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ABSTRACT: Organic solar cells (OSCs) with fullerene-free
acceptors have recently been in high demand in the solar cell
market because OSCs are less expensive, more flexible, long-lasting,
eco-friendly, and, most importantly, have better photovoltaic
performance with a higher PCE. We used INTIC as our reference
R molecule and designed five new molecules DF1−DF5 from this
R molecule. We attempted to test the power conversion efficiencies
of five designed novel molecules, DF1−DF5. Therefore, we
compared the PCE values of DF1−DF5 with that of R. We used
a variety of computational techniques on these molecules to
achieve this goal. Among the designed molecules, DF5 proved to
be the best due to its lowest H−L bandgap energy Eg (1.82 eV),
the highest value of λmax (844.58 nm) within dichloromethane, the
lowest excitation energy (1.47 eV), and the lowest oscillator strength value. The newly designed molecule DF2 exhibited the highest
dipole moment (21.98 D), while DF3 displayed the minimum binding energy (0.34 eV) and the highest Voc value (1.37 V) with
HOMOdonor−LUMOacceptor. According to the partial density of states (PDOS) and transition density matrix (TDM) analysis, DF2
and DF5 exhibited the best results. Charge-transfer (CT) analysis of the blend DF5 and PTB7-Th confirmed the accepting nature of
the DF5 molecule. These findings show that by modifying the end-capped units, we can create customized molecules with improved
photovoltaic properties. These findings also show that when compared with R, all of the designed molecules DF1−DF5 have
improved optoelectronic properties. As a result, it is strongly advised to employ these conceptualized molecules in the practical
synthesis of organic solar cells (OSCs).

1. INTRODUCTION
For the past few decades, fossil fuels have remained the main
source of energy, but the burning of fossil fuel causes many
environmental problems. As a result, scientists have been
working hard to reduce the rate of fuel consumption by
replacing it with alternative energy sources. Solar cells (SCs)
can be used as an alternative energy source. They can generate
energy at a low cost and with fewer negative environmental
consequences. It is primarily a renewable energy source. These
SCs capture the sunlight energy and, in turn, produce
electricity through the photovoltaic effect.1−3 The first ever
SC was made by Chapin et al. in Bell laboratories, and this SC
had only a 6% power conversion efficacy. In the beginning,
inorganic SCs were used for the purpose of generating
electricity but they have some drawbacks. Therefore,
researchers began to design and synthesize their counterparts,
organic SCs, which are inexpensive, less toxic, lightweight, and
solution processable.4−6 The two main types of organic solar
cells (OSCs) are fullerene-based OSCs and nonfullerene or

fullerene-free OSCs. Fullerene-based OSCs were considered to
be very efficient and have remained in the market for more
than 20 years.7 Later on, some limitations were found in the
fullerene-based OSCs, such as high price, lower energy
tunability, low flexibility, poor chemical modifications, and
decreased photostability.8 On the other hand, OSCs with
fullerene-free acceptors have gained much attention of the
world because they are highly compatible with polymer donor
materials, energy tunable, less costly, transparent, and flexible
in nature.9−13
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On the basis of symmetry, OSCs are divided into two main
types, including symmetric and asymmetric NFA-based organic
solar cells. Symmetric OSCs possess a C2-type symmetry. They
are considered less significant than asymmetric OSCs.
Asymmetric OSCs possess many significant properties, such
as strong optical absorption, a deeper lowest unoccupied MO,
more molecular stacking, and, in turn, a higher PCE value. The
asymmetric characteristic of the molecule increases with the
unidirectional replacement technique, as a result of which the
dipole moment of the molecule increases. Therefore, we chose
a reference molecule with the asymmetry property. Hence,
INTIC is our reference molecule R, which is asymmetric in
nature. It contained indeno[1,2-b]indole (IN) as an electron-
rich central core around which two pi-linkers and two acceptor
units are present. Various strategies are available to improve
the Voc, Jsc, FF, and PCE values of OSCs, such as modifying the
donor or acceptor region or preparing a fine blend of donor
and acceptor materials. Here, the presence of pi-linkers and the
introduction of more electron-withdrawing end-capped units
enhance the π-stacking, which in turn increases the power
conversion efficiency of OSCs. We designed five new
molecules from the reference molecule R by introducing
various EW end-capped units on its acceptor moieties. The
newly designed end-capped units are named A1−A5. The
newly designed project molecules are termed DF1−DF5. Our
newly designed molecules showed greater bathochromic shifts
and lower bandgap energies than the reference molecule R.

