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ABSTRACT: In the current study, six nonfullerene small acceptor
molecules were designed by end-group modification of terminal
acceptors. Density functional theory calculations of all designed
molecules were performed, and optoelectronic properties were
computed by employing different functionals. Every constructed
molecule has a significant bathochromic shift in the maximum
absorption value (λmax) except AM6. AM1−AM4 molecules
represented a narrow band gap (Eg) and low excitation energy
values. The AM1−AM4 and AM6 molecules have higher electron
mobility. Comparing AM2 to the reference molecule reveals that
AM2 has higher hole mobilities. Compared to the reference
molecule, all compounds have excellent light harvesting efficiency
values compared to AM1 and AM2. The natural transition orbital
investigation showed that AM5 and AM6 had significant electronic transitions. The open-circuit voltage (Voc) values of the
computed molecules were calculated by combining the designed acceptor molecules with PTB7-Th. In light of the findings, it is
concluded that the designed molecules can be further developed for organic solar cells (OSCs) with superior photovoltaic abilities.

1. INTRODUCTION
Solar energy is the most innovative source of green energy with
feasible properties, and photovoltaic cells play a crucial role in
converting sunlight into electricity.1 Organic solar cells have
gained significant attention in recent years due to their
advantages of being lightweight, low-cost, flexible, and
compatible with large-area printing fabrication. Small-molecule
nonfullerene organic solar cells have emerged as a promising
alternative to fullerene-based organic solar cells due to their
higher efficiency and better stability.2−4 The performance of
small-molecule OSCs has been rapidly increasing due to recent
advances in designing and synthesizing efficient nonfullerene
acceptors and optimizing device structure. Recently, up to 20%
conversion efficiency has been achieved due to computational
and experimental contributions.5,6

Recently, emerging fused ring-based highly efficient accept-
ors, such as ITIC and Y6, typically possess A−D−A type
molecular topology with ladder-type prominent fused multi-
donors with electrons withdrawing acceptors on both ends as
terminal acceptors (A). The large fused central core improved
conjugation to lower reorganization energy for effective charge
transmission and enhanced the molecules’ photovoltaic
capabilities. However, FREAs have very complex synthetic
routes.7 Zhenghui Yao and their co-workers developed
nonfused ring acceptors to achieve low-cost and efficient

organic solar cells by replacing covalent bonds with non-
covalent bonds. They introduced the use of intramolecular
noncovalent bonds such as (O···H, O···S, and H···F, etc.) to
develop efficient small molecule acceptors (SMAs). These
noncovalent bonds maintain the molecules’ planarity and
conformation, resulting in a highly planar structure.8 The
synthesized AOT3 acceptor molecule represented a PCE value
of 6.59% based on PCE10:AOT3 type organic solar cells.

The AOT3 molecule elaborated HOMO and LUMO values
of −5.37 and −3.95 eV, respectively, along with narrow band
gap values of 1.42 eV. Moreover, the AOT3-based device has
photovoltaic properties such as Voc 0.62 V, Jsc values of 17.63
mA cm−2, and FF values up to 0.59.9 We selected this molecule
as a reference while considering all these efficient properties of
the AOT3 molecule. The central donor part of this molecule
consists of a (3,3′,4′,3″-Tetraisobutoxy-5-methyl-[2,2’; 5′,2″]
terthiophene)-based central donor part, and the terminal
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acceptor contains a 2-(5,6-difluoro-2-methylene-3-oxo-indan-
1-ylidene)-malononitrile type group. The structural composi-
tion of donor and acceptor materials plays a crucial role in
reducing recombination losses and molecular charge transfer.10

There has been growing interest in studying end-cap
modification of small molecule acceptors for OSCs in recent
years. By tailoring the end-cap groups, researchers aim to
manipulate the absorption spectra, energy levels, charge
transport abilities, and, ultimately, the power conversion
efficiency of organic solar cells.11−13 Many research groups
have reported that end-cap modification can significantly
improve the photovoltaic properties of OSCs.14 For example,
one study reported that end-capping a nonfullerene acceptor
with electron-withdrawing groups resulted in an increase in Voc
of 0.25 V and an increase in FF of 0.05.15,16 Similarly, end-
capping a nonfullerene acceptor with solubilizing groups
increased the short-circuit current density to 10 mA/cm2.17

The AOT3 molecule has excellent chromophoric absorption
and Voc value. But to improve the photovoltaic absorption

open circuit voltage and reduce the reorganization energies, we
computationally substituted this terminal acceptor group with
six different electron-withdrawing acceptors as a result of six
novel molecules designed. For convenient comparison between
designed and reference (AOT3) molecules,9 the AOT3
molecule was renamed RM. The computationally scrutinized
molecules are AM1-AM6, and substituted acceptors are 1-
dicyanomethylene-2-methylene-3-oxo-indan-5,6-dicarbonitrile
(AM1), 6-cyano-3-dicyanomethylene-2-methylene-1-oxo-
indan-5-carboxylic acid methyl ester (AM2), 2-(6,7-difluoro-
2-methylene-3-oxo-2,3-dihydro-cyclopenta[b]naphthalen-1-yli-
dene)-malononitrile (AM3), 2-(2-methylene-3-oxo-2,3-dihy-
dro-cyclopenta[b]naphthalen-1-ylidene)-malononitrile
(AM4), 1-dicyanomethylene-2-methylene-3-oxo-indan-5,6-di-
carboxylic acid dimethyl ester (AM5), and 2-(2-bromo-6-
methylene-7-oxo-2,3,6,7-tetrahydro-1-thia-s-indacen-5-yli-
dene)-malononitrile (AM6), as represented in Figure 1.

These scrutinized acceptors are considered to give superior
outcomes for efficient OSCs.18 All investigated compounds

Figure 1. ChemDraw structures of RM and AM1−AM6 molecules.
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showed potential photovoltaic and optoelectronic properties,
such as reduced band gap, efficient light absorption properties,
improved open circuit voltage, and excellent electronic
transitions in natural transition orbitals. In the long run, all
of the investigated compounds can be viable for producing
efficient NFSMA-based organic solar cells.

