
Molecular Engineering of Anthracene Core-Based Hole-Transporting
Materials for Organic and Perovskite Photovoltaics
Aaida Shafiq,# Muhammad Adnan,# Riaz Hussain,* Zobia Irshad, Umar Farooq,
and Shabbir Muhammad

Cite This: ACS Omega 2023, 8, 35937−35955 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Anthracene core-based hole-transporting material containing TIPs (triisopropylsily-
lacetylene) has been spotlighted as potential donors for perovskite solar cells (SCs) due to their
appropriate energy levels, efficient hole transport capacity, high stability, and high power conversion
efficiency. Herein, we have efficiently designed seven new highly conjugated A−B−D−C−D
molecules (AS1−AS7) containing an anthracene core. We used end-capped modifications of donor
units with acceptor units on one side and then theoretically characterized them for their appropriate
use for SC applications. Modern quantum chemistry techniques have theoretically described the R
(reference molecule) and developed (AS1−AS7) molecules. Moreover, the proposed (AS1−AS7)
molecules are explored with density functional theory (DFT) and time-dependent density functional
theory (TD-DFT) employing B3LYP/6-31G(d,p), and numerous parameters like photovoltaic,
optical and electronic characteristics, frontier molecular orbital, excitation, binding and
reorganization (λe and λh) energies, open circuit voltage, light harvesting efficiency, transition
density matrix, fill factor, and the density of states have been studied. End-capped modification
causes a smaller band gap between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), higher UV−vis absorption maxima, tuned energy levels, lower binding and reorganizational (λe and λh) energies, and
larger Voc values in proposed (AS1−AS7) molecules than R. AS5 has a remarkable absorption maximum of 495.94 nm and a narrow
optimal energy gap (Eg) of 1.46 eV. Furthermore, a complex study of AS5:PC61BM has revealed extraordinary charge shifting at the
HOMO (AS5)−LUMO (PC61BM) interface. Our results suggested that newly developed anthracene core-based compounds (AS1−
AS7) would be effective candidates with excellent photovoltaic and optoelectronic properties and could be employed in future
organic and perovskite SC applications.

1. INTRODUCTION
Perovskite types of organic−inorganic hybrid halides have
exceptional characteristics, such as their significant absorption
constant,1 considerable charge-carrier diffusion length,2 mini-
mum trap density,3 and low excitation binding energy.4 With
efficiencies of 25.5%, they have become one of the most
promising future photovoltaic materials. One of the most
crucial variables in getting excellent performance in perovskite
solar cells (PSCs) is the presence of a hole-transporting
material. Hole-transporting materials (HTMs) are significant
in perovskite types of organic solar cells (OSCs) by
transporting the cations from the perovskite to the counter
electrode.5−9 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenyl-
amine)-9,9′-spirobifluorene (Spiro-OMeTAD) is a popular
HTM that has found widespread use in PSCs. However, for
PSCs to be helpful in the future, new HTMs must be
developed to compensate for their poor stability and excellent
pricing.
For its exceptional hole-carrying capacity, dimethoxy-aryl-

amine has been extensively employed as a donor component
by many studies. Furthermore, donor (arylamine) π spacer-

donor (arylamine) materials have been designed to synthesize
novel HTMs by straightforward modifications. Thiophene
compounds,10,11 fluorene-thiophene,12 and carbazole com-
pounds,13,14 bound by donors (amine groups), are extensively
explored in PSCs to substitute the costly and unstable Spiro-
OMeTAD. From all these compounds, anthracene-based
compounds stand out for their promising features and
widespread use in these devices, such as organic transistors
with thin films, light-producing diodes, and perovskite-type
OSCs.15−19 Using easily synthesized anthracene HTMs, Liu
recently achieved a PEC of 17.27%.20 A102-based SCs
function better than A101-based cells due to superior vertical
charge transfer from regulated intermolecular interactions.
However, A101 devices still have trouble dissolving in water.
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The power conversion efficiencies of PSCs using organic small
molecules as HTMs have attracted a lot of interest. Siddique et
al. developed four tiny molecule donors for SCs using a
triphenylamine (TPA) donor moiety. The proposed D1-D4
molecules had unique end-capped units, and their structure−
property connections were theoretically estimated. The D3
molecule was found to be the best candidate for future SCs,
with a small excitation energy, an energy gap, and the smallest
reorganization energies. The theoretically modeled simulation
supports the possibility of adjusting end-capped unit
configurations for optoelectronic characteristics.21−24 Recently,
Paek successfully synthesized and designed donor−spacer−
donor type HTM (i.e., PEH-16), incorporating anthracene
containing triisopropylsilylacetylene (TIPs) derivative (π-
conjugation part) and dimethoxy TPA (donor part) for
PSCs. Anthracene containing TIP molecules displayed high
stability and had an outstanding efficiency of power conversion
than Spiro-OMeTAD.25

In this work, we have efficiently designed seven anthracene
core-based (AS1−AS7) molecules by side-chain modification
of the reference molecule (R) for future photovoltaic
applications. In these designed systems, the end-cap donor
part of the reference molecule on one side is replaced with the
bridge (furan) and robust alternative electron-withdrawing
groups, forming a backbone such as A−B−D−C−D. These
alternative electron-withdrawing groups (AL1−AL7) have
great potential to boost the absorption range, and the same
furan bridge is utilized for all molecules (AS1−AS7).
Furthermore, it worked as a transporter to transfer the charge
from the electron-donating part to the acceptor region. These
acceptor groups (AL1−AL7) are electron-deficient, allowing
for better charge separation and reducing recombination loss,
and thus are helpful in improving the photovoltaic perform-
ances of the optoelectronic devices. Moreover, these groups
also have higher conjugation and electron affinity, which is
greatly beneficial in separating HOMO and LUMO in
designed molecules.26−28 After this, all designed (AS1−AS7)
compounds are explored with DFT and time-dependent theory
and compared with the R (reference molecule); parameters
like photovoltaic, optical and electronic properties, open circuit
voltage, frontier molecular orbital (FMO), binding, reorganiza-
tional (λe and λh) and excitation energies, light harvesting
efficiency, transition density matrix (TDM), and density of
states (DOS) have been studied. Furthermore, a detailed study
is carried out to examine the charge mobilities from the donor
part toward the acceptor unit to suggest that the proposed
molecules might be good options for highly efficient OSCs.
Finally, we will recommend a unique setup for future
inventions in the field of OSCs.