2. COMPUTATIONAL PROCEDURE
In the whole research procedure, all of the calculations were
performed using Gaussian 09 program,14 while all of the

outcomes were imaged using Gauss View 5.0 program. We also
used the latter-mentioned program to prepare input files for
our research work. First of all, we optimized R by density
functional theory (DFT) calculations at basis set 6−31G(d,p)
and functional levels B3LYP, ωB97XD, CAM-B3LYP, and
MPW1PW91. From the initially optimized.log file, we
prepared an ultraviolet (UV) file of the R molecule. The
solvent used for this purpose was dichloromethane. In this way,
we obtained theoretical λmax values for our reference R at four
different functional levels. We compared all of the computed
λmax values of R with the experimental λmax values.15−22 Thus,
we obtained the most appropriate functional level B3LYP/6−
31G(d,p), which yielded very close results to the experimental
λmax values. Therefore, we used B3LYP as the functional level
and 6−31G(d,p) basis set for more calculations of tailored
molecules. Initially, the tailored molecules were optimized at
B3LYP/6−31G(d,p), and then, we used these initially
optimized files for further calculations. UV calculations for all
of the designed molecules were carried out in the presence of
dichloromethane as a solvent.23 We used the same level of
theory for molecules (R and DF1-DF5) to carry out further
calculations such as the frontier molecular orbital (FMO),
charge transfer (CT), partial density of states (PDOS),
transition density matrix (TDM), and molecular electrostatic
potential (MEP) analyses. Two programs PyMOlyze and
Multiwfn were used to derive the results of PDOS and TDM,
respectively. We also computed the energy of reorganization
for the molecules (R and DF1−DF5). It has two main parts,
including the external energy of reorganization (λext) and the
internal energy of reorganization (λint). λext describes the
external environmental relaxation and polarization effects.

Figure 1. Chemical structures of R and the end-capped units A1−A5.
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Similarly, λint describes the sudden variations that occur in the
internal structure. Here, we ignore the effects of λext and
consider only the effects of λint. The energy of the
reorganization for holes (λh) and electrons (λe) can be
calculated by eqs i and ii

= [ ] + [ ]+
+ +E E E Eh 0

0
0 (i)

= [ ] + [ ]E E E Ee 0
0

0 (ii)

In the above equations, the single point energies of the anion
and cation can be measured using E0− and E0+, respectively.
Energies of the optimized structures of the anion and cation
can be measured by E− and E+, respectively. E0 indicates the
single point energy in the unexcited state. Anionic and cationic
states energy of the neutral molecules are represented as E−

0

and E+0, respectively.
24

3. RESULTS AND DISCUSSION
In this study, INTIC is used as the reference R. INTIC
contains an electron-rich aromatic core IN in it. By replacing
the terminal units of the molecule R with five different
acceptor moieties (A1−A5), we derived five new molecules
that were named DF1−DF5 (Figure 1).
We tried to determine the optoelectronic properties of our

project molecules (DF1−DF5) using various computational
techniques.25 We compared the results of DF1−DF5 with that
R to identify the molecule that exhibited the best properties
among all of these molecules. Initially, we calculated the
theoretical absorption maxima (λmax) of R in the dichloro-
methane solvent at four different functional levels (B3LYP,
MPW1PW91, WB97XD, and CAM-B3LYP) and basis set 6−
31G(d,p), which is given in Figure 2.
This experimental λmax value for R is 752 nm in the