2. COMPUTATIONAL DETAILS
The visualization and construction of the studied molecules
were performed by GaussView 6.0.16 software.19 However,
Gaussian 0.9 software was used to study the computational
details of these molecules.20 Therefore, for the confirmation of
the functionality of our analysis, four essential and common
functional B3LYP,21 CAM-B3LYP,22 MPW1PW91,23 and
WB97XD,24 at a 6-31G basis set of time-dependent application
of modern density functional theory (TD-DFT) were run for
the RM molecule. The results of the highest absorption
wavelength (λmax) in the CHCl3 solvent were compared with
the cited experimental λmax in the reference paper,9 as shown in
Figure 2. To simulate the environment of the chloroform

solvent medium, the integral equation formalism polarizable
continuum model (IEFPCM) was utilized.25 In this manner,
the functional (B3LYP) was selected for further calculation
due to its closest λmax (814 nm) value to the cited λmax (810
nm) value. The results of all the above-utilized functionals are
shown graphically by using Origin 6.0. software.26

Further computations were performed on the proposed
molecules using the B3LYP functional at a restricted spin state.
The restricted spin was used to prevent any potential spin
contamination. All our proposed molecules are investigated for
the band gap present between the frontier molecular orbitals
and their ground-state geometries. Moreover, to analyze the
molecules’ conjugation and planarity, the bond length and
dihedral angle are calculated at the points of the donor and
acceptor substitution regions of the molecules. The excited
state energy analysis includes the density of state (DOS) and
transition density matrix (TDM) analysis. The density of state
visualized and calculated by PyMOlyze1.1 software27 provides
us with the contribution of each orbital in the radiation
absorption. While TDM was plotted by Multiwfn 3.7
software,28 plots provide information about charge delocaliza-
tion and the localization of proposed molecules. The Marcus
theory has been used to calculate the intermolecular and

intramolecular charge movements, and the reorganization
energy has been examined. Instead, in this study, we
concentrated on intramolecular charge transfer (ICT).29 The
term “reorganization energy” (RE) describes the interaction of
two separate but connected reorganization energies. External
RE is influenced by powerful polarity fluctuations and
environmental oscillations that occur throughout the charge
transfer; internal RE mainly relies on changes in the molecular
structure. We are limited to using internal RE for this analysis
because we cannot employ external RE to validate our
calculations.30 The RE values for λ+ and λ− were calculated
using eqs 1 and 2

E E E E0
0

0= [ ] + [ ]+ + + + (1)

E E E E0
0 0= [ ] + [ ] (2)

In the above equations, E+
0 and E−

0 signify the neutral
energies of optimized cation and anion molecules. The E0

+ and
E0

− are the cation and anion energies; these energies are
obtained from the neutral molecule’s optimization at the
ground state. The optimized geometry of the molecules
examines the E+ and E− energies.31

Lastly, photovoltaic properties such as fill factor (FF) and
open circuit voltage are directly linked to the PCE and were
also examined for the proposed molecules. This resulted in
better photovoltaic analysis in the active layer of the concerned
organic-photovoltaic cell.32

3. RESULTS AND DISCUSSION
3.1. Ground-State Geometrical Analysis. The optimi-

zation of all molecules was done to examine the frontier
molecular orbitals and the geometry of the molecules.
Moreover, the ground-state optimization of the molecules is
necessary for proper analysis of the optoelectronic attributes of
the molecules.33 It provides information about the molecular
structure and electronic properties that are essential for
understanding photovoltaic performance. The arrangement of
atoms in a molecule significantly influences its electronic and
optical properties. For instance, the distance between donor
and acceptor moieties impacts their charge transfer character-
istics. Accurate optimization helps determine the most stable
and relevant molecular configuration for subsequent calcu-
lations. Ground-state optimization yields the electronic
structure of molecules, including the distribution of electrons
and the energy levels of molecular orbitals. This information is
crucial for understanding charge carrier transport recombina-
tion and determining the open-circuit voltage (VOC).

Furthermore, the ground-state structure of a molecule
determines its electronic properties, such as its HOMO
(highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) energy levels. These energy
levels are critical in determining the molecule’s ability to
absorb light and transport charge. For these reasons, it is
crucial to optimize the ground-state structure of molecules
before analyzing their optoelectronic properties. Therefore,
after properly optimizing all the studied molecules, the bond
length and dihedral angle values were measured at the
substitution points of the donor and acceptor parts of the
molecule. The optimized geometries of RM and all the
designed AM1−AM6 molecules are shown in Figure 3. Both
the bond length and dihedral angle values of all of the
molecules are shown in Table 1. The values of these
parameters are calculated between the central donor (core)

Figure 2. Absorption λmax of RM with different examined functionals.
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and terminal acceptors of the molecule because structural
modifications are done at the points in this study. These play a
promising role in explaining the planarity and conjugation of
the molecules. It can be seen from the tabulated data that the
bond length in all the studied molecules is 1.41 Å. This value
lies in the range of single bond length Lc−c (1.54 Å) and double
bond length (1.34 Å), which is appropriate for the presence of
significant conjugation in the molecule.34 Therefore, it can be
concluded that a substantial conjugation is present in AM1−
AM6 molecules, leading to a prominent charge present within
these molecules.

The dihedral angle (θ°) values are also calculated between
the molecule’s central donor (core) and terminal acceptors.
The dihedral angle value of the RM molecule is 1.95°, while for
the proposed molecules, the values are 1.32, 1.04, 1.53, 1.07,
0.97, and 1.50° for AM1, AM2, AM3, AM4, AM5, and AM6
molecules, respectively. In comparison, the dihedral angle
values of all of the designed molecules are less than those of
the RM molecule, representing the presence of high planarity,
π-conjugation, and excellent charge mobility among the
acceptor and donor parts of the designed molecules. The
AM5 molecule represents the lowest dihedral angle values
compared to RM; this represents the high planar structure of
this molecule.
3.2. Detailed Planarity Analysis.Moreover, for a detailed

evaluation of the planarity of all the studied molecules, the
molecular planarity parameters (MPP) and span of deviation
from the plane (SDP) values are calculated and tabulated in
Table 2 and can be visualized in Figure 4. Smaller values of

MPP and SDP show the excellent planarity of that molecule.
Higher values of MPP and SDP represent a low degree of
planarity. In another sense, the planarity of the molecules has
an inverse relationship with the MPP and SDP values of the
molecules.35,36 The MPP value of RM is 0.20 Å, which implies
that this molecule’s donor and acceptor regions are highly
planar. Among the proposed molecules, AM1 represents the
lowest MPP (0.354319 Å) and SDP (1.544146 Å) values dueFigure 3. Optimized structures of RM and AM1−AM6 molecules.

