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ABSTRACT: Small-molecule (SM)-based organic solar cells (OSCs) have dominated the photovoltaic industry on account of their
efficient optical and electronic properties. This quantum mechanical study addresses a DFT study of pentacyclic aromatic bislactam
(PCL)-based small molecules for extremely proficient OSCs. Five novel small molecules (PCLM1−PCLM5) retaining the A−π−
A−π−D−π−A−π−A arrangement were fabricated from the reference PCLR. At the MPW1PW91/6-31G** level of theory, detailed
profiling of these novel molecules was performed by accurately following DFT, along with the time-dependent density functional
theory (TD-DFT) hypothetical simulations to analyze the UV−visible absorption (λmax), light-harvesting efficiency (LHE), dipole
moment (μ), fill factor (FF), open-circuit voltage (VOC), power conversion efficiency (PCE), frontier molecular orbitals (FMOs),
binding energy (Eb), density of states (DOS), electrostatic potential (ESP), and transition density matrix (TDM) plots. Alteration of
peripheral acceptors in all of the molecular structures drastically modified their charge-transfer properties, such as a strong light-
harvesting capability in the range of 0.9993−0.9998, reduced exciton Eb (from 0.34 to 0.39 eV), a reduced bandgap (Eg) in the range
of 1.66−1.99 eV, an elevated λmax (775−959 nm) along with a higher μ in the solvent phase (1.934−7.865 D) when studied in
comparison with PCLR, possessing an LHE of 0.9986, an Eb of 0.40, an Eg 2.27 eV, λmax at 662 nm, and a μ of 0.628 D. The FMO
analysis revealed the uniform dispersal of charge density entirely along the highest occupied (HOMO) and lowest unoccupied
(LUMO) molecular orbitals in newly constructed moieties. Electron as well as hole mobility rates, VOC, FF, and PCE of all novel
molecules (PCLM1−PCLM5) were higher as compared with those of PCLR, ultimately making them exceptional candidates for
solar devices. Focusing on the outcomes, terminal acceptor modification was found to be a suitable method for the development of
highly tuned OSCs in the future.

1. INTRODUCTION

The exhaustion of nonrenewable natural energy resources such
as coal, oil, natural gas, and nuclear energy has drastic effects on
the natural environment. Besides, these resources also present a
risk to human beings as they cause environmental pollution.1 To
overcome the ongoing energy crisis, substitute renewable energy
supplies such as biomass, hydropower plants, solar energy, etc.,
are being utilized. Solar energy supply is the most significant and
limitless form of energy that can satisfy the energy demands of
mankind. The use of photovoltaic cells, which directly convert
solar energy into electrical power, is one of the best ways to

harness solar energy currently. Earlier, inorganic silicon-based

solar cells (SCs) were used owing to their elevated power

conversion efficiency (PCE).2 Despite this, inorganic SCs have
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major drawbacks, including their high cost, rigidity, suscepti-
bility to heat changes, and inability to adjust the energy level.3

These negative features of silicon-based inorganic SCs have
given rise to a persistent desire to find suitable alternatives.
Organic solar cells (OSCs) have gained considerable

attention recently for converting solar power into electricity
owing to their properties of light weight, flexibility, ease of
fabrication, and cost-efficient production processes.4 When it
comes to portable devices, OSCs have provided new
possibilities.5 The development of the bulk heterojunction
OSCs caused to an improvement in the efficiency of SCs made
from organic materials.6 Because of their elevated photo-
absorption coefficient, enhanced stability, and robustness, OSCs
may have an enhanced PCE when associated with silicon-based
SCs.7 There are several organic molecules that may be altered to
construct novel and enhanced photovoltaic materials.8

Over the past few decades, the operating efficiency of fullerene
OSCs has increased by 11.7%. Simultaneously, non-fullerene-
based organic photovoltaic cells (NF-OPVs) have made
significant development due to their tunable energy levels,
specific absorption spectra, and electron mobilities.9 These
attributes are absent in fullerene derivatives due to their limited
chemical modification. The low voltage loss and tunable
optoelectronic features of NF-OPVs, together with their

synthetic flexibility and broad spectral range, make them easy
to adapt architecturally to satisfy the project’s objectives while
also allowing PCEs of over 17%.10

Several molecular modeling approaches such as alkyl chain
substitution, interfacial alterations of donor−acceptor units, and
alteration of end-capped terminal moieties have been exploited
to further increase the energy efficiency of NF systems.11