chloroform solvent. We compared both the experimental and
theoretical λmax values of R. Hence, we found that B3LYP with
the basis set 6−31G(d,p) remained the most appropriate. For
further calculations, we selected the above-discussed level of
DFT at 6−31G(d,p).
3.1. Frontier Molecular Orbital Analysis. The optimized

diagrams of R and DF1−DF5 showed that all of the molecules
are planar in structure. A planar structure is an important
property for better charge mobility. The distribution pattern of

electrons in the molecules (R and DF1−DF5) is represented
by FMO. Figure 3 shows the structures for the highest
occupied MOs and the lowest unoccupied MOs of R and
DF1−DF5.
In the HOMO of R, the electron density is largely located on

the D region. The LUMO of R indicates that some of the
electron density is present on π-spacers but largely situated in
the A region. Other molecules, such as DF1, DF2, and DF4,
also exhibit the same effect on the HOMO and LUMO. In the
HOMO of these molecules, the electron density is mainly
concentrated on the D region and a very small electron density
is found on the A region. On the other hand, in the LUMO of
these molecules, the electron density is mostly concentrated on
the benzene ring and the end-capped units. The molecules
DF3 and DF5 exhibited somewhat different electron density
distribution patterns on the HOMO and LUMO regions. In
the HOMOs of these molecules (DF3 and DF5), the electron
density is mostly distributed on the D region and significantly
present on the pi-linkers and A regions. In the LUMOs of
these molecules (DF3 and DF5), a very small electron density
is present on the pi-linkers, but most of the electron density is
present on the whole acceptor regions. Both of these molecules
contain a thiophene ring as their acceptor moiety. The
existence of a thiophene ring and the highly electron-
withdrawing end-capped units increases the electron density
of the molecules DF3 and DF5 on the acceptor region of their
LUMOs (Figure 4).
We generalized that in the HOMOs of R and DF1−DF5, the

electron density is largely distributed on the D regions. In the
LUMOs of R and DF1−DF5, some of the electron density is
present on the pi-linkers, but it is mostly located on the A
regions. This indicates the transportation of electrons from the
HOMO of the D region to the LUMO of the A region in all of
the molecules (R and DF1A’s DF5), especially in the tailored
molecules DF1−DF5. This phenomenon illustrates the
electron-withdrawing nature of the acceptor moieties. Hence,
a highly EW nature of the end-capped units of the acceptor
moieties is very efficient for the proper flow of electron density
from the D to the A region of the molecules. The computed
HOMO, LUMO, and Eg energy for R and DF1−DF5 are
presented in Table 1.

Figure 2. Comparison between experimental and theoretical λmax values of R at four functional levels.
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Figure 3. continued

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06878
ACS Omega 2023, 8, 1430−1442

1433

https://pubs.acs.org/doi/10.1021/acsomega.2c06878?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06878?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06878?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06878?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06878?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The computed HOMO values for the molecules (R and
DF1−DF5) are −5.37 (R), −5.68 (DF1), −5.60 (DF2), −5.24
(DF3), −5.41 (DF4), and −5.39 eV (DF5), respectively. The
computed LUMO values for the molecules (R and DF1−DF5)
are −3.34 (R), −3.77 (DF1), −3.68 (DF2), −3.28 (DF3),
−3.42 (DF4), and −3.57 eV (DF5), respectively. The
estimated Eg energies of H−L for the molecules (R and
DF1−DF5) are 2.02 (R), 1.90 (DF1), 1.91 (DF2), 1.95
(DF3), 1.99 (DF4), and 1.82 eV (DF5), respectively. The
reference molecule R possesses two fluorine atoms, an oxygen
atom, and cyano groups as end-capped units. DF1 contains
cyano groups and an oxygen atom, while DF2 contains an
oxygen atom, a cyano group, and an acetate group as end-
capped units. A thiophene ring, oxygen atom, and cyano
groups are present in the DF3 molecule. The molecule DF4
possesses cyano groups, an oxygen atom, and chlorine atoms in
it. The end-capped units present on the DF5 molecule include
an oxygen atom, a chlorine atom, nitro groups, and a