Table 1. Computed Geometrical Values of the RM and
AM1−AM6 Molecules

molecules bond length (Lc−c) (Å) dihedral angle (θ°)
RM 1.44 1.95
AM1 1.41 1.32
AM2 1.41 1.04
AM3 1.41 1.53
AM4 1.41 1.07
AM5 1.41 0.97
AM6 1.41 1.50

Table 2. Computed Planarity Parameters of the RM and
AM1−AM6 Molecules

molecules MPP SDP MPD MND

RM 0.206909 0.843132 0.39888 −0.44425
AM1 0.354319 1.544146 0.79926 −0.74488
AM2 0.372265 1.579746 0.78983 −0.77991
AM3 0.441648 1.857450 0.93423 −0.92322
AM4 0.383209 1.540872 0.80429 −0.73658
AM5 0.537946 3.565913 1.64215 −1.92376
AM6 0.382709 1.577933 0.79577 −0.78217
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to the smaller −CN group in the terminal acceptors of these
molecules.

However, AM5 has higher SDP values (3.565913 Å) due to
ester-containing acceptor groups, representing a higher
structural part deviation to minimize steric hindrance between
them. Figure 4 also shows the deviation of each part of the
molecule from the plane. The red color shows the areas below
the fitted plane, and the blue color shows the areas above the
fitted plane. The silver color of the molecules shows that
regions are within the fitted plane. The MPD (maximal
positive deviation) and MND (maximal negative deviation)
evaluations revealed the positive and negative deviation of
atoms from the plane.37 AM5 molecules represent higher MPD
(1.64215 Å) and MND values (−1.92376 Å), elaborating the
highest positive and negative deviation of atoms from the
plane. At the same time, AM2 exhibits the least MPD
(0.78983) among all designs designed to explore the minimum
positive deviation from the plane. Eventually, all the studied
molecules’ MPP, SDP, MPD, and MND values are
insignificant and represent almost planar structures.
3.3. Frontier Molecular Orbital Analysis. The frontier

molecular orbital (FMO) analysis is crucial because it reveals
how effectively the molecules enable charge transfer and
electric charge dispersion. It helps to comprehend how charges
are distributed and promoted within OSCs.38 The highest
occupied molecular orbital (HOMO) as well as the lowest
unoccupied molecular orbital (LUMO) energies of the
molecules have a prominent impact on their electrical
properties, such as absorptivity, conduction process, and
other electrical features.39 While addressing OSCs and other
photovoltaic procedures, it is essential to include the energy
gap (Eg), which represents the energy required for electronic
excitations. It has been observed that molecules with smaller
band gaps typically have low open-circuit voltages but absorb
more sunlight, resulting in higher current production and vice
versa. Hence, the band gap must be within an optimized range
for a molecule to produce efficient photovoltaic properties for
all the examined factors.40 The molecules that exhibit low Eg
values are incredibly polarizable, very reactive, and possess
weak reaction kinetics.41 The computed FMOs and Eg energies
of the RM and AM1−AM6 molecules are examined to
calculate the impact of various electron-accepting energy gaps
on the photochemical properties of the molecules under study.
The HOMO and LUMO values of all studied molecules are
listed in Table 3 and Figure 5.

The charge density mainly resided on the molecules’ central
core, the donor part. The charge density is present in the
excited state on the end group accepting subunits. The RM
molecule has HOMO, LUMO, and energy gap (Eg) values of
−5.33, −3.56, and 1.77 eV, respectively. AM1 has a highly

Figure 4. Planarity structures of RM and AM1−AM6 molecules.

Table 3. HOMO Level, LUMO Level, and Eg Values of RM
and AM1−AM6 Molecules are Given in eV

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

RM −5.33 −3.56 1.77
AM1 −5.78 −4.08 1.70
AM2 −5.53 −3.79 1.74
AM3 −5.31 −3.56 1.75
AM4 −5.19 −3.42 1.76
AM5 −5.38 −3.60 1.78
AM6 −5.25 −3.46 1.79
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stable HOMO compared to all tested molecules, with a
HOMO value of −5.78 eV. The extraordinarily stable ground
state of the AM1 molecule is due to excellent electrostatic
dispersion, which resulted from four electron-withdrawing −
CN groups present in the acceptor regions of this molecule.
The AM2 molecule also exhibits highly stable HOMO after
AM1, possibly due to a low HOMO value of −5.53 eV. The
presence of −CN and ester electron-withdrawing moieties in
the end group (EG) of AM2 is the most appropriate for this
stable HOMO. The decreasing patterns of HOMO and
LUMO orbitals energies are AM1 > AM2 > AM5 > RM >
AM6 > AM4 and AM1 > AM2 > AM5 > AM3 = RM > AM6 >
AM4. The Eg value of every designed molecule has decreased
compared to that of RM, except for AM5 and AM6 molecules.
The increase in Eg values of these molecules due to prominent
electron-withdrawing acceptors results in better charge transfer
ability in these molecules. The decreasing pattern of band gap
values for all the computationally examined molecules is as
follows: AM6 > AM5 > RM > AM4 > AM3 > AM2 > AM1.
AM5 and AM6 show maximum band gap values. The band gap
of all these studied molecules was calculated as the difference
between their HOMO and LUMO energy levels. FMO
analysis revealed that the HOMO and LUMO of AM5 and
AM6 have higher energy gaps, which signifies their increased
band gap. AM5 has low-lying HOMO and LUMO, while AM6
has high-lying HOMO and LUMO energy levels. These energy
levels are pretty far from each other, resulting in an increased
energy gap. However, the band gap of these molecules is not
too high compared to RM, making them usable candidates for
OSC applications.
3.4. Natural Transition Orbital Analysis. Natural

transition orbitals (NTOs) precisely consist of electrons
(which act similarly to HOMO) and holes (which act similarly
to LUMO). As in NTOs, electronic excitations also occur from
HOMO to LUMO orbitals of the same molecule, such as
HOMO − 1 to LUMO + 1 excitations.42 In NTOs, the
HOMO and LUMO energy gap is more significant due to the
prominent separation of both energy levels; however, in typical
molecular orbital excitations, the energy gap is smaller due to
the mixing of electronic excitations between various HOMO
and LUMO energy levels.43 While visualizing the NTOs in
Gauss view, the orbital values depict the numbers of occupied
electrons rather than the orbital energies.43 The NTOs analysis
of RM and scrutinized molecules (AM1−AM6) was performed
at the excitation possessing the highest oscillator strength value
( f). The HOMO to LUMO electronic transitions are listed in
Table 6 and shown in Figure 6. f is an analysis of the extent of
the electronic transitions to the provided excited state.
Therefore, a transition state depicting the highest f might
also exhibit the highest λmax values. The AM5 and AM6

Figure 5. FMOs of RM and AM1−AM6 molecules.