Recently, novel organic materials such as pentacyclic aromatic
bislactam,12 benzodifurandione-based poly(phenylene vinyl-
ene) (BDPPV),13 and diketopyrrolopyrrole (DPP) acceptors14

have been explored as promising building blocks for OPVs. DPP
exhibits a range of desirable optical characteristics and adequate
solubility in organic solvents. The DPP unit is a rigid and planar
aromatic structure that improves the intermolecular packing in
molecules and offers higher charge mobilities.15

In the current project, five novel molecules (PCLM1−
PCLM5) were designed from the reference molecule named
PCLR. PCLR possesses two monomers, an electron-deficient
pentacyclic aromatic bislactam (PCL) central core followed by
thiophene rings attached on both sides of PCL, which are further
preceded by DPP and a thiophene ring.16 The technique of
structural modification was used to design five new small donor
groups from the reference PCLR. The five newly designed
molecules were modeled by adding end-capped acceptors such

Figure 1. ChemDraw sketches of PCLR and PCLM1−PCLM5.
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asX1 (2-thiophen-2-ylmethylene-malononitrile) inPCLM1,X2
(2-cyano-acrylic acid methyl ester) in PCLM2, X3 (2-(5,6-
difluoro-2-methylene-3-oxo-indan-1,1-dicarbonitrile)) in
PCLM3, X4 (3-methyl-5-methylene-2-thioxo-thiazolidin-4-
one) in PCLM4, and X5 (2-methylene-3-oxo-indan-1,1,5,6-
tetracarbonitrile) in PCLM5 after both terminal thiophene rings
(π-spacer) in the reference molecule (PCLR). The config-
uration of the reference molecule was DPP−PCL−DPP, and the
five novelly designed molecules had an acceptor−DPP−PCL−
DPP−acceptor configuration. ChemDraw structures of the
reference (PCLR) and newly developed chromophores
(PCLM1−PCLM5) are shown in Figure 1.

2. COMPUTATIONAL METHODOLOGY

The optimization, at the ground state, of the reference molecule
PCLR was carried out with four different functionals, i.e.,
MPW1PW91,17 B3LYP,18 wB97XD,19 and CAM-B3LYP,20 to
compare the molar absorptivity (λmax) values with that of the
experimental value of PCLR. The λmax obtained with the
MPW1PW91 functional for the reference PCLR showed good
synchronization with the experimentally reported value. Further
computations of newly constructed molecules were executed
with MPW1PW91/6-31G**. The designed molecules PCLM1,
PCLM2, PCLM3, PCLM4, and PCLM5 were optimized by the
above-stated functional and basis set. Time-dependent approach
of density functional theory (TD-DFT) calculations in a gaseous
medium was accomplished after structural modification to
model the absorption graph of the reference PCLR. The
influence of the solvent chloroform on IEFPCM21 computations
was also investigated. UV−visible spectra of the reference
(PCLR) and five newly designed molecules (PCLM1−
PCLM5) were assessed by the Swizard program.22 Origin 6.0
software23 was employed for the construction of the absorption
graphs. To analyze the contribution of all fragments to the
absorption of solar radiations, the density of states (DOS) of
PCLR and the newly developed molecules were computed by
PyMOlyze 1.1 software.24 TDM analyses were performed using
Multiwfn 3.7 software25 to comprehend the electronic
excitations with the help of the same functional selected for
optimization. To calculate electron, as well as hole mobilities, of
the reference PCLR along with the five novelly constructed
molecules (PCLM1−PCLM5), eqs 1 and 2 based on the

Marcus theory were used. The mathematical expressions of
these equations are as follows:

λ = [ − ] + [ − ]−
−

−E E E Ee
0

0 0 (1)

λ = [ − ] + [ − ]+
+

+E E E Eh
0

0 0 (2)

eq 1 expresses the electron mobility (λe) and eq 2 expresses
the holemobility, where E0 is the neutral energy of the optimized
molecule and E0

− and E0
+ are the anionic and cationic energies,

respectively, at ground states computed successively from
optimized neutral molecules. The cation’s neutral energy is
represented by E+

0 and the anion’s neutral energy is represented
by E−

0 . Both were estimated using cationic and anionic optimized
geometries sequentially.

