis set on Gaussian 16W software. The absorption
spectra are calculated utilizing time-dependent density functional theory (TD-DFT) with the
CAM-B3LYP/6-31G(d,p) basis set. The calculated absorption maxima of S1 and S2 are 749.45
and 750.04 nm, respectively, while for S3, it is reported to be at 337.35 nm, which suggests that
the designed molecular structure having a double-donor moiety is suitable for high absorption wavelength. Further, the analysis of
frontier molecular orbital energy gap suggests that the molecular systems S1, S2, and S3 have values 2.17, 2.13, and 3.618 eV,
respectively, which lie in the semiconducting region. The other parameters calculated for the photovoltaic performance are exciton
binding energy, change in free energy of charge regeneration, change in free energy of charge injection, oscillator strength, light
harvesting efficiency, and open-circuit voltage.

1. INTRODUCTION
The dye-sensitized solar cells can be fabricated on a flexible
substrate and have a low production cost, which makes them
environmentally friendly than inorganic material-based solar
cells. Graẗzel et al. made the first DSSC based on a ruthenium
metal complex dye, which showed efficiency around 10%.1

Since then, metal-free organic dyes are extensively explored in
recent years.2,3 The structures for designing the organic
sensitizers for DSSC include donor, spacer, and acceptor units,
all of which are connected together to form a dye molecule.4,5

However, the other structures based on one donor and two
acceptors [D−π−A−A], two donors and one acceptor [D−
D−π−A], and two bridging units and one acceptor [D−π−π−
A] are also utilized for making efficient sensitizers, which could
show a wide absorption region.6−8 Also, the molecular
structures based on the [D−A−π−A] model are investigated
by Liu et al.,9 which showed efficiency in the range of 5−7%;
similarly, Sharmoukh et al. investigated dye molecules showing
efficiency around 5.5%.10 In designing the dye molecule, the
tunability of the absorption region of the sensitizer is the key
factor, which can be achieved either by increasing the electron-
donating strength or by increasing the effective bridging length
or by increasing the electron acceptor strength.11−14 The

widely utilized donor compounds are based on carbazole,
coronene, naphthalene, anthracene, phenothiazine, diphenyl-
amine, coumarin, and so forth; the spacer or bridging
compounds commonly utilized are thiophene, thiazole, pyrrole,
furan, and so forth; and the acceptor molecules which are
commonly utilized are fullerene derivatives like PC61BM,
PC71BM, cyanoacetic acid, rhodamine N-acetic acid, naph-
thalimide, benzothiadiazole, benzonitrile, and so forth.15−17

Recent progress in the field of organic solar cells with new π-
conjugated polymers, small molecules (SMs), fullerene-free
acceptors (FFAs),18−20 together with the better device
configurations, has shown significant improvement in power
conversion efficiencies of dye-based solar cells in the range of
10 to 16%.6,21 To design an efficient photovoltaic device, both
the donor and acceptor materials play a crucial role. Hence, in
this paper, we have focused on designing the near-infrared-
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absorbing dyes which could show better device efficiency if
synthesized. The designed two novel dyes S1 and S2 are based
on (double-donor molecular units and double-bridging
molecular units connected with one acceptor molecular
unit), while the third novel dye S3 is based on only a single-
donor molecular unit for understanding the effect of double-
donor moieties on the absorption wavelength and then various
electronic, chemical, and optical parameters along with the
photovoltaic performance are analyzed. The various electronic
and chemical parameters which are discussed in the paper are
frontier molecular energy orbitals like HOMO and LUMO
energy levels, HLG gap energy, ionization potential, electron
affinity, and further the optical and photovoltaic parameters
like excitation energy, exciton binding energy, maximum
absorption wavelength, dye regeneration driving force or
change in free energy of dye regeneration, change in free
energy of charge injection, oscillator strength, and open-circuit
voltage for the designed dyes.
We have utilized a [D-D-triad-A] molecular structure