Table 4. Computationally Calculated IP and EA of All of the
Studied Molecules

molecules IP (eV) EA (eV)

RM 0.22 0.10
AM1 0.24 0.12
AM2 0.23 0.10
AM3 0.22 0.10
AM4 0.22 0.09
AM5 0.22 0.10
AM6 0.22 0.09
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molecules represent 100% electronic transitions at the highest
excited state 1. Thus, the maximum electron movement occurs
from HOMO to these molecules’ hole (LUMO) regions.
These results eventually represent that in the charge transfer
complexes, the electrons and holes are concentrated on the
specific atomic regions, enabling n−π* transitions of these
studied molecules.
3.5. Ionization Potential and Electron Affinity

Analysis. Many factors, such as IP (ionization potential)
and EA (electron affinity), may impact how effectively charges
are transferred. EA is the energy released after adding an e− to
a molecule, whereas IP is the energy required for removing an
electron.44 A molecule with high IP and EA values has highly
stable HOMO, which results in the complicated removal of
electrons, and electrons can be quickly released from a
molecule with low IP and EA values.41 The electron-
withdrawing acceptor group stabilizing the HOMO orbital
gave molecules with higher IP and EA values. However, the
donor group’s low IP and EA values destabilized the HOMO
orbital.45 Equations 3 and 4 were used to calculate the IP and
EA values.

E EIP 0 0= [ ]+
(3)

E EEA 0 0= [ ] (4)

Table 4 shows the IP and EA values of RM and all of the
designed molecules AM1−AM6. It can be seen that AM1
exhibits the highest IP and EA values of all the examined
molecules, which resulted in a highly stabilized HOMO (−5.78
eV) of this molecule. AM4 and AM6 molecules also represent
lower IP (0.22) and EA (0.09) values, destabilizing the
HOMO and resulting in efficient charge transfer in these
molecules.
3.6. Optical Property Analysis. Generally, a molecule’s

absorption properties are prominent in determining the
remarkableness of any organic photovoltaic (OPV) chromo-
phore. Therefore, by utilizing the Origin 6.0 software, the UV/

Table 5. All Analyzed Molecules’ LHE, Oxidation Potential,
and Excited State Lifetime Values

molecules LHE
oxidation potential

(Eox) eV
excited state lifetime

(τ) ns

RM 0.9951 5.33 0.27
AM1 0.9933 5.78 0.33
AM2 0.9944 5.53 0.30
AM3 0.9971 5.31 0.26
AM4 0.9971 5.19 0.25
AM5 0.9958 5.38 0.27
AM6 0.9972 5.25 0.25

Table 6. Calculated λmax, Ex, Oscillator Strength, and
Percentage ECT Values of RM and AM1−AM6 in the
Gaseous Phase

molecules
calculated
λmax (nm)

excitation
energies Ex (eV)

oscillator
strength ( f)

percentage
ECT (%)

RM 738 1.6793 2.0829 100
AM1 771 1.6068 1.9749 98
AM2 755 1.6413 2.0584 99
AM3 754 1.6434 2.2988 100
AM4 748 1.6562 2.2926 100
AM5 741 1.6726 2.1669 100
AM6 740 1.6742 2.3342 100

Figure 6. NTO structures and the percentage ECT of RM and AM1−
AM6.
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visible spectra of the examined molecules in gaseous and
solvent phases (chloroform) were mapped to assess the
absorption capacities of these molecules. Therefore, the
maximum absorption wavelength (λmax) was attained from
these absorption spectra. In contrast, λmax is also considered
the most essential factor in determining the absorption abilities
of a molecule.29 Moreover, oscillator strength, excitation
energy, ground and excited state dipole moments, and the
percent transitions from HOMO to LUMO in all proposed
molecules were determined in both assessed phases. The
conclusions for all these investigated characteristics in both
analyzed phases are compiled in Tables 6 and 7, respectively.
Moreover, parts a and b of Figure 7a,b represent the
absorption λmax spectrum and bar graph comparison of
computed λmax with R.

Briefly said, reduced electronic band gap (Eg) or excitation
energy, oscillator strength, and larger max, as well as a broad
absorbance spectrum, are likely to be desirable for the excellent
operation of an organic photovoltaic (OPV) cell.46 Table 5
represents the absorption maximum of RM and all the studied
molecules AM1−AM6 in the gaseous phase, possessing values
of 738, 771, 755, 754, 748, and 741 and 740, 755, 754, 748,
741, and 740 nm, respectively. Table 6 represents the
absorption (λmax) in the chloroform solvent phase. The
declining trend of (λmax) in the solvent phase is as AM1 >
AM2 > AM3 > AM4 > AM5 > RM > AM6, and their values
are 814, 859, 839, 827, 820, 818, and 810 nm, respectively. All
the designed molecules represent redshift in the λmax due to the
excellent stability of delocalized e− in chloroform solvent. The
AM1 and AM2 molecules represent the highest λmax values in
both gaseous and solvent phases due to the presence of the −
CN group and −CN ester groups in the terminal acceptors of
these molecules, respectively. It can be concluded that AM1
and AM2 are the best chromophores of all of the examined
molecules.

The excitation energy (Ex), also known as the electronic
band gap, is an essential parameter in examining the efficiency
of OSCs. It is the minimal energy required to transition an
electron from its ground state to its excited state. In this
analysis, we only determined the first electronic band gap; the
maximum (99%) excitations of λmax were observed from
HOMO to LUMO orbital energy levels.47 The increasing
pattern of first excitation energies of all the examined
molecules in the solvent phase is AM1 < AM2 < AM3 <
AM4 < AM5 < RM < AM6, and in the gaseous phase it is AM1
< AM2 < AM3 < AM4 < AM5 < AM6 and RM, respectively. It
can be observed from the above patterns that AM1 and AM2
have the lowest excitation energies in both phases.