3. RESULTS AND DISCUSSION
3.1. Validation of the Method and Geometric

Optimization. In the current research work, the reference
molecule PCLR was optimized with four commonly used
functionals, B3LYP, MPW1PW91, wB97XD, and CAM-B3LYP,
with a basis set of 6-31G (d,p). The observed absorptionmaxima
(λmax) were at 719, 663, 512, and 529 nm, respectively, in a
chloroform (CHCl3) solvent. Figure 2 demonstrates the
absorption spectra of PCLR with different functionals in the
gaseous (a) as well as solvent (CHCl3) (b) phases.
A comparison of DFT-computed λmax of PCLR was carried

out with the experimentally reported λmax of PCLR (675 nm).
The λmax displayed at the MPW1PW91 functional level with the
above-stated basis set of 6-31G (d,p) (663 nm) was in
agreement with experimental value (675 nm), as depicted in
Figure 3 and Table 1. Therefore, all DFT calculations of the
newly designedmolecules (PCLM1−PCLM5)were executed at
the MPW1PW91/6-31G** level.
The selected functional with 6-31G**was used to optimize all

of the designed compounds after a scrupulous analysis.
Optimized frameworks showed that all fragments of molecules
arranged themselves in one plane, which facilitates efficient
charge transfer. The optimized geometries of all five newly
fabricated molecules (PCLM1−PCLM5) and the reference
(PCLR) are displayed in Figure 4.

3.2. Frontier Molecular Orbitals (FMOs). Frontier
molecular orbitals (FMOs) are important to describe the
distribution of the electron cloud in the highest occupied

Figure 2. UV−vis absorption spectra of PCLR with four discrete functionals in the (a) gaseous and (b) CHCl3 solvent phases.
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(HOMO) and the lowest unoccupied (LUMO) molecular
orbitals. Both of these are valuable parameters to determine the
efficiency of OPVs.26,27 The intermolecular charge-transfer
properties are also explored using FMOs. The thermal stability
of a molecule is estimated by the bandgap (Eg) between both the
FMO energy levels.28 Charge transfer of a molecule becomes
more rapid when the Eg is smaller. Hard molecules have a larger
Eg, which means that they have more stability and less reactivity,
whereas soft molecules have a narrow Eg as they exhibit less
stability, more reactivity, and less efficient intermolecular
charge-transfer attributes.29 The newly designed chromophores
(PCLM1−PCLM5) enhanced the charge transfer from the
HOMO to the LUMO due to the presence of strong electron-
withdrawing moieties and increased π-conjugation in the
system. Computed HOMO/LUMO energies and Eg of the
reference PCLR along with those of the newly designed
molecules (PCLM1−PCLM5) with the selected functional are
tabulated in Table 2.
The HOMO and LUMO values of PCLR were seen to be

−5.11 and−2.84 eV, respectively, while its bandgap was 2.27 eV.
All of the studied chromophores arranged in the increasing order
of their HOMO energy levels were as follows: PCLM5 >
PCLM2 > PCLM3 > PCLM1 > PCLM4 > PCLR. The trend of
their LUMO values was as follows: PCLR > PCLM3 > PCLM1
> PCLM2 = PCLM5 > PCLM4. The HOMO and LUMO
energy states of the reference PCLR and newly designed
molecules (PCLM1−PCLM5) are demonstrated in Figures 5
and 6. In the present investigation, the Eg values of the reference
PCLR, as well as the newly constructed molecules (PCLM1−
PCLM5), were as follows: PCLR (2.27 eV) > PCLM2 (1.99
eV) > PCLM4 (1.97 eV) > PCLM1 (1.92 eV) > PCLM3 (1.80

eV) > PCLM5 (1.66 eV). The Eg values of all newly designed
molecules (PCLM1−PCLM5) were lower than that of PCLR.
Thus, on account of their reduced Eg values, all newly developed
structures were characterized as soft, polarizable, and highly
reactive molecules.
The FMO plots of PCLM1−PCLM5 showed a similar

pattern of charge density in HOMOs. The charge density in
HOMOs was primarily concentrated on the central donor core
and π-spacers and minorly on acceptor moieties, with negligible
effect on the end-capped acceptors. Similarly, the charge
dispersal in LUMOs was majorly concentrated on terminal
acceptor moieties and minorly on π-spacers. In case of the
HOMOand LUMOofPCLR, the electron density was localized
equally on all fragments of the molecule. FMO diagrams of all
molecules are demonstrated in Figure 6.