approach to design near-infrared-absorbing dyes and one dye
complex with just one single-donor moiety [D−π−π−A]
structure for understanding the effect of double donor moiety
in comparison to the single donor moiety on the photo-
sensitizer efficiency. The donor moieties for system S1 are
naphthalene and anthracene, which are chosen because of the
coplanarity of acene molecules, which results in efficient charge
transfer in the molecule. Similarly, system S2 has coronene and
anthracene as donor units, which are coplanar in the
geometrical arrangement. Further, the chosen bridging units
are based on thiophene and furan units which are
heteroaromatic molecules that could help in charge transfer
from one end of the molecule to another end. One of the
important aspects of designing an efficient photosensitizer is to
choose a high electron affinity molecule as the electron
acceptor unit. Therefore, we have used benzonitrile as the
electron acceptor unit in all the designed systems due to its
high electron affinity which will act as an electron puller from
the donor site of the dye molecule and which is also expected
to reduce the recombination process of the generated exciton
pair at the donor-bridging interface.22,23 The first system is
named as S1 [naphthalene-anthracene-thiophene-furan-benzo-
nitrile] and the second system is named as S2 [coronene-
anthracene-thiophene-furan-benzonitrile], while the third
system is named as S3 [fluorene-thiophene-furan-benzonitrile].
All the chemical compounds are expected to be prepared using
the chemical solution method, and further the DSSC
fabrication can be done using the doctor blade method.24 All
of the optimized dyes S1, S2, and S3 are shown in Figure 1.
The designed molecules were targeted to show a high
absorption wavelength for S1 and S2 dyes.
The charge-transfer mechanism in the dye-sensitized solar

cells is divided into four steps: the first step is to absorb the
light photons by the dye molecule; the second step is to
separate the charge carriers generated due to the absorption of
photonic energy; the third step is to transport this separated
electron−hole toward the counter electrode; and the fourth
step is to regenerate the dye molecule. In other words, the
excited electron would be injected into the conduction band of
the semiconducting material (e.g., TiO2, SnO2, ZnO, CuO,
etc.), and then it is transferred to the external circuit. Further,
the oxidized dye gets regenerated through the electrolyte
solution (e.g., iodide solution), which is used as a filler in the
dye-based solar cells. For an efficient charge transfer from the

sensitizer, the LUMO levels of the dye must be at a higher
position than the conduction band of the semiconducting
material, and the HOMO levels of the dye must be at a lower
level of the electrolyte’s redox potential.25,26

2. COMPUTATIONAL DETAILS
All the three dye molecules were modeled on the Gauss View
interface,27 and then these are optimized using the density
functional theory28 at the B3LYP and 6-31G(d,p) level29 on
the Gaussian 16W package.30 The density functional theory
method has been extensively used in the theoretical studies of
organic molecules with the B3LYP hybrid functional. The
B3LYP hybrid functional has been chosen because of its most
approximate optimization results when matched with the
experimental values for organic molecules.31−34 All of the
calculations reported here are performed in the gas-phase
environment. Further, the experimental verification of DFT
calculation is discussed in the literature very well, which is
reported by various authors.35,36 Further, the molecules are
also checked by frequency calculations to confirm the true
global minima of the optimized systems. The vertical transition
energy or absorption maxima is calculated using the TD-DFT
method along with the long-range-corrected functional CAM-
B3LYP/6-31G(d,p) level.37 The other functional like LC-
BLYP38−40 for calculating excitation energies is also useful.

3. RESULTS AND DISCUSSION
To look for the effect of double-donor and double-bridging
structures on the photovoltaic performance of the designed
dyes, a proper selection of the donor and acceptor units is
necessary for designing the photosensitizers. Apart from the
simple D−π−A model, the introduction of additional donors
and extension of π-conjugation length through the double-
bridging molecule results in the reduction of the HOMO−
LUMO energy gap and shows the high absorption maximum
in the visible spectrum.
The frontier molecular orbital analysis for all the systems

suggests that in the first dye (S1) structure, the HOMO is
mostly spread over the donor and π-bridge molecular unit, i.e.,
the charge is spread over the naphthalene and anthracene units
along with the thiophene and furan units, while the LUMO is
found over the bridging molecular units, i.e., thiophene and
furan molecules majorly. This suggests the electron-rich nature
of the naphthalene and anthracene units as compared to the