thiophene ring. Among all of these molecules, DF3 showed
the lowest value for the HOMO and the LUMO due to the
existence of the thiophene ring as an end-capped unit in it.
This thiophene ring stabilizes its structure.
By analyzing the bandgap energy, we found an increasing

order of the bandgap energy as follows: R > DF4 > DF3 > DF2
> DF1 > DF5. Here, we realized that all of the engineered
molecules DF1−DF5 have smaller Eg values than R. However,
the engineered molecule DF5 exhibited the lowest value of Eg
among all of the molecules due to the presence of the highly
electron-withdrawing oxygen atom, chlorine atom, thiophene
ring, and nitro groups as end-capped units on its acceptor
regions. It is beneficial to have a low Eg value of a molecule.
This is only because the molecule that possesses a low Eg value
utilizes some of its absorbed energy to become excited and
most of its energy to produce electricity. Therefore, we can
conclude that DF5 is the best tailored molecule to enhance the
efficiency of an OSC.
3.2. Partial Density of States. PDOS is another

important analysis executed on DF1−DF5 and R at B3LYP/
6−31G(d,p). It is a factual demonstration of FMO. It is clear
from the figures of HOMO, LUMO, and PDOS that the
electron density has been shifted from the donor to the
acceptor regions in all of the molecules (R and DF1−DF5)
due to the strongly EW nature of the end-capped units.
Figure 5 shows that two crests are present along the two

sides of the graphs, and a trough is present between the two
crests in each graph. The peak along the left side of the graph
represents the HOMO region of the donor, and the peak on

Figure 3. FMO structures for all of the molecules, including R and DF1−DF5.

Figure 4. Graph for the HOMO, LUMO, and Eg values.

Table 1. HOMO, LUMO, and Bandgap Energies for All of
the Molecules R and DF1−DF5

molecules EHOMO (eV) ELUMO (eV) Eg (eV)

R −5.37 −3.34 2.02
DF1 −5.68 −3.77 1.90
DF2 −5.60 −3.68 1.91
DF3 −5.24 −3.28 1.95
DF4 −5.41 −3.42 1.99
DF5 −5.39 −3.57 1.82
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the other side represents the LUMO of the acceptor. In each
graph, red, green, and blue lines are present, which symbolize
the acceptor, donor, and pi-linkers, respectively. As in
photovoltaic materials, the HOMO behaves as a valence
band, and the LUMO behaves as a conduction band.
Therefore, our major concern is regarding the conduction of
charge, i.e., electrons. Hence, enhancement in photovoltaic
properties can be described on the basis of the electron density
in the acceptor in the LUMO region.
Hence, we can conclude that in all of the architectured

molecules (DF1−DF5), electrons display a delocalization
pattern. As a result, a large amount of electron density has
been transmitted from the HOMO of the D region to the
LUMO of the A region in all of the molecules, especially in the
DF1−DF5 molecules. According to PDOS, the increasing
order of maximum charge density transportation from the
HOMO of the D region to the LUMO of the A region is as
follows: R < DF3 < DF5 < DF1 < DF4 < DF2. This order
indicates that all of the architectured molecules DF1−DF5
displayed better charge transfer from D to A as compared with
R. Thus, we can conclude that all of the studied molecules
DF1−DF5 strongly contain EW end-capped units, which can
prove beneficial for the efficient designing and working of an
OSC.
3.3. Molecular Electrostatic Potential. MEP diagrams