3.3. UV−Visible Absorption Spectral Properties.
Examination of UV−visible absorption features helps one to
assess the working and light-harvesting efficiency of PV devices.
The spectra of UV−visible absorption in all of the scrutinized

Figure 3. Bar graph of PCLR with four different functionals in the
chloroform solvent with the 6-31G basis set for method validation.

Table 1. Computed λmax of PCLR with Four Different
Functionals

methods λmax
cal (nm) λmax

exp (nm)

B3LYP 719 675
MPW1PW91 663
WB97XD 512
CAM-B3LYP 529

Figure 4. Ground state optimized geometries of PCLR along with
PCLM1−PCLM5.

Table 2. Evaluated HOMO/LUMO Energy as well as
Bandgap (Eg) values of PCLR and PCLM1−PCLM5

molecules HOMO (eV) LUMO (eV) Eg (eV)

PCLR −5.11 −2.84 2.27
PCLM1 −5.40 −3.48 1.92
PCLM2 −5.45 −3.46 1.99
PCLM3 −5.52 −3.72 1.80
PCLM4 −5.30 −3.33 1.97
PCLM5 −5.74 −4.08 1.66
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molecules with MPW1PW91/6-31G in the gaseous phase were
analyzed. It was found that in comparison with PCLR, all newly
modeled chromophores presented higher values of λmax, which
might be because of the influence of delocalized π-electrons on
extending the conjugation with most electron-withdrawing
acceptor moieties (X1−X5). In the meanwhile, to understand
the role of the solvent on the absorption of these molecules, the
λmax of all molecules (PCLM1−PCLM5) was evaluated in
chloroform (CHCl3). In the presence of the CHCl3 solvent, all
newly designed molecules (PCLM1−PCLM5) along with the
reference exhibited a red-shift in their absorption bands due to
the stabilization of delocalized π-electrons, as shown in Figure 7.
The electron-withdrawing ability of acceptor moieties is
intrinsically linked to the λmax and indirectly correlated to the
bandgap (Eg). The reference (PCLR) indicated a lower λmax as
compared with all molecules due to the presence of the least
resonance, whereasPCLM5 acquiredX5 as an efficient electron-
pulling acceptor possessing cyano groups, which resulted in its
maximum absorbance. In brief, all of our designed chromo-
phores have peripheral acceptor moieties with a strong electron-
withdrawing ability.
Tables 3 and 4 display numerous photophysical properties,

such as absorption maximum (λmax), oscillator strength ( fos),
excitation energy (Ex), light-harvesting energy (LHE), and the
assignment of all molecules.
Excitation energy (Ex) is another crucial parameter to examine

while evaluating photoelectric properties of PV devices. Low Ex
values result in higher electron−hole mobilities, more efficient
charge migration, and elevated power conversion efficiency
(PCE). Tables 3 and 4 illustrate the values of Ex in gaseous and
solvent phases. The Ex of the fabricated molecules decreases in
the order of PCLR > PCLM2 > PCLM4 > PCLM1 > PCLM3 >
PCLM5 both in the gaseous and the solvent medium. All of our
newly developed chromophores (PCLM1−PCLM5) indicated
lower Ex as compared with PCLR; therefore, they can undergo
more excitations from the ground state toward the first excited

state and have a higher charge-transport potential, validating
their superior photoelectronic features.
The light-harvesting efficiency (LHE) has a critical role in

enhancing the efficiency of OSCs. It is important to know the
LHE of molecules at a specific wavelength to determine their
contribution to photon absorption. The short-circuit current is
maximized when the LHE is regulated to a high value, ultimately
increasing the efficiency of OSCs.30 The LHE of the reference
PCLR and newly designed chromophores (PCLM1−PCLM5)
in gaseous as well as CHCl3 solvent phases were estimated
through eq 3, and the values are given in Tables 3 and 4.

= − −LHE 1 10 f (3)

Here, f illustrates the oscillator strength. From the above
equation, it can be observed that a higher value of oscillator
strength leads to an elevated value of light-harvesting efficiency.
The values of LHE computed for the reference PCLR and newly
designed molecules (PCLM1−PCLM5) ranged from 0.9995 to
0.9999, as shown in Table 4. Overall, PCLM1 had the maximum
photocurrent response due to the highest LHE value of 0.9999.
Graphical representations of the LHE as well as foc are illustrated
in Figure 8. The LHE results indicate that the molecules newly
constructed by modifying end-capped acceptors are more
efficient than the reference PCLR.