Oscillator strength ( f) shows the potential for electron
transitions after radiation absorption. It has a direct relation-
ship with the light-harvesting efficiency (LHE) of any molecule
under consideration (an essential factor for examining the
short-circuit current density value), and it is a dimensionless
quantity.48 Furthermore, expanding the absorption range,
decreasing Ex, or raising f could all improve ICT.49 Tables 5
and 6 show that all of the molecules under study could perform
with comparable ( f) values in both phases. However, AM1
molecules represent the lowest oscillator strength value
concerning the RM molecule.

Each solar cell component must be able to generate an
electric current after being exposed to light, which is referred to
as light harvesting efficiency.50 LHE and oscillator strength
affect the absorption of the solar system; as a result, the extent
of short circuit current density (Jsc) is produced.51 eq 5 was
utilized to calculate the LHE value of each studied compound.

LHE 1 10 f= (5)

Table 5 represents the calculated LHE values of the RM and
AM1−AM6 molecules in the chloroform solvent. The
increasing trend of LHE values is AM1 < AM2 < RM <
AM5 < AM3 = AM4 < AM6. It can be seen that AM1 and
AM2 molecules represent fewer LHE values due to the
negative impact of end group acceptors on electronic transition
probability, resulting in reduced LHE values. Concisely, the
LHE values of all of the examined molecules are higher than
RM molecules, except AM1 and AM2 molecules.

3.6.1. Oxidation Potential. The oxidation potential is a
necessary parameter that plays a crucial role in explaining the
photovoltaic properties of organic solar cells. It is related to the
HOMO energy level of the molecule, as a higher HOMO value
results in a greater oxidation potential of the concerned
molecule.52 The oxidation potential values of RM and all
designed chromophores (AM1−AM6) were calculated by eq 6
and illustrated in Table 5.

E HOMOox = (6)

Where Eox represents the oxidation potential, and -HOMO
elaborates a negative of homo values. The decreasing pattern
of examined oxidation potential values of reference (RM) and
all modeled chromophores (AM1−AM6) is as follows AM1
(5.78 eV) > AM2 (5.53 eV) > AM5 (5.38 eV) > RM (5.33
eV) > AM3 (5.31 eV) > AM6 (5.25 eV) > AM4 (5.19 eV).
The pattern shown above shows that AM1 and AM2
molecules elaborated the highest oxidation potential, con-
sequently acting as excellent acceptor molecules. The results of
the investigated optical and electronic properties of all these
molecules give us fruitful information about the absorption
behavior of these molecules. The higher maximum absorption
wavelength points of newly designed molecules suggest that
these molecules have improved capability for light absorption
compared to reference molecules. The absorption graphs of all
molecules validate this aspect. Similarly, low excitation energy
values indicate that electrons in these molecules can be easily
excited, i.e., by absorbing less energy than RM. Improved
oscillator strength signifies the improved ability of these
molecules to absorb more light energy.

3.6.2. Excited State Lifetime (τ) Analysis. One key factor
influencing the charge transfer efficiency is the excited state
lifetime (τ). A chromophore with extended τ values might
exhibit more convenient charge transfer abilities.53 The τ

Table 7. Computed λmax, Excitation Energy, and Oscillator
Strength Values of all the Studied Molecules in a
Chloroform Solvent

molecules
exp. λmax
(nm)

calculated
λmax (nm)

excitation energies
Ex (eV)

oscillator
strength ( f)

RM 810 814 1.5219 2.3148
AM1 859 1.4419 2.1795
AM2 839 1.4774 2.2568
AM3 827 1.4990 2.5470
AM4 820 1.5112 2.5453
AM5 818 1.5155 2.3779
AM6 810 1.5296 2.5555
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values of RM and all modeled chromophores AM1−AM6 were
calculated by eq 7, and the values are represented in Table 5.

fE1.499/ 2
ex= (7)

Here, E elaborates on the energy of the transition at different
excited states, and f depicts the oscillator strength of the
excited state. The decreasing trend of τ values for all of the
studied molecules is as follows: AM1 > AM2 > RM = AM5 >
AM3 > AM4 = AM6. The above trend shows that AM1 and
AM2 molecules represented larger τ values than the RM. As a
result, these molecules exhibit easier charge transfer properties
compared to RM.
3.7. Dipole Moment (D). The dipole moment is vital for

determining the crystallinity and solubility phases. Such
characteristics play a vital role in explaining the polarizing
property in the solution phase for excellent organic photo-
voltaic systems (OPVS).54 The molecule with high D values
and high planarity charges could be transported continuously
in that molecule. Therefore, the molecules’ crystallinity is
increased to attain higher solubility in the polar solvents,
resulting from the tight packing of the structural parts. The

higher excellent value of the dipole moment, the higher
crystallinity and solubility of the polar solvents, which becomes
more convenient.55 The molecules with negligible D values are
mostly not soluble in polar solvents. This fact is not universal;
however, the planarity of the molecule decides the reactivity
toward solvents and charge mobility.26 The calculated dipole
moment values of all studied molecules in both phases are
listed in Tables 7 and 8.

Figure 7. Absorption λmax spectrum and of RM and AM1−AM6 in the gaseous and solvent phase.

Table 8. Dipole Moment of RM and AM1−AM6 Molecules
in Both Gas and Solvent Phases

molecules D (gas phase) D (solution phase)

RM 0.545123 0.906143
AM1 9.997370 11.920228
AM2 2.920384 3.763479
AM3 1.782227 2.595225
AM4 6.020482 7.498012
AM5 4.882932 5.450876
AM6 2.916510 3.773208
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Figure 8. Dos graphs of RM and AM1−AM6 molecules.
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The decreasing value of the dipole moment is almost the
same as that in the chloroform solvent phase, i.e., AM1 > AM4
> AM5 > AM6 > AM2 > AM3 > RM. It can be seen from the
above trend that the RM molecule has the lowest value of the
dipole moment. However, all the proposed molecules
represented the higher value of dipole moment; therefore, all
perceived molecules have high crystallinity and possess
efficient abilities to be solubilized in chloroform solvent.
Eventually, these molecules might be manufactured through
solution-processed techniques.
3.8. Density of State Analysis. Density of state (DOS)

analysis is significant in understanding how donor and acceptor
parts of a molecule work collectively. The associated DOS,
which may be either partial or total, establishes the complete
potential of the molecule.56 DOS analysis is essential for
developing FMOs concerning Mulliken’s charge density. The
dos analysis of all the studied molecules was performed at a
specified level of theory, and pyMolyze1.1 was utilized to
design graphs and charts from the calculated data.57 The DOS
plots of all the studied molecules are shown in Figure 8, and
the HOMO and LUMO contributions of each molecule are
written in Table 9. In plots, the x-axis shows energy, and the y-

axis represents the relative intensity of the molecule. The peaks
above the negative values depict HOMO energy on the left
side, and the central line shows the band gap (Eg). However,
peaks above the positive values on the right side represent the
LUMO energy. Separating each molecule’s donor and acceptor
(D/A) moieties helped us examine these subunits’ effect on
the FMOs.58