demonstrate the dispersion of charges in the molecules (R and

DF1−DF5) three-dimensionally. MEP surfaces also categorize
the electron-rich and electron-deficient parts of these
molecules.26 MEP structures for R and DF1−DF5 are shown
in Figure 6. All of the MEP surfaces exhibit the same color
scheme. Each MEP diagram consists of three colors, red, blue,
and green, which represent the highly electron-deficient,
electron-rich, and neutral parts of the molecules (R and
DF1−DF5), respectively.
The red color with the negative extreme (lowest) electro-

static potential demonstrates the electrophilic nature of the
end-capped units. Therefore, these end-capped units act as
good acceptors due to their electron-withdrawing nature. On
the other hand, the blue color with the positive extreme
(highest) electrostatic potential shows the nucleophilic nature
of the central donor part. The green part denotes the neutral
position. It is clear from Figure 6 that all of the MEP diagrams
of the molecules R and DF1−DF5 exhibit almost similar
electrostatic potential distribution patterns. This shows that all
of the project molecules are very efficient for the better
functioning of OS cells.
3.4. Optical Properties. UV−visible (UV−vis) analysis is

used to determine the photophysical and optoelectronic
characteristics of R and DF1−DF5. Here, we used the
CPCM model in which dichloromethane is used as a solvent
at TD-SCF along with B3LYP/6−31G(d,p) for R and DF1−
DF5 molecules. In this way, we determined the theoretical λmax

Figure 5. Graphs of PDOS for R and DF1−DF5 molecules at DFT.
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value for R and DF1−DF5, whereas the experimental λmax
value of the reference R was calculated in the solvent
chloroform. Therefore, we compared the experimental and
theoretical λmax values of R, as shown in Table 2.
In the gaseous phase calculation, no gaseous solvent is used,

and the gaseous phase calculation is performed in a vacuum
environment.
From the above table, we found 741.31 nm as the λmax value

of R. The λmax values for DF1−DF5 are found to be 805.66,
799.22, 767.37, 759.19, and 844.58 nm, respectively. The
ascending order of λmax values is as follows: DF5 > DF1 > DF2
> DF3 > DF4 > R. Among all of these molecules (R and DF1−
DF5), R displayed the lowest λmax value and it contained two
fluorine atoms as end-capped units, whereas the molecule DF5
exhibited the highest λmax value with a large bathochromic

shift. The molecule DF5 might display this large bathochromic
shift due to the existence of the highly EW chlorine atom, nitro
groups, and thiophene ring as its end-capped units. The
extended π-conjugation of the thiophene ring can be a reason
for this large λmax value. DF1 showed a greater λmax value than
DF2 due to the presence of a different end-capped unit in only
one position. DF1 contains four cyano groups as end-capped
units, whereas DF2 contains only three cyano groups and one
acetate group instead of a fourth cyano group. DF3 exhibited a
greater λmax value than DF4 because DF3 contains a thiophene
ring with extended π-conjugation and a greater EW effect,
whereas DF4 contains a benzene ring with two chlorine atoms
on it as end-capped units. As all of the studied molecules
DF1−DF5 revealed greater λmax values than R, we can
conclude that all of the studied molecules are very efficient

Figure 6. Molecular electrostatic potential (MEP) analysis of R and DF1−DF5.

Table 2. Experimentally Recorded and DFT-Based λmax, Excitation Energy, Oscillator Strength, MO Assignments, and Dipole
Moment

molecule S calculated λmax (nm) experimental λmax exc. (eV) osc. strength ( f) assignment dipole moment