3.4. Dipole Moment. Dipole moment (μ), a significant
aspect, influences the efficiency of OPVs. The molecular
solubility in solvents is estimated by the measured electronic
density of an organic molecule in a given solvent. The value of μ
increases with an increase in the polarity of a molecule, which
improves the solubility of any molecule in the respective
solvent.31 A molecule’s solubility is intimately associated with a
well-ordered geometry of active layer while constructing a solar
device. A smooth, thin-film morphology in OSCs leads to
efficient charge transfer and enhances its efficiency.27 Table 6
reveals the computed μg (gas-phase dipole moment), μs
(solvent-phase dipole moment), and Δμ (difference between
μg and μs) values for all of the investigated molecules.
Currently, μ lies in the range of 0.628−8.612 D in the solvent

phase. Data presented in Table 5 and Figure 9 illustrate that the
μ values of the newly fabricated molecules (PCLM1−PCLM5)
are higher than that of the reference PCLR (0.628) in CHCl3.
Because of stronger π-interactions in CHCl3 solvents, an
increase in the μ value was observed for all molecules, which
clarifies their higher solubility in the CHCl3 solvent. PCLM5
displayed the highest μ value due to the enhanced polarity and
excellent solubility of the X5 acceptor moiety in the CHCl3
solvent. The dipole moment follows an increasing trend of
PCLR < PCLM1 < PCLM4 < PCLM2 < PCLM3 < PCLM5
both in the gaseous phase and in the chloroform solvent.
Furthermore, the difference between μg and μs, i.e.,Δμ, suggests
that PCLM5 has a greater shift of μ in the CHCl3 solvent. Hence
the newly fabricated molecules (PCLM1−PCLM5) can be used
as efficient molecules and solution-processable materials in
designing OSCs for their strong optical results.

3.5. Density of States (DOS). In addition, the Mulliken’s
charge distribution through the DOS is assessed for PCLR and
the newly constructed moieties PCLM1−PCLM5 at the
MPW1PW91/6-31G** level.32 The DOS graphs of the newly
fabricated moieties PCLM1−PCLM5 were compared with that
of the reference PCLR to analyze the endowment of fragments
to the maximum absorption and charge density. In the DOS
graphs, the negative values on the x-axis showed the HOMO
energy level and positive values showed LUMO energy levels,

Figure 5. Representation of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) at the
elected method of DFT/MPW1PW91/6-31G (d,p), of PCLR and
PCLM1-−PCLM5.
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whereas the relative intensity of charge density was placed along
the y-axis. For their DOS analysis, the newly fabricated
chromophores (PCLM1−PCLM5) were allocated into three
portions, namely, donors (blue), π-spacers (green), and
acceptors (red). Table 6 displays the quantitative role of
different fragments in forming the HOMOs and LUMOs. The
density of states (DOS) graphs showed the equal and significant

role of all three fragments in shifting the charge density from the
HOMO to the LUMO.
The distribution pattern of all molecules is quite analogous.

HOMOs are formed particularly by the contribution of spacer
and acceptor fragments and slightly by the central core. The
spacer made almost equal contributions to the HOMO and
LUMO. Likewise, LUMOs are formed by the equal contribution

Figure 6. FMO representation of PCLR and PCLM1−PCLM5.
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of all fragments (core, spacer, and acceptor), as displayed in
Figure 10.
3.6. Binding Energy (Eb) and Transition Density Matrix

(TDM)Analysis.The binding energy (Eb) of excitons is another
essential property for the interpretation of optical character-
istics. The least amount of energy needed for the separation of
excitons into free electrons and holes is defined by Eb.

33 The
exciton Eb is calculated from eq 4.

= −−E E Eb L H x (4)

where, Eb constitutes the binding energy of the exciton, EL‑H
represents the bandgap between the evaluated FMOs, and Ex
denotes the excitation energy for these FMOs.
The exciton dissociation is more advantageous if the Eb is

lower, resulting in a higher current charge density.34 Figure 11
demonstrates that all of our newly designed molecules showed

Figure 7.UV−vis spectra of PCLR and PCLM1−PCLM5 at theMPW1PW91/6-31G level (d,p) in the (a) gaseous and (b) solvent (CHCl3) phases.