2. COMPUTATIONAL DETAILS
DFT, or density functional theory, is a very effective
computational tool in the scientific community. This technique
has been shown to be effective in assessing a wide range of
quantum mechanical properties with the highest reliability and
precision.29,30 The quantum chemical computations were
performed using Gaussian 09W,31 and the R molecule and
newly proposed molecule (AS1−AS7) configurations were
seen using Gauss View 5.0.32 Initially, the optimization of the
R (reference molecule) was carried out with five alternative
DFT-based functionals such as B3LYP,33 MPW1PW91,34

CAM-B3LYP,35 ωB97XD,36 and M062X37 at 6-31G (d,p).
The selected functionals were then utilized to carry out further

studies. To determine the absorption maxima (λmax) of the
standard R (reference molecule), DFT was performed at these
abovementioned functional levels in both the solvent
(tetrahydrofuran) and gaseous phase. Using a modestly
common technique, we compared the theoretically predicted
UV−vis value of the R at these levels to the observed UV−vis
range to determine the optimal functional level for this
investigation. We discovered that the UV−vis λmax of the R
molecule measured at 6-31G (d,p)/B3LYP was the most
closely matched with the actual absorption maxima value25 as
is typical for the most acceptable theoretical functional. Hence,
the fundamental optical and photovoltaic characteristics of
AS1−AS7 were computed using this functional level (i.e.,
B3LYP). For R25 and AS1−AS5 donors, we carried out
maximum absorption (λmax), geometric optimization, the DOS,
TDM, molecular electrostatic potential (MEP), reorganiza-
tional (λe and λh) energy, open-circuit voltage, FMO, and
charge transfer analysis at the selected DFT level. Data from a
Gaussian evaluation was used to create a map of absorption
spectra using Origin 8.0.38 The DOS of the R and AS1-AS7
molecules were studied using PyMOlyze-1.139 and Origin 8.0
to determine the role of individual atoms and groups of atoms
in allocating electronic masses among the possible states. TDM
data were converted into maps showing excitation mobility and
interaction among the atoms using Multiwfn software.40 The
reorganizational energy of a molecule is the most significant
feature in determining the electron and hole mobilities of that
molecule. RE is categorized into external (RE) and internal
reorganizational energy. The first is associated with perturba-
tions in the external environment and the effects of polarity on
charge transport generally, which is often disregarded, while
the second is related to modification of the interior geometry
of the molecule. The reorganizational (λe and λh) energies
were estimated by eqs 1 and 241,42

E E E Ee 0
0

0= [ ] + [ ] (1)

E E E Eh 0
0

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

Herein, E− and E+ are the anionic and cationic energies derived
using optimized anionic and cationic molecules, respectively.
E0 denotes the ground state energy of the optimized neutral
molecule, whereas E0+ and E0− are the anion and cation energies
computed from the molecular geometry of the cationic and
anionic structures in the neutral condition, respectively.
Moreover, E+0 and E−

0 show the energy of the neutral molecule,
which is obtained through optimized cationic and anionic
geometry.43

3. RESULTS AND DISCUSSION
The primary goal of this investigation was to theoretically
improve a new anthracene core containing TIP donor
molecules with latent acceptor units and calculate their optical
and electronic properties. The experimentally synthesized
donor−π−donor anthracene core-based PEH-16 derivative
(selected as a reference in this investigation) can be used to
design new molecules. The reference molecule has two
components: (i) dimethoxy TPA (a donor unit) and (ii) a
core that contains a TIPs-anthracene derivative. The end-
capped modification of the donor unit is critical to getting
better optoelectronic properties. The dimethoxy component of
the donor group of the R on one side was replaced with a
bridge and alternative acceptor groups (AL1−AL7), while the
core was preserved to produce seven new (AS1−AS7) organic
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materials having remarkable photovoltaic characteristics. The
different acceptor groups (AL1−AL7) are shown in Figure 2.

Initially, the optimization of R (reference molecule) was
performed at the 6-31G (d,p) level of DFT in five different
functionals (CAM-B3LYP, B3LYP, ωB97XD, M062X, and
MPW1PW91). After optimization with the functionals as
mentioned above, the reference molecule was analyzed by
UV−vis spectroscopy in tetrahydrofuran using the CPCM
solvation model. Reference molecule absorption maxima in
tetrahydrofuran solvent were measured to be 304.35, 367.38,
300.39, 313.80, and 353.68 nm at functionals CAM-B3LYP,
B3LYP, ωB97XD, M062X, and MPW1PW91, respectively.
Figure 1 and Table 1 show the reported and calculated λmax of
R at various basis sets. Absorption peaks at 380 nm were
observed experimentally.21 Based on the results, B3LYP and 6-
31G (d,p) have opted for further investigation since they were
observed near the experimentally measured absorption
maximum value.
After selecting the DFT functional, the R and all designed

molecules (AS1−AS7) were optimized at their ground state.

Figure 3 displays the designed structures of the modeled
(AS1−AS7) compounds. The molecules in planar geometry
are more stable, with less steric hindrance and more charge
carrier mobilities.44 Figure 4 shows that all molecules have a
planar shape as determined by analyzing the optimal
geometries of the R and AS1−AS7.
The dihedral angles of all developed molecules and the R

were estimated on both sides of the molecules with the help of
these optimized structures to investigate the effect of the
bridge (furan) and acceptor units, as illustrated in Table 2. As a
result, the dihedral angles (Φ1 and Φ2) of all developed (AS1−
AS7) molecules show deviation in the range of 35.48−35.84°
(Φ1) and −36.06 to −37.11° (Φ2) than the dihedral angles of
the reference molecule, which has Φ1 = 35.63° and Φ2 =
−35.95° value. These Φ1 and Φ2 values of the proposed
structures (AS1−AS7) indicate that end-capped modification
of the donor group with bridge and acceptor moieties has
enhanced conjugation, structural planarity, and optical and
electronic properties. Additionally, it substantially contributes
to determining charge transport capabilities and the reorgan-
izational energies of materials.

3.1. Frontier Molecular Orbitals. The R molecule and
molecular design structures (AS1−AS7) were optimized using
the B3LYP/6-31G (d,p) DFT functional. The HOMO and
LUMO patterns are used to calculate electrical and optical
characteristics.45−48 For example, in a photovoltaic device, “the
location and energy of both bands”49−52 determine the device’s
efficiency. Therefore, the LUMO and HOMO positions are
critical in enhancing the device’s efficacy. Figure 5 displays the
FMOs distribution pattern computed at 6-31G (d,p)/B3LYP

Figure 1. 3D bar chart of the R (reference molecule) with five distinct
functionals in a tetrahydrofuran solvent.