Figure 1. (a) Optimized geometry of S1 [naphthalene-anthracene-
thiophene-furan-benzonitrile] at the B3LYP/6-31G(d,p) level. (b)
Optimized geometry of S2 [coronene-anthracene-thiophene-furan-
benzonitrile] at the B3LYP/6-31G(d,p) level. (c) Optimized
geometry of S3 [fluorene-thiophene-furan-benzonitrile] at the
B3LYP/6-31G(d,p) level.
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benzonitrile unit. Similarly, for the second molecular structure
system (S2), the HOMO lies over the donor and bridging
molecule, i.e., the coronene and anthracene units as donor site
while thiophene and furan units as bridging sites, while LUMO
lies majorly over the bridging unit, i.e., thiophene and furan
units. For system (S3), the HOMO lies over the donor and
bridging units and LUMO lies over the bridging and acceptor
units. A small part of the LUMO also spreads over the
benzonitrile unit in all the three molecular systems, which
suggests that the charge separation is quite high in the ground
state, which also confirms the asymmetric distribution of the
charges in the ground state. The charge distribution of the
HOMO and LUMO orbitals for all three molecules is shown in
Figure 2.
The HLG energies for systems S1 and S2 calculated in the

ground state are 2.173 and 2.139 eV, which suggest that both
the molecules have low HLG energy. However, system S3 has
a HLG energy at 3.618 eV. To have a high absorption maxima
or wide absorption wavelength, it is a must that the HOMO−
LUMO gap energy be very low, which can be achieved through
the addition of donor units and bridging molecule units in the
full dye structure. Herein, we have double-donor and double-
bridging units in the dye structure for S1 and S2, which
resulted in the lower HLG energy for both the systems.
Further, for the efficient charge transfer in the dye molecule,

the HOMO of the dye molecule should be at a lower value
than the redox potential of the electrolyte solution, while the
LUMO level of the dye molecule must be at higher level than
the conduction band edge of the semiconducting metal oxide,
i.e., TiO2 here. For the molecular system S1, the HOMO level
of the dye molecule lies at −5.313 eV, and for system S2, the

HOMO level lies at −5.289 eV. Similarly, for molecular system
S3, the HOMO level lies at −5.374 eV. This confirms that the
HOMO level of the designed dyes are at lower level than the
redox potential of the electrolyte (iodide solution chosen here)
which lies at −4.8 eV. Therefore, all the designed dyes are
suitable for charge regeneration. The LUMO level for systems
S1, S2, and S3 lies at −3.140 eV, −3.150 eV, and −1.756 eV,
respectively. This confirms that the LUMO level lies at an
upper level than the conduction band edge of TiO2 at −4.0 eV.
This is good enough for the charge transfer from the LUMO
level of the dye to the TiO2 conduction band. Also, the values
of ionization potential and electron affinity are analyzed by
using Koopman’s approximation where the -HOMO energy
represents the ionization potential, while the -LUMO energy
represents the electron affinity. We have found electron affinity
for both molecules S1 and S2 higher than 3 eV, which is good
enough to extract the electron from the donor site. Therefore,
the molecular structure having benzonitrile as the electron
acceptor proves to be a good strategy to form a photo-
sensitizer. The values are reported in Table 1.
The close alignment of the energy levels of the designed

dyes with the photoanode is the result of an extra donor
moiety available in the form of naphthalene in system S1 and
as coronene in system S2 in comparison to the single-donor
moiety used in the S3 system. The double-bridging unit has
also played a key role in aligning the energy levels with the
photoanode TiO2. The extra donor unit helps in the increase
of the conjugation length, which also improves the charge-
transfer probability in the system. System S1 has naphthalene
and anthracene as the donor units which are connected in a
coplanar manner with each other that improves the energy

Figure 2. (a) HOMO charge distribution of S1 [naphthalene-anthracene-thiophene-furan-benzonitrile]; (b) LUMO charge distribution of S1
[naphthalene-anthracene-thiophene-furan-benzonitrile]; (c) HOMO charge distribution of S2 [coronene-anthracene-thiophene-furan-benzoni-
trile]; (d) LUMO charge distribution of S2 [coronene-anthracene-thiophene-furan-benzonitrile]; (e) HOMO charge distribution of S3 [fluorene-
thiophene-furan-benzonitrile]; and (f) LUMO charge distribution of S3 [fluorene-thiophene-furan-benzonitrile] for the designed dyes in the
ground state.
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alignment with the photoanode material. The charge donating
nature of the dye molecule is basically represented by the
HOMO orbital while LUMO orbital of the dye molecule
represents the charge accepting nature of the dye molecule, as
reported in earlier studies by other authors.31,41 The acceptor
unit of benzonitrile when irradiated with sunlight, as reported
in the literature, follows the breakage of the carbon−carbon
bond between the aromatic ring and the CN group. This
produces some intermediates that are strongly adsorbed over
the TiO2 surface. Therefore, the chosen acceptor moiety may
be successful in transferring the charge to this semiconducting
photoanode.42