In the DOS plots of RM and all the designed molecules
AM1−AM6, the red and green lines show the acceptor and
donor participation in the FMOs. It can be concluded from the
quantitative participation of each component that the central
core part has almost 60% contribution in the HOMO region,
and the end group acceptor has almost 39% participation in
the LUMO region of all the examined molecules. This provides
undeniable proof that the feasibility of charge mobility can be
enhanced by continuous conjugation between donor and
acceptor parts of a molecule, increasing the efficiency of
organic solar cells. The planar structure of these investigated
molecules resulted in the practical transportation from the e-
rich core (donor) to the end group acceptors in an excited

state, as represented by the results. In AM1 and AM6
molecules, acceptors have 56 and 62% contributions in the
LUMO region of these molecules. The higher contribution in
LUMO leads toward the stability of the LUMO region.
Therefore, sable LUMO represents the greater extent of charge
transfer from the donor to the acceptor region of the molecule.
3.9. Molecular Electrostatic Potential. The 3-D arrange-

ment of an electronic cloud present on the atoms within a
molecule is called the molecular electrostatic potential. It helps
better investigate parts of a molecule with low and high
electron density, elaborating electronic clouds of different
colors.59 The MEP structures of all of the studied molecules
are shown in Figure 9. Here, the red and yellow hues represent
the regions of high electron density, and the blue color shows
the regions having low electron density. The blue and red areas
of the molecule also represent the reactive nature of the
molecule. The blue regions are good sites for electrophile
attack, while the red areas are suitable for nucleophile attack
due to their low and high electronic density.60,61

However, the blue part represents the positive potential for
the donor (core), and the red part represents the negative
potential for the terminal acceptor part of a molecule. The
distinct blue and red hues show prominent charge separation
in the molecules.32,62 In the RM and all of the examined
molecules AM1−AM6, the higher electron density is present
on the oxygen and nitrogen atoms in the end-grouped
acceptors. At the same time, the blue color is present on the
methyl groups and thiophene rings of the donor regions due to
their low electron density. Moreover, AM5 exhibits the
maximum positive and negative potential values of +5.418 ×
10−2 and −5.418 × 10−2, respectively, compared to all
examined molecules.
3.10. Transition Density Matrix and Exciton Binding

Energy Evaluation. Transition density matrix (TDM)
evaluation is critical for precisely predicting electronic flux
between acceptor and donor regions of π-conjugated geo-
metries at specific sites.63 This method allows for the
prediction of charge transmissions, enormous charge regions,
the direction of exciton motions during emissions, and
absorption in the excited state.64 TDM plots are mapped to
examine the electronic properties, such as resonance influence,
extent of delocalization, and how charges travel inside the
molecule. The TDM graphs in Figure 10 were plotted using
Multiwfn 3.7 software and the development of 2-D plots; for a
better understanding of charge density, each plot is divided
into donor and acceptor parts. Both the x-axis and the y-axis
represent the bright fringes of the molecules without hydrogen
atoms present in them. Hydrogen atoms are disfavored due to
their negligible influence on electrostatic interactions.61 The
gradient bar on the right side of TDM plots shows charge
density from zero electronic (blue) to high electronic (red)
density.65

It can be seen from TDM graphs that a prominent off-
diagonal charge density is present and diagonal in RM and all
of the examined molecules (AM1−AM6). These pictures
demonstrated the systematic conjugation of an end-group
acceptor with a central core, elaborating the sequential
transition of electrons from the donor to the acceptor part of
the molecules. The AM1 molecule has an efficient charge
density distribution from the central core to the terminal
accept region.

Exciton binding energy (Eb) is the minimum energy
required to split a bounded electron and hole pair acquired

Table 9. Donors and Acceptors Contributions in the FMOs
of RM and AM1−AM6 Molecules

molecules
excitation

energy state

percentage
contribution of

donor(eV)
percentage contribution

of acceptor(eV)

RM HOMO 68.4 31.6
LUMO 38.0 62.0

AM1 HOMO 60.7 39.3
LUMO 43.3 56.7

AM2 HOMO 61.3 38.7
LUMO 44.5 55.5

AM3 HOMO 61.3 38.7
LUMO 45.2 54.8

AM4 HOMO 61.5 38.5
LUMO 45.5 54.5

AM5 HOMO 62.0 38.0
LUMO 46.4 53.6

AM6 HOMO 62.4 37.6
LUMO 46.7 53.3

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

https://doi.org/10.1021/acsomega.3c05176
ACS Omega 2023, 8, 42492−42510

42502

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


by the absorption of radiation by a chromophore in OSCs. The
more negligible the Eb value, the greater the exciton
disintegration, thus more excellent electricity production,
leading to the greater efficiency of the concerned organic
photovoltaics (OPVs).66 So, coulombic interactions develop in
a molecule with low Eb; thus, fewer e-hole pairs are formed.
Eventually, exciton dissociates readily with less Eb energy and
quickly moves toward their concerned electrodes to produce
electricity. The values of Eb can be calculated using the
following eq 8.67

E E Exb g= (8)

Here, Eg demonstrates the calculated band gap values of the
molecules, and Ex represents the first excitation energy of the
molecules.68 The determined Eb values of RM and all the
perceived molecules in both solvents are written in Table 10.