Figure 2. Structural illustration of the acceptor groups (AL1−AL7).

Table 1. Reported and Calculated Value of λmax of the R at
Various Basis Sets

DFT
functionals DFT calculated values λmax (nm)

reported value λmax
(nm)

R 380
B3LYP 367.38
CAM-B3LYP 304.35
M062X 313.39
MPW1PW91 353.68
ωB97XD 300.39
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Figure 3. Designed structures of all modeled molecules (AS1−AS7) and R.
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and their corresponding bar chart, along with the band gap in
Figure 6.
The valence band FMOs52−55 are also known as HOMOs,

whereas the conduction band FMOs are called LUMOs. The
band gap is the difference in the energy gaps between these
two orbitals. The photovoltaic efficiency of OSCs heavily
depends on the band gap of the orbitals. The band gap
represents the separation of these two orbitals and is also called
the HOMO−LUMO energy gap. There is a one-to-one
relationship between charge transfer and the band gap. The

energy gap determines the charge transfer efficiency; a high gap
means a weaker transfer. By enabling a rapid transfer of newly
produced charge carriers to the electrodes with lower
recombination losses, the increased carrier mobility enhances
efficiency. As a result, OSCs with a smaller energy gap perform
better in photovoltaic systems, while OSCs with a wider gap
perform poorly. Due to the inverse relationship between the
band gap and the photovoltaic performance of OSCs,
molecules with smaller energy gaps have greater PCE, and
vice versa.56,57 Therefore, the small energy gap and strong

Figure 4. Optimized geometries of R along with the AS1−AS7 molecules.
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charge-transferring capacity are responsible for attaining an
excellent PCE and photophysical capacity. The conductivity of
the standard molecule R and the molecules with specific
modifications (AS1−AS7) may be calculated from this
approach. Table 3 lists the HOMO and LUMO energies and
the band gap that has been computed. The reference molecule
has a −4.58 eV value of HOMO, a −0.64 eV value for LUMO
orbitals, and a band gap value of 3.93 eV. The newly designed
(AS1−AS7) molecules had the HOMO values of −4.65,
−4.63, −4.68, −4.74, −4.74, −4.63, and −4.68 eV. Energy
gaps of 2.20, 1.89, 2.14, 1.97, 1.46, 1.52, and 2.03 eV
correspond to the LUMO values of −2.45, −2.75, and −2.54,
respectively, −2.77, −3.28, −3.11, and −2.65 eV for (AS1−
AS7). Based on the data presented above, it is observed that
the band gap of all the newly created molecules (AS1−AS7) is
less than that of R. Possibly due to (Z)-2-(2-ethylidene-5,6-
difluoro-3-oxo-2,3-dihydro-1H-in den-1-ethylidene)-
malononitrile, the AS5 molecule has a narrower energy gap
of 1.46 eV than other designed molecules. After comparing the
developed molecules to the R (reference molecule), it becomes
clear that AS5 has superior photovoltaic performance. AS6 has
a second narrow band gap, possibly attributable to the (Z)-2-
(5-ethylidene-6-oxo-5,6-dihydro-4H-cyclopenta[b]thiophen-4-
ylidene)malononitrile designed group. The energy band gap is
in increasing order as follows: AS5 < AS6 < AS2 < AS4 < AS7
< AS3 < AS1 < R. Based on the evidence presented above, it
seems that the conduction bands of these newly created
molecules are narrower than R, making them exciting aspirants
for future use in SCs.
FMOs are further assisted through the DOS graphs.58

Diagrams showing the DOS provide insight into how the
LUMO−HOMO populations are allocated throughout a
molecule. B3LYP/6-31G(d,p) functional of DFT is operated
for the DOS estimation. In the DOS graph, the fragment of
studied molecules (AS1−AS7), such as core, donors, bridge,
and acceptors, is characterized by purple, orange, pink, and
green peaks, respectively, whereas the fragment of the R has
only purple and orange lines that indicate the core and donors.
These lines specify the extent of the contribution of different
components in improving FMOs. A gray line illustrates the
whole DOS. The density of the HOMO is positioned on the
donor component, and the minor HOMO density is on the
anthracene core, whereas the population of the LUMO is
distributed chiefly on the anthracene core and donor part in
the reference molecule, as shown in Figure 7. HOMO and
LUMO density distribution patterns change because of the
addition of acceptor units to the proposed (AS1−AS7)
molecules. The HOMO density is mainly found on the
donor component, with just a small amount on the anthracene
core, and the LUMO population is primarily situated on the
acceptor units and furan bridge that connect with the donor

atoms. In all of the developed molecules, the acceptor units
and bridge atoms carry a significant share of the LUMO
density, whereas the donor atoms have a much smaller
percentage. DOS spectra provide a complete overview of the
energy levels. A high DOS value indicates a greater
concentration of electronic states at the energy level. This
indicates that the electrons at this energy level can access
various possible energy states. All of the compounds in our
investigation had their Fermi levels determined by summing

Table 2. Dihedral Angle (Φ1 and Φ2) for R and AS1−AS7

compounds dihedral angle Φ1 dihedral angle Φ2

R 35.63 −35.95
AS1 35.84 −36.45
AS2 35.80 −36.65
AS3 35.76 −36.53
AS4 35.48 −36.67
AS5 35.76 −36.06
AS6 35.51 −37.11
AS7 35.74 −36.56

Figure 5. FMO distribution patterns of R and AS1−AS7.
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the energies of their FMOs (Figure 7). Fermi levels are used to
determine whether an electron is available in the conduction or
valence band. When the Fermi energy is close to the
conduction band, the charge may flow more efficiently because
electrons can hop from the valence band to the conducting
band. The AS5 molecule is more stable, and the lower valence
band (i.e., HOMO) may account for its lower Fermi level,
showing that it has improved photovoltaic performance as a
donor molecule among optoelectronic devices.59−61 According
to the above discussion, it is concluded that when the acceptor
unit is attached to the reference molecule, it significantly
increases the electron-donating potential of donor units toward
the acceptor part in all newly proposed compounds (AS1−
AS7), making them excellent candidates for highly efficient SC
devices.