3.1. Absorption Spectra. The calculated absorption
spectra along with the oscillator strength, light-harvesting
efficiency (LHE), and intramolecular charge-transfer excitation
energy are obtained using the TD-DFT method at the CAM-
B3LYP/6-31G(d, p) level of theory, whose values are reported
in Table 2. We have chosen the CAM-B3LYP functional for

calculating the absorption spectra due to its long-range
correction available for the organic molecules. In designing a
DSSC, the role of absorption spectra is very critical. For
efficient light harvesting, the absorption maxima should be in
the visible spectrum, and for the optimum utilization of visible
spectrum, the dyes should be able to absorb mostly in the
wavelength nearest to that of the red color. Therefore, the
selection of donor and bridging units has become very
important in designing an efficient photosensitizer. In the
designed novel dyes, the first system S1 shows the absorption
maxima at 749.45 nm, and the second system S2 shows the

absorption maxima at 750.04 nm, which are reported in Table
2. Both the dyes show very high absorption maxima in the
near-infrared region. The reason for this high absorption
wavelength in both systems is attributed to their strong
extended conjugation length which is due to the presence of
double-donor units, while system S3 has absorption maxima at
337.35 nm which lies in the UV region because it has only one
single unit of donor moiety in the form of fluorene. Therefore,
it is suggested from the absorption wavelength results that a
double-donor moiety is suitable for designing high absorption
wavelength dyes. Further, the other parameters like LHE,
oscillator strength, and intramolecular charge-transfer excita-
tion energy are also reported in Table 2, which suggest that
both systems S1 and S2 are closely related in terms of their
values which is attributed to their molecular architecture. From
this analysis of the absorption spectra, we can expect to utilize
the [D-D-triad-A] molecular model to design a photosensitizer
which may have a high absorption wavelength.

3.2. Photovoltaic Properties. The photovoltaic parame-
ters calculated for the designed dyes are light-harvesting
efficiency, change in free energy of the charge injection, open-
circuit voltage, change in free energy of charge regeneration,
absorption maxima, excitation energy, and binding energy of
the exciton pair.
The ground-state oxidation potential (Eox

dye) of a dye can be
approximated as the negative of the dye’s HOMO energy
(−EH). Further, the excited-state dye regeneration driving
force (ΔGreg) can be approximated as (−(EH) − 4.8) eV,
where −4.8 eV stands for the redox potential of the I −/I3−

electrolyte couple.31,43

The change in free energy of electron injection (ΔGinject)
from the excited state of the dye to the semiconductor TiO2 is
calculated as below43:

G E E(inject) ox
dye

CB
TiO2= *

where, ECB
TiO2 represents the conduction band energy of the

TiO2 material which has value = -4.0 eV. Here, we have taken
the mod value of ECB

TiO2 , or more simplified formula of
change in free energy of electron injection can be written as
ΔG (inject) = Eox

dye* - 4.0
Edye *ox is approximated as the difference between the

ground-state oxidation potential of the dye and the absorption
maxima energy,

E E( )dye
ox

H max
* =

Further, the difference between the energy of the LUMO
(EL) of the dye and the energy of the conduction band edge of
TiO2 is regarded as the open-circuit voltage, eVOC = EL
−(−4.0). It is calculated as below:

V E EC. B. ( )oc LUMO
dye

TiO2
=

The light-harvesting efficiency is calculated by using the
following formula44:

LHE 1 10 f=
Here, f represents the oscillator strength.
The exciton binding energy is one of the important aspects

in designing photosensitizers. The effective charge separationis
only possible when we have an exciton binding energy very
small. It is defined as the difference between the neutral
exciton pair energy and two free charge carriers, which is
approximated by taking the difference between the electronic