R 741.3105711 752 (chloroform) 1.67 2.1191 HOMO->LUMO (97%) 7.6432
DF1 805.6676393 1.53 1.756 HOMO->LUMO (97%) 20.3421
DF2 799.2276994 1.55 1.8628 HOMO->LUMO (97%) 21.9796
DF3 767.3713747 1.61 1.4694 HOMO->LUMO (97%) 14.5423
DF4 759.195352472 1.63 2.1149 HOMO->LUMO (97%) 9.4804
DF5 844.578971473 1.47 1.1652 HOMO->LUMO (98%) 16.3281
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for the better functioning of OSCs. Its computer-generated
spectral representation is given in Figure 7. This also indicates

that DF5 is the best tailored molecule. The previous literature
on SCs demonstrates that if the molecules have higher
absorption maxima in the bathochromic region, then they
conduct current efficiently, enhance the Jsc value, and improve
the photoconduction ability. Moreover, if the bandgap energy
is decreased, then more electrons are produced in the visible
area, which in turn transfer the λmax value toward higher
wavelengths. This can then increase the Voc value, which as a
result enhances the PCE value of OSCs.27−29

Excitation energy is also called transition energy. The
ascending order of excitation energy for the molecules (R and
DF1−DF5) is DF5 < DF1 < DF2 < DF3 < DF4 < R. This
order is quite similar to that of the H−L bandgap energy.
Electronic transitions become efficient from the HOMO of the
D region to the LUMO of the A region if the energy of
excitation is low. Again, according to the excitation energy
results, the project molecule DF5 remained the best molecule
as it displayed the lowest excitation energy (1.47 eV) among all
of the molecules (R and DF1−DF4).
Oscillator strength is the phenomenon of a molecule

absorbing or emitting electromagnetic radiation during
transitions in different energy levels. It is denoted by the
symbol f. Molecule R exhibited the maximum oscillator
strength as compared with all of the tailored molecules
(DF1−DF5). DF5 displayed the lowest value of f. Thus, we

can conclude that all of the tailored molecules showed very
good oscillator strength properties, but the molecule DF5
displayed the best properties among all others.
3.5. Dipole Moment. The dipole moment is a significant

parameter to determine the efficiency of OSCs. In our
research, we computed the dipole moment of R and DF1−
DF5 at the same functional level of DFT in a solvent
(dichloromethane). On increasing the dipole moment value of
a molecule, its solubility in an organic solvent increases. We
used dichloromethane as the organic solvent. The dipole
moment values for R, DF1, DF2, DF3, DF4, and DF5 are 7.64,
20.34, 21.98, 14.54, 9.48, and 16.32 D, respectively. Table 2
shows that the dipole moment value increases in the order R <
DF4 < DF3 < DF5 < DF1 < DF2. This order indicates that all
of the engineered molecules (DF1−DF5) have higher dipole
moment values relative to R. This means that all of the
engineered molecules (DF1−DF5) have higher solubility in
organic solvents such as dichloromethane. However, the
molecule DF2 exhibits the highest dipole moment, which
indicates its extraordinary property of film morphology. The
dipole moment of DF2 is maximum because of the existence of
cyano groups as well as acetate groups. Also, the other
designed molecules exhibit a higher dipole moment as
compared with the reference, but they show different behaviors
due to their different acceptor groups, as shown in Figure 8,
which displays a schematic sketch of the whole designed
project. The greater the dipole moment, the greater will be the
polarity, and the greater will be the chances for the flow of
charges. The faster the charges flow, the higher will be the PCE
of the solar cell. Molecules of BHJ OSCs mostly exhibit higher
dipole moment values. In such molecules, two dipoles are
present in an anti-parallel fashion, which directly enhances
their crystallinity. Moreover, a higher dipole moment value
decreases the disorder between D and A, which in turn
improves the charge mobility between D and A.
3.6. Reorganization Energy. The reorganization energy is

another significant tool to understand the efficacy of OSCs. It
is associated with charge mobilities such as electrons and holes.
The energy of reorganization and charge mobilities are
inversely proportional to each other.30 If the energy of
reorganization of the D molecule decreases, then the rate of
charge transfer becomes higher.31 The energy of reorganization
is greatly affected by the cationic and anionic geometry. The
geometry of anions indicates the transfer of electrons from the
D material, while, on the other hand, the geometry of cations
represents holes. Two forms of reorganization energies exist,

Figure 7. Computer-generated absorption spectra of all of the studied
molecules R and DF1−DF5 in the dichloromethane solvent.