3.2. Optical Properties. UV−vis analysis at the B3LYP/6-
31G (d,p) DFT level in the organic solvent tetrahydrofuran
and the gaseous phase was utilized to estimate the optical and
photophysical characteristics of the R molecule and the newly
modeled (AS1−AS7) compounds. Tables 4 and 5 provide the
solvent and gaseous phase data for the oscillator frequency
( fos), the maximum absorption wavelength (λmax), the
assignments that describe the type of transitions in proposed

(AS1−AS7) molecules, R (reference molecule), and the
transition energy (Ex).
Absorption maxima of the reference molecule were

measured experimentally to be 380 nm,25 but DFT calculations
show that they are 367.38 and 356.88 nm in the
tetrahydrofuran and the gaseous phases, respectively. Typically,
increasing the PCE of a SC is accomplished by moving the
absorption spectrum toward the red end of the visible-light
spectrum. The absorption spectrum of AS1−AS7 compounds
is red-shifted because of the substitution of a side-chain donor
unit (bis(4-methoxyphenyl)aniline) by a variety of end-capped
acceptor units in the R atom (reference molecule), as
presented in Figure 8. This investigation found that the
maximum absorption (λmax) of all seven studied molecules
(AS1−AS7) was greater than that of the standard reference
(R). AS2 has the highest absorption value, determined to be
661.64 nm in gas and 679.29 nm in tetrahydrofuran among all
designed molecules due to the end-cap ([1,2,5]thiadiazolo[3,4-
c]pyridine) unit, which causes the spectrum to be red-shifted
and enhances the PCE of SCs. Maximum absorption
wavelengths of designed molecules are 407.13 (AS1), 679.29
(AS2), 386.12 (AS3), 400.35 (AS4), 495.94 (AS5), 549.06
(AS6), and 626.72 nm (AS7) in a tetrahydrofuran solvent. On
the other hand, the λmax of designed molecules in the gas phase
are 399.67 nm (AS1), 661.64 nm (AS2), 377.34 nm (AS3),
386.73 nm (AS4), 467.86 nm (AS5), 527.97 nm (AS6), and
589.56 nm (AS7). These absorption λmax values illustrate the
effectiveness of acceptor units for AS1−AS7 modeled
molecules. The decreasing order of λmax values of all
compounds is noted as AS2 > AS7 > AS6 > AS5 > AS1 >
AS4 > AS3 > R in the tetrahydrofuran solvent and the gas
phase.

3.3. Open-Circuit Voltage. OSC performance may also be
assessed by determining the open-circuit voltage of the device.
Voc is a critical measure for evaluating the performance of PV
systems. The voltage or current magnitude allows solar devices
to reach the zero-current state.62 The effectiveness of OSCs is
greatly improved by increasing their fill factor (FF), which rises
when the Voc rises. Since Voc is a positive factor in the
recombination capability of photovoltaic systems, it influences
both the photogenerated current and the saturation voltage.
Many factors, such as light intensity, type of material, the heat
of the SC-based device, and the available energy, all influence
the Voc.

54,63 The Voc is proportional to the LUMO−HOMO
energy gap of the acceptor and donor molecules. For Voc
calculations, PC61BM was selected for effective electron
injection from donor molecules to the acceptor (PC61BM).
Research has shown that electron injection efficiency from the
HOMO orbital of the donor molecule to the LUMO of the
acceptor is maximized when the ELL values are between 0.2
and 1 eV.64 All of the proposed molecules had ELL in the
highly competitive range of 0.42−0.95 eV except for a bit of
divergence in the energies of AS1, AS3, and AS7, and their
values are 1.25, 1.16, and 1.05 eV. The minute deviation of
these values from the standard value suggests further
investigation of the donor−acceptor-based interface. The
interfacial charge transfer energy (ECT) was determined to
advance the research and ensure the effectiveness of the
PC61BM (acceptor)-based interface. The values of ECT and
ELL are tabulated in Table 6. The ECT values are found in the
range of 0.93−1.04 eV, which is lower than the energy gap of
the designed molecules. This result suggests that this interface

Figure 6. 3D plot of EHOMO, ELUMO, and band gap of R along with
AS1−AS7 molecules.

Table 3. Computed Values of HOMO−LUMO Energies and
Energy Gap of the AS1−AS7 and the R

compounds EHOMO (eV) ELUMO (eV) Eg (eV)

R −4.58 −0.64 3.93
AS1 −4.65 −2.45 2.20
AS2 −4.63 −2.75 1.89
AS3 −4.68 −2.54 2.14
AS4 −4.74 −2.77 1.97
AS5 −4.74 −3.28 1.46
AS6 −4.63 −3.11 1.52
AS7 −4.68 −2.65 2.03
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is more effective than the proposed molecules’ internal charge
transfer capacities (AS1−AS7).
In the next step, we estimate the Voc of all molecules (R

along with AS1−AS7) using the equation Scharber and co-
workers developed.65

V E E( ) 0.3oc HOMO
D

LUMO
A= | | | | (3)

The Voc is approximated by subtracting the donor’s EHOMO
from the acceptor’s ELUMO. In addition, Voc is linked to this
HOMO−LUMO energy gap. The Voc for the investigated
(AS1−AS7) molecules and the R was thus theoretically

Figure 7. DOS spectra and computed Fermi levels of R and designed molecules (AS1−AS7).
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calculated at B3LYP/6-31G (d,p). The primary focus of Voc is
to synchronize the HOMO of the donor molecules (AS1−
AS7) with the LUMO of the acceptor polymer material
PC61BM. It is found that the LUMO and HOMO of PC61BM
are situated at 3.7 and 6.1 eV. Figure 9 summarizes the
relationship between the HOMOdonor-LUMOPC61BM
energy gaps and the Voc values derived from eq 3. R and
AS1−AS7 have respective Voc values of 1.18, 1.25, 1.23, 1.28,

1.34, 1.34, 1.23, and 1.28 V. The seven proposed compounds
(AS1−AS7) have Voc values higher than those of the reference
molecule. Among all developed molecules, AS4 and AS5
represent the highest Voc values. Voc values for both designed
molecules and the reference increase as follows: R < AS2 =
AS6 < AS1< AS3 = AS7 < AS4 = AS5. The LUMO and
HOMO levels of the acceptor (PC61BM) and donor
molecules are often used to compute the Voc. The photo-
physical and optoelectronic characteristics of OSCs are
enhanced since the HOMO value of all molecules (AS1−
AS7) is increased, leading to a more excellent Voc. The higher
HOMO of the proposed molecules (AS1−AS7) is responsible
for enhancing electron mobility from the HOMO orbital of
donors (AS1−AS7) to the LUMO orbital of acceptor
PC61BM, which in turn improves the optoelectronic
capabilities of OSCs.