Table 1. HOMO, LUMO, HOMO−LUMO Energy Gap,
Ionization Potential, Electron Affinity, and Exciton Binding
Energy Values in eV

dyes

HOMO
energy
(eV)

LUMO
energy
(eV)

HLG
energy
(eV)

ionization
potential
(eV)

electron
affinity
(eV)

exciton
binding
energy
(eV)

dye
(S1)

−5.313 −3.140 2.173 5.313 3.140 0.519

dye
(S2)

−5.289 −3.150 2.139 5.289 3.150 0.486

dye
(S3)

−5.374 −1.756 3.618 5.374 1.756 −0.057

Table 2. Computed Maximum Absorption Wavelengths
(λmax) in nm, Oscillator Strengths ( f), Light-Harvesting
Efficiency (LHE), and λmaxICT in eV Reported for Modeled
Dye Sensitizers

dyes
absorption

wavelengths (λmax) (nm)

oscillator
strengths

( f)
LHE
(eV) λmax

ICT in (eV)

dye
(S1)

Exc.State first = 834.30 0.0000 0.0000 1.486
Exc.State second =
749.45

0.0019 0.0044 1.654

Exc.State third = 539.66 0.0001 0.0030 2.297
dye
(S2)

Exc.State first = 835.43 0.0000 0.0000 1.484
Exc.State second =
750.04

0.0021 0.0049 1.653

Exc.State third = 622.58 0.0000 0.0000 1.991
dye
(S3)

Exc.State first = 337.35 0.821 0.8489 3.675
Exc.State second =
279.67

0.056 0.1209 4.433

Exc.State third = 271.40 0.054 0.1169 4.568
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and optical band gap energies of the photosensitizer. The
electronic band gap is approximated as the difference between
the HOMO and LUMO energy gaps, whereas the optical band
gap is approximated as equal to the energy of the first singlet
excitation state energy.45 The values are collected in Table 1.

E E E(binding energy of exciton pair) (HLG) (first singlet excitation energy)=

From Table 1, it is clearly visible that all the designed dyes
have lower HOMO energy levels (i.e., for the first system, it is
at −5.313 eV; for the second system, it is −5.289 eV; and for
the third system, it lies at −5.374 eV) than the redox couple of
the iodide solution (−4.8 eV), which confirms that the
designed dyes will have fast regeneration.
The binding energies of the exciton pair for systems S1 and

S2 are found to be very low, whose values are 0.519 and 0.486
eV, respectively, as compared to the widely utilized donor
material, i.e., spiro-OMeTAD whose exciton binding energy is
0.87 eV. This suggests that the electron hole pairs generated in
the newly designed photosensitizers can easily dissociate into
free charge carriers which will further improve the electron
charge transport toward the photoanode. However, the exciton
binding energy for system S3 is reported to be −0.057 eV,
which shows the unstable nature of the generated exciton pair.
Table 2 shows the photovoltaic properties calculated in

terms of absorption wavelength for the two photosensitizers S1
and S2 which are from the second excited state whose values
are at 749.45 and 750.04 nm, respectively; the oscillator
strength of S1 and S2 are 0.0019 and 0.0021, respectively; the
LHE values for the designed dyes are reported as 0.0044 and
0.0049 eV for the first system S1 and second system S2,
respectively. We have neglected the other excited-state values
due to their zero-oscillator strength or because they represent a
lower oscillator strength than the second excited state. Further,
the intramolecular charge-transfer energies for S1 and S2 are
reported to be 1.654 and 1.653 eV, respectively. This suggests
that the photovoltaic parameters calculated for both systems
are quite similar to each other, which is due to their molecular
architecture which is based on heavy donor units [D−
D−π−π−A]. While the photosensitizer S3 has a low
absorption wavelength at 337.35 nm, the first excited state
has good oscillator strength at 0.821, which is why the LHE
value for this dye molecule is higher as compared to that of the
dyes S1 and S2.
In Table 3, the ΔGinject (change in free energy of the charge

injection) values calculated for systems S1, S2, and S3 are

shown to be −0.341, −0.364, and −2.301 eV, respectively,
where all the three systems show negative values, which
confirms that charge injection into the conduction level of the
semiconducting material would be favorable. It is also desired
to have rapid electron injection from the dye molecule to the
photoanode material, which is TiO2 here. More the value