Figure 8. Voc diagram of R and DF1−DF5 acceptors with the PTB7-Th donor.
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i.e., internal and external reorganizational energies. Here, we
ignore the external reorganization energy due to the influence
of the external environment and consider only the internal
reorganization energy. The computed reorganizational energy
for DF1−DF5 and R by DFT is presented in Table 3.

Among these molecules, DF1 displayed the lowest λe value,
which indicates its highest charge mobility rate.
3.7. Open-Circuit Voltage. Another promising tool used

to describe the efficacy of OSCs is Voc.
32 It provides

information about the current that can be produced by an
optical instrument.24 The highest amount of voltage of any
device at its null current is called Voc. It is related to two types
of currents, i.e., photogenerated current and saturation voltage.
To achieve better efficiency of OSCs, we should have greater
value of Voc with a decreased value of the HOMO level of the
D molecule and an increased value of the LUMO level of the A
moiety.33Figure 9 demonstrates the open-circuit voltage values
of R and all newly designed molecules.
We used PTB7-Th as the donor material for our research.

Therefore, we prepared a blend of R and DF1−DF5 with
PTB7-Th. The Voc values for the molecules (R and DF1−
DF5) can be calculated using the Scharber and colleagues’
equation34 given below

=V E E( ) 0.3OC HOMO
D

LUMO
A

(iii)

The difference in Voc results of molecules (R and DF1−DF5
with PTB7-Th donor) is given in the Figure 8. The increasing
order of Voc values is as follows: DF3 > R > DF4 > DF5 > DF2
> DF1. A greater value of Voc facilitates greater charge

transportation. Thus, greater will be the PCE of the
photovoltaic material. Thus, the molecule DF3 with a Voc
value of 1.37 V showed the best results.
3.8. Transition Density Matrix and Binding Energy.

TDM helps investigate the type of transition from S0 to S1 of
the molecules R and DF1−DF5 at the above-mentioned
functional level and basis set.20,35−38 There is very little
contribution of hydrogen atoms in such transitions. Therefore,
we ignore the impact of hydrogen atoms in this study. TDM is
employed to determine the localization of electrons and holes
in the excited states and to understand the behavior of A and D
in such states. To assess the TDM graphs, we divide R and the
engineered molecules DF1−DF5 into three parts, including
donor, pi-linker, and acceptor (D, P, and A, respectively).
TDM graphs are given in Figure 10.
We used the diagonal method to study these graphs. It is

confirmed from TDM graphs that the flow of electrons
occurred toward A from the D region. The increasing order of
electronic distribution from the D to A region is as follows: R <
DF1 < DF2 < DF4 < DF3 < DF5. Thus, all of the designed
molecules DF1−DF5 exhibited better charge transfer from the
D to the A region compared with the reference molecule R.
However, the tailored molecule DF5 exhibited the greatest
orientation of electrons toward A from the D region, which is
our main focus. Here, it is important to note that the charge
separation ability of all of the investigated molecules DF1−
DF5 is greater than that of R, which indicates the better
current charge density Jsc of these planned molecules (DF1−
DF5).
The binding energy Eb provides significant information to

improve the efficiency of OSCs. Eb depends on the Coulombic
interactions and exciton detachment. The greater the value of
Eb, the greater will be the interaction among opposite charges,
the lesser will be the charge separation, and vice versa. The Eb
values of R and DF1−DF5 can be evaluated from eq iv.