3.4. Transition Density Matrix. The TDM evaluation is
often required to estimate the extent of transitions and their
modes in the molecules under study. The TDM illustrations
were computed at the B3LYP/6-31G (d,p) level of theory. The
TDM representations have refined the estimated localization of
electrons, holes, and electron−hole interactions inside the
molecules. In addition, they reveal the existence of multiple

Table 4. Actual and Theoretically Computed λmax, Excitation Energy, Oscillating Frequency, and Major Molecular Transitions
for R and All Studied Molecules (AS1−AS7) in Tetrahydrofuran Solvent

molecules DFT calculated λmax (nm) reported λmax (nm) Ex (eV) fos major MO assignment

R 367.38 380.00 3.37 1.41 HOMO → LUMO (62%)
AS1 407.13 3.05 1.06 HOMO → LUMO (96%)
AS2 679.29 1.83 0.76 HOMO → LUMO (93%)
AS3 386.12 3.21 0.81 HOMO → LUMO (95%)
AS4 400.35 3.10 1.09 HOMO → LUMO (96%)
AS5 495.94 2.50 1.07 HOMO → LUMO (88%)
AS6 549.06 2.26 0.53 HOMO → LUMO (96%)
AS7 626.72 1.98 0.91 HOMO → LUMO (99%)

Table 5. Actual and Theoretically Computed λmax, Excitation Energy, Oscillating Frequency, and Major Molecular Transitions
for R and All Studied Molecules (AS1−AS7) in the Gaseous Phase

molecules DFT calculated λmax (nm) reported λmax (nm) Ex (eV) fos major MO assignment

R 356.88 380.00 3.47 1.40 HOMO → LUMO (65%)
AS1 399.67 3.10 0.91 HOMO → LUMO (96%)
AS2 661.64 1.87 0.68 HOMO → LUMO (99%)
AS3 377.34 3.29 0.73 HOMO → LUMO (86%)
AS4 386.73 3.21 1.10 HOMO → LUMO (86%)
AS5 467.86 2.65 1.08 HOMO → LUMO (80%)
AS6 527.97 2.35 0.44 HOMO → LUMO (94%)
AS7 589.56 2.10 0.80 HOMO → LUMO (99%)

Figure 8. UV−vis plot of R and all proposed molecules (AS1−AS7) in the tetrahydrofuran solvent and gas phase.

Table 6. Calculated Values of ELL, ECT, and Energy Loss
Incurred during Charge Creation and Charge
Recombination for R, along with AS1−AS7

molecules
ELL
(eV)

ECT
(eV)

energy loss incurred
during charge
generation

energy loss incurred
during charge
recombination

R 3.06 0.88 3.06 0.30
AS1 1.25 0.95 1.25 0.30
AS2 0.95 0.93 0.95 0.30
AS3 1.16 0.98 1.16 0.30
AS4 0.93 1.04 0.93 0.30
AS5 0.42 1.04 0.42 0.30
AS6 0.59 0.93 0.59 0.30
AS7 1.05 0.98 1.05 0.30
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charge transfers between excited states.66,67 The studied
molecules (AS1−AS7) were categorized into donor and core
groups to assess TDM characterizations more accurately.46

Moreover, the hydrogen impact was disregarded in these
studies since hydrogen does not take part in carrier transitions.
The type of transition in each molecule (designed AS1−AS7
and reference molecules) is shown in the TDM diagrams.
Figure 10 shows the TDM outcomes for all examined
compounds (R and AS1−AS7). It was determined through
these analyses that the electrical charge mobility was
distributed evenly among the core and end-capped groups.
The donor units of the reference R molecule contain most of
the charge coherence and a small amount of charge on the
core. A large electronic charge is available on the core, while a
minor amount is available on the donor units in the proposed
AS1 molecule. The remaining molecules, AS2−AS7 specifically
engineered, showed the constant movement of electronic
charge density from the donor units to the core. The behavior
of electron coherence in the R and proposed (AS1−AS7)
molecules indicates that charge coherence successfully shifts
from donor to core unit, then diagonally toward the bridge,
acting as a facilitator for allocating electrons without tricking
them, and that electron density has finally arrived at the
acceptor part. This suggests that while all designed compounds
may have lower electron coupling than the reference molecule,
their exciton dissociation in the excited state may be more
significant and simpler. Compared to R, we observed that all of
our created molecules exhibited successful spectrum tran-
sitions, revealing their hidden potential as a photoactive
material for creating efficient devices in the future.

3.5. Binding Energy. Predicting the optoelectronic
properties of materials using the binding energy (Eb) estimate

is an exciting new direction. The Eb affects the SC efficacy
because it affects the dissociation potential. The Eb is
proportional to the inverse of the charge mobility. Therefore,
higher binding energy molecules tend to have smaller current
intensities and charge movements. The Coulombic force
between electrons and holes in a compound was analyzed
using this method. Exciton breakdown in an excited state is
proportional to the Eb, which, in turn, depends inversely on the
strength of the interaction between holes and electrons.
Therefore, an excited electron and hole in a photoactive film of
a SC may easily dissociate from a molecule with a small Eb.
Hence, in the photoactive film of an OSC, a molecule with a
small Eb will demonstrate an excellent PCE. Equation 4 was
used to compute the Eb of the R and the developed
compounds (AS1−AS7)68,69

E E Eb H L opt= (4)

The energy difference between the HOMO and LUMO
levels and the energy of the first excited singlet state (Eopt) are
used to derive Eb. Table 7 shows that the Eb value for R is 0.46
eV, whereas the binding energy for AS1−AS7 ranges from 0.16
eV (AS1), 0.13 eV (AS2, AS3, AS4, AS6, and AS7), and 0.12
eV (AS5). Figure 11 shows that the Eb values of the developed
(AS1−AS7) materials were lower than those of the R
(reference molecule) because of the electron-accepting nature
of the terminal units. From the smaller Eb values of the
designed (AS1−AS7) molecules, it is estimated that they can
dispose of a more significant charge concentration than R
(reference molecule). The smallest Eb is observed for AS5,
which may have been caused by the presence of a side-chain
acceptor unit ((Z)-2-(2-ethylidene-5,6-difluoro-3-oxo-2,3-di-
hydro-1H-in den-1-ethylidene)malononitrile). The observed

Figure 9. Voc of the R and all modeled (AS1−AS7) molecules concerning the PC61BM acceptor polymer.
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Figure 10. TDM outcomes for R and all proposed molecules (AS1−AS7).
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pattern suggests that developed molecules (AS1−AS7),
especially AS5, would be superior for developing OSCs.