Table 3. Computed λmax
cal , Energy of First Excitation (Eopt),

Oscillator Strength ( fOC), Light-Harvesting Efficiency
(LHE), along with theMajorMolecular Transitions of PCLR,
as well as PCLM1−PCLM5 in the Gaseous Phase

molecules
λmax
cal

(nm)
λmax
exp

(nm)
Eopt
(eV) f OC LHE

major molecular
transitions

(HOMO = H,
LUMO = L)

PCLR 642 675 1.93 2.6127 0.9975 68%
PCLM1 769 1.61 3.6541 0.9998 66%
PCLM2 738 1.68 3.1634 0.9993 67%
PCLM3 824 1.50 3.4381 0.9996 65%
PCLM4 746 1.66 3.4726 0.9997 65%
PCLM5 890 1.49 3.3504 0.9995 64%

Table 4. Computed λmax
cal , Energy of First Excitation (Eopt),

Oscillator Strength ( fOC), Light-Harvesting Efficiency
(LHE), as well as the Major Molecular Transitions, of PCLR
along with PCLM1−PCLM5 in CHCl3

molecules
λmax
cal

(nm) λmax
exp (nm)

Eopt
(eV) f OC LHE

major
molecular
transitions
(HOMO =

H,
LUMO = L)

PCLR 662 675 1.87 2.8808 0.9986 68%
PCLM1 796 1.56 3.9300 0.9999 65%
PCLM2 775 1.60 3.3894 0.9995 66%
PCLM3 874 1.42 3.6540 0.9998 66%
PCLM4 777 1.59 3.7123 0.9998 65%
PCLM5 959 1.32 3.5487 0.9997 64%

Figure 8.Oscillator strength (foc) and light-harvesting efficiency (LHE)
of PCLR and PCLM1−PCLM5.

Table 5. Theoretically Computed Dipole Moments of PCLR
and PCLM1−PCLM5 in the Gaseous (μg) and Excited (μs)
States, along with Their Difference (Δμ)

molecules μg (D) μs (D) Δμ (D)

PCLR 0.619 0.628 0.009
PCLM1 1.683 1.934 0.251
PCLM2 4.530 5.368 0.838
PCLM3 5.754 6.395 0.641
PCLM4 2.563 3.340 0.777
PCLM5 6.874 7.865 0.991
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inferior Eb values compared with that of PCLR, which indicates
the presence of weak Coulombic interactions and easy
separation of the bound hole−electron pairs.
The Eb values of the reference PCLR and the newly fabricated

molecules (PCLM1−PCLM5) in CHCl3 were 0.4, 0.36, 0.39,
0.38, 0.37, and 0.34 eV, respectively, as indicated in Table 7.
Among all molecules, PCLM1 showed the smallest Eb value,
which implied its efficient charge-generation properties.
Transition density matrix (TDM) analysis is another effective

method for investigating electronic excitation processes in real
time (including the creation and dispersion of excitons,
recombination, and separation of charges).35 As a result of
excitation measurements, the TDM may be used to investigate
and understand the quantum geometry. The interaction
between acceptor and donor moieties in the excited state is
shown by TDM plots.36 The TDM graphs of the reference
PCLR and the newly constructed molecules (PCLM1−
PCLM5) are demonstrated in Figure 12. For the TDM analysis,
all the molecules were sectioned into three fragments, namely,
the donor (D), π-spacer (B), and acceptor (A) moieties. In the
TDM plots, the number of atoms partaking are represented by
lower abscissa and ordinates on the left side, whereas the right
ordinates indicate the flow of electron density.

Since hydrogen atoms have minimal influence on the
transitions, they have been ignored in the TDM analysis.37 It
can be understood from the TDM graph analysis of PCLR,
PCLM1, PCLM3, and PCLM4 that the electron density is
shifted from D to A via B of the DPP acceptor uniformly. The
bright portion moving diagonally in the TDM graph shows the
electron density. The examination of the TDM graphs of
PCLM2 and PCLM5 showed that the molecule has a uniform
diagonal electron density as well as off-diagonal charge transfer
fromD toAmoieties. The brighter portion is more concentrated
on Amoieties, indicating the excellent charge transfer fromD to
A via π-conjugation. Hence, it is summarized that the newly
fabricated molecules exhibit efficient charge-transmission and
charge-dissociation properties.