becomes negative for ΔGinject, the better will be the charge
injection efficiency. In our system, for both molecules S1 and
S2, the ΔGinject values are very close in magnitude to each
other, while the S3 dye complex has a higher charge injection
value. This suggests that all the designed dye complexes will
have an efficient charge injection rate. Here, the other
parameters calculated are the oxidized energy of the dye in
the excited state and in the ground state denoted by EOX

dye*
and EOX

dye, respectively.
From Table 4, the dye regeneration energy ΔGreg calculated

for the first system (S1) is found to be 0.51 eV; for the second

system (S2), it is 0.48 eV, while for the third system (S3), it is
0.57 eV. All the dyes will be regenerated sharply due to their
lower regeneration energy. We can also confirm that the
second dye will regenerate faster due to its lower regeneration
energy as compared to the first and third dyes. While dyes S1
and S2 show very similar results which may be attributed to
their resembling molecular structures, second molecule of the
dye S2 has coronene as one of the donor units, while dye S1
has naphthalene as the donor unit, whereas anthracene is
common in both the molecular systems.
Further, the open-circuit voltage for system S1 is 0.86 eV,

and for system S2, it is 0.85 eV, while for S3, the open-circuit
voltage value is reported to be 2.25 eV, which shows that dyes
S1 and S2 have similar open-circuit voltage values. Therefore,
in conclusion, it can be inferred that the designed dyes S1 and
S2 show similar photovoltaic properties and could be useful in
designing near-infrared or high absorption wavelength photo-
sensitizers for the dye-sensitized solar cells.

4. CONCLUSIONS
In this study of novel dyes based on double-donor and double-
bridging molecular units along with one acceptor molecular
unit named as [D-D-triad-A] to form an efficient photo-
sensitizer for DSSC, it is found that both the designed dyes S1
[naphthalene-anthracene-thiophene-furan-benzonitrile] and S2
[coronene-anthracene-thiophene-furan-benzonitrile] have
shown low HLG energy at 2.173 and 2.139 eV, respectively,
which resulted in a high absorption wavelength as compared to
the dye S3 which is based on a single-donor unit [D−π−π−A].
All of the dyes S1, S2, and S3 have shown efficient photovoltaic
performance. Also, we have found the exciton binding energies
for both systems S1 and S2 which are reported to be 0.519 and
0.486 eV, respectively, which are lower than that of the well-
known donor material spiro-OMeTAD whose exciton binding
energy lies at 0.86 eV. This shows that our designed molecules
will be far superior in dissociating the charge carriers. Further,
the absorption wavelengths for S1 and S2 are calculated to be
749.45 and 750.04 nm, respectively, which lie in the near-
infrared region of the visible spectrum. This high absorption
may be the result of extended conjugation length which is
present in both dyes due to the presence of double-donor
molecular units in the designed dyes. From the space charge

Table 3. Computed ΔG(inject), EOXdye*, and EOXdye of Dye
(S1), Dye (S2), and Dye (S3) Sensitizers Calculated in
Units of eV

dyes ΔG(inject) energy (eV) EOX
dye* energy (eV) EOX

dye energy (eV)

dye
(S1)

−0.341 3.659 5.313

dye
(S2)

−0.364 3.636 5.289

dye
(S3)

−2.301 1.699 5.374

Table 4. Computed Dye Regeneration Energy ΔG(reg) and
Open-Circuit Voltage Voc (in eV) for All Dyes

dyes
regeneration

energy ΔG(reg) (eV)
open-circuit

voltage Voc in (eV)

dye (S1) 0.51 0.86
dye (S2) 0.48 0.85
dye (S3) 0.57 2.25
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distribution plots of HOMO and LUMO, it was found that
HOMOs representing the electron-rich nature were found over
the donor and bridging sites, while LUMO which represents
the unoccupied energy levels of electrons was found majorly
over the thiophene and furan units in all the dyes, which
showed that charge transfer is favorable from the donor to
acceptor site through the bridging unit. Therefore, we expect
that this study based on the [D-D-triad-A] molecular
architecture would be helpful in designing efficient photo-
sensitizers which could show absorption in the near-infrared
region for DSSCs.
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