3.6. Molecular Electrostatic Potential. The MEP
investigation also plays a significant role in elucidating the
existence of dynamic charging sites within the molecules and
the varying charge separations and positions within the
molecules. Overall, the molecule has several charge sites or
combinations of charging sites, and each of these sites is
represented by its own set of data describing the molecule’s
unique features. Molecular efficiency is also profoundly
affected by the components.70 MEP plots of developing
(AS1−AS7) and R molecules were computed using the
B3LYP/6-31G (d,p) level of theory. Figure 12 shows the
results of the calculations of the MEP plots. Individual
properties of the molecule may be seen in the MEP plots

when the color patterns and their combinations are broken
down and analyzed. For instance, a neutral part of the molecule
is shown in light green, whereas blue indicates an electro-
positive region.
On the other hand, a negative area inside the molecule is

highlighted by the red color. Our developed molecules (AS1−
AS7) have followed the same color distribution patterns as the
R molecule. The presence of many charging sites also discloses
the distinct properties of that molecule, which might be used
to estimate its potential usefulness in SC devices. As a result,
these MEP plots may help reveal the full potential of the
materials. Furthermore, there is a uniform allocation of charges
over the MEP surfaces of designed molecules, making them far
more relevant to the R. So, it is possible to increase the PCE
and consistency of OSCs by using practical molecular side-
chain enhancements to construct better and more proficient
molecules for future use in OSC applications. Our MEP
studies also revealed that owing to their comparable charge
separation patterns, our end-capped engineered molecules
might be an active and efficient alternative to R.

3.7. Excitation Energy. Excitation energy is a significant
additional component that is crucial for improving the
optoelectronic characteristics of OSCs. The excitation energy
of a SC is another indicator of its effectiveness.47,62 The
excitation energy level is typically low when a high PCE is
obtained. Additionally, considerable charge transfer and
outstanding optical properties are possible at low excitation
energies and oscillator strengths. Figure 13 displays a

Table 7. Calculated Values of Eg, Eopt, and Eb of R and AS1−
AS7

compounds Eg Eopt (eV) Eb (eV)

R 3.93 3.47 0.46
AS1 2.20 2.04 0.16
AS2 1.89 1.76 0.13
AS3 2.14 2.01 0.13
S4 1.97 1.85 0.13
AS5 1.46 1.34 0.12
AS6 1.52 1.40 0.13
AS7 2.03 1.90 0.13

Figure 11. Comparison between Eopt, band gap (Eg), and binding
energy (Eb) of R along with AS1−AS7.

Figure 12. MEP surfaces of modeled (AS1−AS7) molecules and R calculated at B3LYP/6-31G(d,p).

Figure 13. Comparison between the excitation energy and oscillating
strength of the developed (AS1−AS7) molecules and the R.
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comparison between the oscillating strength and excitation
energy of all the proposed (AS1−AS7) molecules (AS1−AS7)
and the R. All the studied (AS1−AS7) molecules have smaller
Ex and fos in comparison to the R because of side-chain
acceptor units. The excitation energy of the R is 3.37 eV and
for all proposed molecules are 3.05 eV (AS1), 1.83 eV (AS2),
3.21 eV (AS3), 3.10 eV (AS4), 2.50 eV (AS5), 2.26 eV (AS6),
and 1.98 eV (AS7). Excitation energies for all proposed
molecules decrease from highest to lowest as follows: R > AS3
> AS4 > AS1 > AS5 > AS6 > AS7 > AS2. The smallest Ex and
the most apparent red shift in the UV−vis spectrum of the AS2
molecule are observed as the number of electrons decreases in
the excited state. These molecules had the largest density
allocation from the HOMO to the LUMO (99%), as shown by
their related molecular assignments in the solvent, which was
calculated for all the AS1−AS7 compounds. Other newly
developed compounds have also demonstrated lower Ex values
and more excellent absorption, promising their proper use in
developing effective SC devices.

3.8. Light Harvesting Energy. The quantity of incoming
light that is absorbed in a given wavelength is measured using a
metric known as light-harvesting energy, which is also one of
the crucial variables that are inversely related to the incident
photon to the current efficiency of the photosensitizing
molecule. High LHE values help to improve the short-circuit
current of the devices and, thus, enhance the efficiency of the
devices.71 Any optoelectronic material can generate charge
carriers during the light-harvesting process.65,72 It is also
calculated using eq 5 and is believed to be directly related to
the Jsc values of materials created following the fabrication of
devices73

J LHE( ) dsc

0

inj collet=
(5)

The efficiency of charge collection is represented by ηcollect,
whereas that of electron injection is represented by φinj. The
LHE phenomenon was investigated using eq 6,48,73 and the
corresponding values are illustrated in Table 8

LHE 1 10 f= (6)

Newly created molecules (AS1−AS7) and values for R that
correlate to the oscillator strength are shown in Figure 14. The
importance of fos in the gas phase and tetrahydrofuran are used
to estimate the LHE. Although the LHE values of AS1, AS4,
and AS5 were more significant compared to the other created
molecules, those of AS2, AS3, AS6, and AS7 were lower,

indicating that these molecules could be able to produce even
more Jsc in SC devices. Furthermore, the created molecule AS4
has the highest LHE (91.87%), which suggests outstanding Jsc
performance. It shows our efficient design strategy for
photovoltaic OSC devices.

3.9. Heat Map. The overlap between electrons and holes in
the developed molecules (AS1−AS7) has also been theoret-
ically calculated and the results of this analysis are expressed in
Figure 15. The parameters demonstrate that the narrow energy
gap and strong mobility of hole−electrons in the (AS1−AS7)
molecules under study have resulted in high-intensity overlap
for all seven proposed compounds. In addition, AS5 has a high-
intensity overlap among all proposed molecules due to a
narrow band gap and high hole/electron mobility. These
findings provide convincing evidence that the molecules under
study are outstanding candidates for the photoactive film of
OSCs, as they exhibit effective overlapping and charge
coherence.