The Eb of all of the studied molecules in the gaseous state is
increasing as RM = AM1 = AM2 < AM3 = AM4 = AM5 <
AM6. All of the molecules have comparable Eb values in
comparison to the RM molecule. However, the decreasing Eb
values of all analyzed molecules in the chloroform solvent are
RM > AM2 = AM5 = AM6 > AM1 = AM3 > AM4. All the
molecules represent lower Eb values as compared to RM
molecules. The AM4 molecule has the lowest Eb value and

Figure 9. ESP structures of the R and AM1−AM6 molecules.
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thus exhibits better charge transfer abilities among the other
perceived molecules.
3.11. Reduced Density Gradient Evaluation. The

noncovalent interactions (NCI) investigation is done with a
2D reduced density gradient graph (RDG), which is mainly
concerned with NCI between the molecules and elaborates on
hydrogen bonds and weak van der wall and stearic interactions.
The Multiwfn program was utilized to develop scatter plots of
RM and all proposed molecules (AM1−AM6). During the
investigation, the nature of NCI λ2 values is considered. For
attractive interactions, λ2 < 0, and for repulsive interactions, λ2
> 0 was used. It can be visualized from Figure 11 that the
hydrogen bonding and solid and attractive interactions are
shown by blue color, the van der Waals interactions are
elaborated by the green color, and repulsive solid interactions
and the stearic effect are indicated by red color.

It can be seen from graphs that spikes on the left and right
sides are more connected to positive and negative signs, thus
exhibiting the highest positive and negative values of −0.05
and +0.05, respectively. The high stability of a molecule is due
to low stearic hindrance and a potent H-bond combination. In
AM3 molecules, a greater extent of H-bonding is present with
this molecule’s oxygen and nitrogen atoms, as represented by a
broader blue spike. Eventually, in all of the studied molecules,
the extent of van der Wall forces is defined by the green spike
region of each scatterplot. In AM2, AM3, and AM6, there is a
greater extent of stearic interactions present in these molecules,
as shown by a red spike of scatterplots.

Furthermore, isosurface analysis provides essential informa-
tion about interactions between different fragments of a
molecule. These intramolecular aggregations are represented
by blue, green, and red discs. It can be observed that the red-
colored spots are present inside the molecular rings in Figure
11. Green color, which represent attractive forces, is mostly
present between hydrogen and corresponding electronegative
atoms. These attractive forces are essential for maintaining the
stability of molecules.
3.12. Reorganization Energy. Reorganization energy also

has a prominent effect on the efficiency of OSCs. It helps
analyze the extent of the charge carrier’s mobility in the
molecules.69 Charge carrier movement (electron and hole
mobility) has an inverse relationship to the RE of a molecule.
Therefore, the lower RE value of a molecule can acquire higher
electron (λ−) and hole (λ+) mobility. The geometrical
structure of cations and anions is one of several properties
that might influence the RE.70 The calculated RE values of all
the analyzed molecules are displayed in Table 11. These
studies show that RE properties resemble the planarity of the
scrutinized molecule.Figure 10. TDM plots of RM and AM1−AM6 molecules.

Table 10. Energy Gap (EH−L), Eb in Both Phases, and
Interaction Coefficient of All of the Examined Molecules

molecules EH−L (eV)
Eb (eV)
gaseous

Eb (eV)
solvent

interaction
coefficient

RM 1.77 0.09 0.32 0.70658
AM1 1.70 0.09 0.25 0.70526
AM2 1.74 0.09 0.26 0.70576
AM3 1.75 0.10 0.25 0.70592
AM4 1.76 0.10 0.24 0.70572
AM5 1.78 0.10 0.26 0.70619
AM6 1.79 0.11 0.26 0.70544
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It can be concluded from the tabulated data that the
decreasing trend of λ− is as AM5 > RM > AM6 > AM3 > AM4
> AM2 > AM1. This means that all of the designed molecules
are suitable electron transport materials due to lower RE values
than the reference, except the AM5 molecule. The fine
morphology and planar structure of these molecules resulted in
better exciton disintegration and the mobility of electrons.
AM1 has the lowest RE value (0.0062034 eV) for e−; thus,

this molecule can be considered an efficient electron transport
material in OSCs.

However, in the case of RE values for holes, the same trend
is observed as in the case of electron values. Thus, AM5 is not
a much better hole-transporting material due to its high hole
values compared to the RM molecule. While all other
molecules also exhibit good λ+ transporting properties, AM1
and AM2 are considered the most promising molecules in their
respective photovoltaic cells and could pave the way toward
NFSMAs based on efficient organic solar cells.
3.13. Open Circuit Voltage Assessment. Voc is an

essential parameter due to its direct relationship with OSCs’
percentage conversion efficiency (PCE). It can be demon-
strated that the highest voltage value produced when the
current’s availability across the system is nearly equal to zero is
called Voc.

32 It involved the conversion of photons into
electrons. The below eq 9 was utilized to calculate the value of
Voc.

V E E
e
1

( ) 0.3LUMO of acceptor HOMO of donorOC =
(9)

Here, ELUMO of acceptor is a HOMO of well-known polymer
PTB7-Th that exhibits HOMO values −5.20 eV, and
ELUMO of acceptor is the LUMO value of our scrutinized molecule
considered as acceptor, e is the molecule’s charge sign, having a
value of 1, and the 0.30 value is related to the coefficient of
charges among the surfaces.71,72 This polymer was selected
because it exhibits LUMO values comparable to those of NFAs
for convenient charge transfer. The most excellent voltage is
produced when HOMO from the donor and LUMO from the
acceptors are connected. Decreased HOMO and increased
LUMO energies are required to attain enhanced Voc of
perceived molecules, as shown in Table 11 and Figure 12. It
can be seen that the computationally calculated Voc value of
our RM molecule was (1.34 eV), and the raising pattern of our
designed molecules is AM1 < AM2 < AM4 < AM5 = RM <
AM6 < AM3. Although the efficient electron withdrawing
group is present, the low Voc values of AM1, AM2, and AM4
might be due to low-lying LUMO compared to the HOMO of
PTB7-Th. Therefore, these molecules might be used in
efficient OSCs. The fill factor (FF) is an essential parameter
in examining the PCE of photovoltaic systems. The donor’s
and acceptor’s interface, Voc, majorly affects the FF. The FF
value of RM and all the proposed molecules were calculated by
eq 10.73

( )
FF

ln 0.72

1

eV
K T

eV
K T

eV
K T

B B

B

OC OC

OC
=

+

+ (10)

Figure 11. RDG plots of RM and AM1−AM6 molecules.