=E E Eb H L opt (iv)

In the above equation, Eb, EH−L, and Eopt symbolize the binding
energy, the bandgap energy, and the single point energy of the
molecules, respectively. These energies are given in Table 4.
A higher Eb value means lower charge separation. It is clear

from Table 4 that the molecule DF3 exhibited the lowest Eb

Table 3. Reorganizational Energy of R and Architectured
Molecules (DF1−DF5) Computed at B3LYP, 6−31G(d,p)

molecules λe (eV)a λh (eV)b

R 0.0054 0.0062
DF1 0.0035 0.0061
DF2 0.0043 0.0064
DF3 0.0075 0.0062
DF4 0.0046 0.0058
DF5 0.0094 0.0072

aReorganizational energy of electrons. bReorganizational energy of
holes.

Figure 9. Molecular orbital diagram of R and engineered molecules DF1−DF5 with PTB7-Th.
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value, which indicates the greatest charge-transfer ability of the
DF3 molecule.
3.9. Complex DF5 with PTB7-Th for Charge Transfer

(CT) Analysis. A complex of DF5/PTB7-Th is examined to
understand its change-transfer pattern. The reason for
choosing PTB7-Th is that it is one of the best and most

suitable donor molecules for confirming whether a molecule is
an acceptor or not. Among all of the engineered molecules
(DF1−DF5), we prepared a blend of acceptor DF5 with the
donor polymer PTB7-Th due to the lowest Eg value, highest
λmax value, and other important features of DF5. The optimized
geometry of DF5 and PTB7-Th is obtained through the same
functional level of DFT-based calculations. This optimized
structure of DF5 and PTB7-Th is given in Figure 11. To
understand the flow of charge from the D to the A unit, we
carried out the FMO analysis of DF5 and PTB7-Th at the
same basis set of DFT. The HOMO and LUMO structures of
the complex (DF5 and PTB7-Th) are given in Figure 12. It is
clear from Figure 12 that the density of charges has shifted
from the donor to the acceptor part. Thus, the acceptor-type
nature of the molecule DF5 was confirmed.

Figure 10. TDM diagrams for R and the architectured molecules DF1−DF5 in the S1 state.

Table 4. Computed Binding Energy Values of R and DF1−
DF5 at B3LYP/6−31G(d,p)

molecules EH−L Eopt Eb
R 2.02 1.67 0.35
DF1 1.90 1.53 0.37
DF2 1.91 1.55 0.36
DF3 1.95 1.61 0.34
DF4 1.99 1.63 0.36
DF5 1.82 1.47 0.35

Figure 11. Geometry of the Complex PTB7-Th with DF5.
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4. CONCLUSIONS
Five new NFAs DF1−DF5 are tailored from R (INTIC) by
altering its end-capped units. The main purpose of planning
and designing these molecules (DF1−DF5) is to obtain OSCs
with improved optoelectronic and photovoltaic properties.
Several computational techniques have been applied to
understand the efficiency of the reference R vs the engineered
molecules (DF1−DF5). It is clear that all of the engineered
molecules DF1−DF5 have lower bandgap energies (1.82−1.99
eV) as compared with R (2.02 eV). The molecule DF5
exhibited excellent results with the lowest Eg value (1.82 eV).
According to UV−vis calculations, DF1−DF5 (λmax = 759.19−
844.58 nm) displayed a red shift relative to R (λmax = 741.31
nm) in dichloromethane solvent. The tailored molecule DF5
displayed significant results in terms of the absorption maxima,
excitation energy, and oscillator strength due to its extended
conjugation and strongly EW end-capped units. The
reorganization energy indicates that the molecule DF1 exhibits
the maximum charge mobility rate. In the Voc diagram, all of
the molecules (R and DF1−DF5) are blended with the
polymer donor PTB7-Th to investigate the most efficient
blend. The architectured molecules with reduced binding and
reorganization energies revealed exceptional photovoltaic
characteristics. To perfectly understand the transportation of
charge, we inspected a complex of PTB7-Th with DF5. It is
concluded that all of the tailored molecules (DF1−DF5) with
modified end-capped units displayed enhanced optoelectronic
characteristics compared with R. Hence, it is strongly
suggested that the investigated molecules DF1−DF5 must be
used in OSCs to boost the efficiency of such devices.
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