3.10. Fill Factor. One of the most significant metrics for
evaluating SC performance is the FF. The FF is a measure of a
SC’s efficiency in converting incoming light into usable
electricity. When the FF of a SC is high, its electrical output
exceeds its theoretical maximum. This points to an internal
recombination of charge carriers and decreased resistance
losses inside the device. Voc, Jsc, and FF are the three major
factors used to calculate the potential output of a given
photovoltaic device. Voc and FF for the designed molecules
(AS1−AS7) and R were also calculated. The FF for R and the
proposed molecules were calculated using eq 7

( )eV
K T

FF
ln 0.72

1

eV
K T

eV
K T

oc

B
oc

oc

B

B

=
+

+ (7)

Thus, eV
K T

oc

B
= Voc stands for normalized Voc, with “e” for the

elementary charge, which equals 1. Equation 7 is used to get
the molecular Voc, where KB is the Boltzmann constant, its
value is 8.61733034 × 10−5 eV/K, and T is the temperature at
300 K.74,75 Compared to the reference and other developed

Table 8. LHE with Corresponding Oscillator Frequency
( fos) of R and All Investigated Molecules (AS1−AS7) in
Both the Tetrahydrofuran and Gas Phase

molecules solvent gas phase

fos LHE fos LHE

R 1.41 0.9611 1.40 0.9602
AS1 1.06 0.9129 0.91 0.8770
AS2 0.79 0.8378 0.68 0.7911
AS3 0.81 0.8451 0.73 0.8138
AS4 1.09 0.9187 1.10 0.9206
AS5 1.07 0.9149 1.08 0.9168
AS6 0.53 0.7049 0.44 0.6369
AS7 0.91 0.8770 0.80 0.8415

Figure 14. 3D plot of oscillating strength and LHE of the R and all
investigated (AS1−AS7) molecules in tetrahydrofuran solvent.
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molecules, the AS4 and AS5 molecules had a higher value of
FF (0.9066). The high FF percentage of all proposed
molecules (AS1−AS7) compared to that of R demonstrated
the efficiency of our design methodology for creating efficient
photovoltaic materials suitable for use in SCs.
Moreover, using eq 8, we can develop a reasonable

approximation of PCE for all newly developed molecules
(AS1−AS7)73

J V

P
PCE

FFsc oc

input
=

× ×

(8)

Herein, the power from the external light source is denoted by
Pinput. It is well-known that charge mobility rates, LHE, and the
band gap of materials are crucial to the Jsc values. All these
parameters were calculated theoretically and revealed that our
newly proposed molecules (AS1−AS7) had shown better PCE
values than the R molecule. Figure 16 represents the calculated

PCE of all molecules (R and AS1−AS7). These materials
(AS1−AS7) have comparable Voc and FF, which has inspired
us to suggest them for developing high-performance SC
devices. Table 9 displays the results of the calculations for Voc,
FF, and PCE. Voc and FF values for all newly developed
molecules were significantly higher than those for R, ensuring
their suitability for future use in SC devices.

3.11. Reorganizational Energy. Reorganization energy is
an important parameter for photovoltaic materials to get an
estimation of their nature, i.e., hole transfer (λh) or electron

transfer (λe). RE is a critical parameter influencing charge
mobility between the donor and acceptor regions of materials.
Donor and acceptor molecules, their structures, and their
surroundings all have a role in determining the extent of the
reorganizational energy required. Reorganizational energy
helps in better charge separation and recombination.76,77

There is a reverse relation between the reorganization energy
and charge transfer (the transfer of electrons or holes). Higher
charge mobilities are often associated with low reorganizational
energies, and vice versa.78−80 Reorganizational energy also
affects the photovoltaic performance of the devices. The lower
values of reorganizational energy result in better photovoltaic
efficiencies.81−83 For charged particles such as electrons and
holes, the energy required to rearrange their configuration
equals the inverse of their mobility. Internal (λint) and external
(λext) reorganization energies are the two most common forms
of RE. According to Marcus’s theory,84 the former is a
qualitative indication of the charge transfer speed (the more
effective the λ, the lower the charge transfer rate). It is formed
by geometrical changes when an electron is withdrawn or
supplied to a molecule. The latter is associated with
polarization-induced changes in the ambient medium, which
is discarded because λext is difficult to calculate correctly. The
outer region of the polarized force field is calculated to be
substantially weaker than the inner region.85 The reorganiza-
tion energy was computed using DFT at B3LYP/6-31G (d,p).
Table 10 shows that the R and proposed molecule’s electron

RE (λe) values range from 0.0024 to 0.0078 eV. All newly
developed SCs have low electron reorganization energy

Figure 15. Hole−electron overlap surfaces of R along with AS1−AS7.

Figure 16. Pie graph for approximation of PCE of all molecules (R
and AS1−AS7).

Table 9. Calculated Voc, % FF, and PCE of All Modeled
Molecules (AS1−AS7) and R

compounds Voc % age FF PCE

R 1.18 89.68 23.48
AS1 1.25 90.14 25
AS2 1.23 90.01 24.57
AS3 1.28 90.32 25.65
AS4 1.34 90.66 26.96
AS5 1.34 90.66 26.96
AS6 1.23 90.01 24.57
AS7 1.28 90.32 25.65
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because of the efficient side-chain acceptor moieties,
demonstrating the superior electron mobility in these materials
(AS1−AS7). Among all developed molecules, AS6 has the
most extensive electron transfer capability from the donor
component to the acceptor part because it has the lowest value
of λe. While the hole RE (λh) values range from 0.0016 to
0.0024 eV and are also listed in Table 10. AS1, AS2, and AS3
molecules have the same λh value (0.0016). It means that their
capacity to carry holes is roughly the same. The value of λh
suggests that the hole mobility rate is higher than the electron
mobility rate for all designed compounds. According to the
reorganizational energy analysis results, our developed (AS1−
AS7) compounds are promising aspirants for highly efficient
OSCs.
Similarly, T(hole) and T(electron) calculations of R and all

proposed (AS1−AS7) molecules were performed and are also
shown in Table 10. The T(hole) values of the created molecules
are higher than those of the R. In contrast, T(electron) values are
comparable to the R, indicating that side-chain modification of
molecules with electron-withdrawing groups enhances the
photovoltaic characteristics of molecules for SC application.
The decreasing order of T(hole) values of all (AS1−AS7)
molecules is observed as AS5 > AS4> AS6> AS7 > AS3 > AS2
> AS1 > R and T(electron) values are as follows: AS4 > AS5 =
AS7> AS6> R > AS1 = AS2 = AS3. The detailed comparison
between T(hole) and T(electron) energies and between λe and λh
energies is shown in Figure 17.