Table 11. Reorganization Energy for Electron (λ−) and Hole
(λ+) for RM and AM1−AM6

molecules electron (λ−) hole (λ+)

RM 0.0082016 0.0091482
AM1 0.0062034 0.0086828
AM2 0.0071979 0.0082946
AM3 0.0072743 0.0089122
AM4 0.0072339 0.0087511
AM5 0.0083703 0.0097739
AM6 0.0080383 0.0090521
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Where eVoc KBT is the normalized Voc, while e is the average
charge having a value of 1, KB is the Boltzmann constant, and
T represents temperature, a value up to 300 K. The concluded
results revealed that AM3 and AM6 molecules represent
higher normalized Voc values (57.1981 and 55.6522 eV,
respectively) than RM molecule values (51.7874 eV).
Moreover, these molecules’ computationally calculated FF
values are also greater than those of RM molecules. However,
these molecules have greater values than experimental ones.
Thus, these can give an appropriate analysis of the
investigation of those molecules having higher experimental
FF values (although lower than theoretical values) than the
other molecules.

Energy loss (Eloss) is also a necessary factor that significantly
affects the functional behavior of OSCs. The extent of sunlight
energy converted to electrical power directly relates to the
amount of energy produced by organic solar cells. To a greater
extent, energy loss resulted in a decline in the PCE value of
OSCs. The PCE value also determines the amount of radiated
energy converted to electricity. Producing OSCs with reduced
Eloss values is a big challenge.74 Eloss values of all studied
molecules were calculated by eq 11 and tabulated in Table 12.

E E qVgloss oc= (11)

Here, Eg elaborates on the FMOs gap, and q shows the
charge of the element. The determined Eloss values of RM and
all novel chromophores (AM1−AM6) are given in Table 12.
The declining pattern of Eloss is as follows: AM1 (0.88 eV) >
AM2 (0.63 eV) > AM4 (0.46 eV) > AM5 (0.44 eV) > RM
(0.44 eV) > AM6 (0.35 eV) > AM3 (0.27 eV). The above
pattern shows that AM6 and AM3 molecules exhibit less value
than RM. Therefore, these molecules have efficient functional
abilities among all examined chromophores due to reduced
Eloss values; consequently, these are excellent molecules.

PCE is calculated to investigate whether the PV properties of
a molecule are fruitful for practical purposes and involve
relevant factors of solar equipment working as a single unit.
The PCE of the molecules is majorly affected by Voc, Jsc, and
FF. The relationship between these parameters can be
visualized by eq 12.75

J V

P
PCE

FFsc oc

in
=

(12)

Using the above formulas, we computed the Voc, normalized
Voc, and FF values of RM and all proposed molecules AM1−
AM6. In contrast, the Jsc value was not calculated due to their
limited capabilities. It has been represented previously that
LHE is one of the parameters used to determine Jsc. The AM3
and AM6 molecules might represent greater PCE than the RM
molecules, as expected by the higher Voc and FF values of these
molecules.
3.14. Charge Transfer at Donor/Acceptor Interface

Validation. The NTOs analysis was performed to confirm the
charge transfer efficiency and compare the molecular frame-
works of the donor and acceptor for interface development.
The literature study has explored that for excellent charge

Figure 12. Voc of RM and AM1−AM6 acceptors along with the PTB7-Th donor.

Table 12. Voc, Normalized Voc, and FF Values of RM and
AM1−AM6 Molecules

molecules Voc (eV) normalized Voc FF energy loss (eV)

RM 1.34 51.7874 0.9060 0.43
AM1 0.82 31.6908 0.8630 0.88
AM2 1.11 42.8986 0.8912 0.63
AM3 1.48 57.1981 0.9131 0.27
AM4 1.30 50.2415 0.9038 0.46
AM5 1.34 51.7874 0.9060 0.44
AM6 1.44 55.6522 0.9112 0.35
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transfer at the D/A interface, there must be high planarity,
HOMO charge density on the donor region, and LUMO
charge density on the acceptor region of the molecule.76 The
obtained results from the selected D/A interface PTB7-Th
AM3 show that our utilized polymer acting as HOMO (donor)
and our perceived molecule acting as LUMO (acceptor) are
revealed by the charge density on both molecules. The
HOMO−LUMO charge density is represented in Figure 13.
The highest planarity of both molecules validated them as
excellent molecules for charge transfer at the interface because
planarity enabled them to achieve higher crystallinity and
closer packing.
3.15. Charge Transfer at Donor/Acceptor Interface

Validation. The NTOs analysis was performed to confirm the
charge transfer efficiency and compare the molecular frame-
works of the donor and acceptor for interface development.
The literature study has explored that for excellent charge
transfer at the D/A interface, there must be high planarity,
HOMO charge density on the donor region, and LUMO
charge density on the acceptor region of the molecule.76 The
obtained results from the selected D/A interface PTB7-Th
AM3 show that our utilized polymer acting as HOMO (donor)
and our perceived molecule acting as LUMO (acceptor) are
revealed by the charge density on both molecules. The
HOMO−LUMO charge density is represented in Figure 13.
The highest planarity of both molecules validated them as
excellent molecules for charge transfer at the interface because
planarity enabled them to achieve higher crystallinity and
closer packing.

4. CONCLUSIONS
In this study, nonfullerene acceptor-based six A−D−A type
molecules (AM1−AM6) were computationally designed to
improve the OSCs performance by substituting the end group

acceptors of the RM molecule. The reduced band gap of AM1,
AM2, AM3, and AM4 compared the RM suggests an improved
probability of charge transfer in these designed molecules.
Furthermore, the band gap also affects the absorption of
molecules. It can be seen that the λmax of almost all molecules
is higher than RM. This shows that these newly designed
molecules are more capable of absorbing light energy, as
evidenced by their improved LHE values. Regarding charge
mobility, different crucial parameters were evaluated. Except
AM5, all other newly designed molecules represented lower
RE values for the electron (λ−), representing greater electron
mobility than RM (0.0082016). Remarkably, AM2 represented
the most negligible RE value (0.0082946) for the hole (λ+)
from all of the examined molecules, exhibiting the highest λ+
mobility for this molecule. The AM1−AM6 molecules have
greater dipole moment values, which can improve their
crystallinity, solubility, and charge transfer. The donor polymer
PTB7-Th was coupled to the NFSMAs to verify the probability
of charge transfer. AM3 (1.48 eV) and AM6 (1.44 eV)
represented higher Voc values and reduced Eloss values than the
RM (1.34 eV). So, based on these results, it can be estimated
that AM3 and AM6 are more favorable to yield greater PCEs.
Overall, the analysis of different photovoltaic parameters
revealed that all structured molecules could produce efficient
OSCs with extraordinary photovoltaic properties.
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