3.12. Charge Transfer Analysis. CT analysis is conducted
to determine whether the developed compounds might be
helpful as SC materials. The real incentive behind this
calculation is comprehending the donating properties of our
recently developed (AS1−AS7) molecules in their acceptor
(PC61BM) presence. These donor and acceptor materials have

been tuned individually and together using B3LYP/6-31G
(d,p). To comprehend the CT behavior of the complex, we
chose one of the highest-performing modeled (AS5) molecules
to produce the complex (AS5:PC61BM). The AS5 molecule
was selected because it has appropriate reorganizational (λe
and λh) energy, has reduced Eb, Ex, and Eg, and a high value for
FF and Voc, and exhibits red-shifting absorption. Acceptor
PC61BM in the AS5:PC61BM complex system has been
optimized at B3LYP/6-31G (d,p) to a parallel arrangement
with donor AS5 and their optimized structure is shown in
Figure 18.
In addition, we calculated the FMOs of AS5 (donor) and

PC61BM (acceptor) and the HOMO and LUMO dispersion
patterns of AS5: PC61BM are also shown in Figure 18. Donor
HOMO and acceptor LUMO have a significant impact on this
CT. FMO diagrams showed that the population of the HOMO
charge is concentrated on the donor part of the AS5 molecule,
whereas the LUMO charge is uniformly distributed across the
acceptor material (PC61BM). From the HOMO−LUMO
distribution patterns, it has been seen that the bulk of the
charge exchange occurred at the donor−acceptor contact
(AS5:PC61BM). Table 11 displays the PC61BM (acceptor) and
AS5 (donor) orbitals engaged in charge transfer.
The donor NBO (bonded orbitals) is responsible for

signaling charge density, while the acceptor NBO (antibonding
orbitals) accepts it. The E2 kcal/mol represents the energy
necessary for this charge transfer process at the donor (AS5):
acceptor (PC61BM) contact. The π bond (C25−C26) of AS5
(donor) provides electron density to the σ* bond (C286−
H299) of PC61BM acceptor through a 0.81 kcal/mol energy
transition, allowing for efficient charge transfer between the
complex AS5:PC61BM. The 0.21 kcal/mol change in energy is
caused by the transfer of electron density from the π bond
(C187−C188) of the AS5 donor to σ* (C290−H302) of the
PC61BM acceptor.
Moreover, all of the carbon and hydrogen atoms of the AS5

donor molecule are significantly closer to the carbon and
hydrogen of the PC61BM acceptor molecule, permitting an
efficient interfacial charge transfer process. The CT analysis
demonstrates that the charge was successfully transferred from
the donor part of the molecule to the end-capped acceptors,
resulting in high-performance SCs. Moreover, the energy lost
during charge creation (Eg − ECT) and charge recombination
(ECT − eVoc) was evaluated to understand charge transport
properties clearly. The energy lost in producing a charge is
distinct from the energy lost during the recombination of

Table 10. Computed Reorganizational, T(hole), and T(electron)
Energies of All Proposed (AS1−AS7) Molecules and R

molecules λe λh T(hole) T(electron)
R 0.0078 0.0023 0.01 0.03
AS1 0.0025 0.0016 0.07 0.02
AS2 0.0026 0.0016 0.12 0.02
AS3 0.0028 0.0016 0.13 0.02
AS4 0.0042 0.0023 0.32 0.07
AS5 0.0025 0.0024 0.35 0.05
AS6 0.0024 0.0022 0.28 0.04
AS7 0.0031 0.0019 0.18 0.05

Figure 17. Line graph of T(hole) and T(electron) and 3D plot of reorganizational (λe and λh) energies for modeled molecules (AS1−AS7) and the R.
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charge, which is almost identical at 0.3 eV for all the developed
molecules. Among all created molecules, the AS5/PC61BM
interface has shown the minimum power loss of 0.42 eV during
charge conduction. All designed donor−acceptor interfaces are
highly efficient, but the AS5/PC61BM interface is promising for
making highly efficient SCs.86

4. CONCLUSIONS
In summary, seven unique highly conjugated A−B−D−C−D
molecules (AS1−AS7) containing an anthracene core were
developed by end-capped modification on one side, and their
behavior in charge transfer, optical, electronic, and photo-
voltaic properties, and structural activity were studied using
modern quantum chemistry calculations. The UV−vis plots
revealed that all the developed compounds have higher
absorption maxima values in the 377.34−661.64 nm range in
the gaseous phase and 386.12−679.27 nm in the tetrahy-
drofuran than the R molecule that has 356 nm in the gas phase
and 367 nm in the tetrahydrofuran. The AS2 molecule had the
highest maximum absorption value of 679.29 nm in
tetrahydrofuran and 661.64 nm in the gaseous phase, showing
that it has exhibited outstanding photophysical properties. All
the proposed molecules (AS1−AS7) have shown narrow
HOMO−LUMO band gap (Eg) values (1.46−2.20 eV) in
comparison to the R (3.93 eV), demonstrating the extensive
conjugation that is suggestive of the outstanding electron-
accepting capacity of side-chain acceptor units. The Voc values
of developed molecules (AS1−AS7) were calculated to be
1.23−1.34 V using the polymer PC61BM (acceptor), proving
that newly proposed molecules have a large Voc and are
effective optoelectronic candidates for SC applications. It was

demonstrated that AS6 has the highest electron transport
capability among all designed molecules from the electron-
donating part to the acceptor unit because it has the smallest
value of λe. In contrast, the values of λh indicate that the hole
density transfer speed is higher than the electron transfer speed
for all of the designed compounds. Moreover, the excitation
and binding energy of all proposed (AS1−AS7) molecules are
lower than the R, causing enlarged exciton dissociation in the
excited state. AS1−AS7 has remarkable optical and electronic
characteristics compared to the R due to end-capped acceptor
units having a more robust electron-withdrawing capacity.
Hence, our results suggest that the proposed molecules,
notably AS5, can be employed as hole and electron
transporters in OSCs with exceptional photophysical proper-
ties and can be used in future efficient SC devices.
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Table 11. Calculated Values of NBO Charge Transfer from
the Donor AS5 Molecule to the Acceptor PC61BM Polymer
and Their Related Stabilization Energies

donor NBO (AS5) acceptor NBO (PC61BM) E2 kcal/mol

π C1−C6 π* C247−C258 0.11
π C25−C26 σ* C286−H299 0.81
σ C44−H48 σ* O218−C289 0.05
σ C70−H159 π* C271−C273 0.08
π C187−C188 σ* C290−H302 0.21
σ C188−H191 σ* O217−C290 0.06
σ C188−H191 π* O218−C289 0.08
σ C188−H191 σ* C290−H302 0.11
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