3.7. Reorganization Energy (RE). Reorganization energy
(RE) is an excellent analytical scheme for designing efficient
OSCs and assessing the operating efficiency of OSCs. Electron
and hole mobilities in a molecule during excitation are described
by this energy.38 Electrons and holes must be separated as they
have different charges. The charge transferability shows an
inverse relation with RE. When a molecule’s charge mobility is
low, it migrates toward the respective electrode readily. The
electron and hole mobilities are statistically determined by eqs 1
and 2. The results of RE in terms of electron and hole mobilities
of the reference PCLR and the five newly fabricated molecules
(PCLM1−PCLM5) are reviewed in Table 8 and a pictorial
representation is given in Figure 13.
After a careful evaluation, it is noted that the newly engineered

molecules PCLM1 (0.00428 eV), PCLM2 (0.00292 eV),
PCLM3 (0.00516 eV), and PCLM5 (0.00367 eV) have the
least values of electron RE (λe) as compared with the reference
PCLR (0.00552 eV), hence offering a better electron mobility
rate. Also, all of our newly designed molecules have low values of
hole RE (λh) compared with the reference PCLR, making them
suitable candidates for hole-transport materials. The decreasing
order of λh is PCLR > PCLM4 > PCLM2 > PCLM3 > PCLM2
> PCLM1.

3.8. Electrostatic Potential (ESP) Analysis. ESP is also
crucial in predicting the relationship between the molecular
structure, molecular interaction, and photophysical properties of
molecules.39 The ESP simulations performed at the selected
functional determines the regions of nucleophiles and electro-
philes in the researched molecule. The green color in ESP
diagrams denotes the electrically neutral region, the red color
shows the electrophilic regions having an abundance of
electrons, and finally the blue color is concentrated on the
nucleophilic regions where there is a positive electrostatic
potential and lack of electrons.38,40

ESP analysis of all doped complexes (PCLM1−PCLM5)
along with PCLR was performed theoretically at the
MPW1PW91/6-31G** functional level. Figure 14 shows
colored ESP maps of the PCLR and the freshly designed
molecules (PCLM1−PCLM5). ESP surfaces of all of these
molecules illustrate that the red color (negative potential) is
concentrated on the acceptor regions of molecules, making them
more electrophilic. The region where the donor exists in each
molecular framework possesses a blue color (positive potential)
and behaves as a nucleophile.

3.9. Open-Circuit Voltage (VOC). Another credible
approach to evaluate the OSC’s operating efficiency is the
open-circuit voltage (VOC). VOC is basically that maximum
amount of current, which is produced when the externally
applied voltage is zero.41 Variables such as the donor’s HOMO

Figure 9. Graphical description of dipole moments at the ground (μg)
and excited (μs) states and their difference (Δμ) for PCLR and
PCLM1−PCLM5.

Table 6. Role of the Core, Spacer, and Acceptor in Escalating
the HOMO/LUMO Energy Levels of PCLR and PCLM1−
PCLM5

molecules
HOMO = H
LUMO = L

core
(eV)

spacer
(eV)

acceptor
(eV)

PCLR H 23.6 36.3 40.2
L 30.1 26.2 43.7

PCLM1 H 8.1 27.9 64
L 31.7 25.0 43.3

PCLM2 H 11.3 34.7 54.0
L 34.5 23.9 41.5

PCLM3 H 23.6 36.3 40.2
L 30.1 26.2 43.7

PCLM4 H 10.2 31.6 58.2
L 29.0 24.3 46.7

PCLM5 H 5.9 9.1 85.0
L 36.9 15.6 47.5
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and acceptor’s LUMO are scaled up. VOC is estimated with the
selected MPW1PW91 functional. The mathematical expression
used for computing VOC is expressed by eq 5.

= | | − | | −V
e

E E
1

( ) 0.3OC HOMO
D

LUMO
A

(5)

Here, VOC is open-circuit voltage (VOC), e is the charge of the
molecules in this study, and 0.3 is the empirical factor.
The designed chromophores (PCLM1−PCLM5) act as

promising donors, and so their HOMOs were cross-examined

Figure 10. DOS graphs of the reference (PCLR) and designed chromophores (PCLM1−PCLM5).

Figure 11. Graphical illustration of computed binding energy (Eb)
values of PCLR and PCLM1−PCLM5.

Table 7. Theoretically Computed Values of Binding Energy
(Eb) from the Energy Gap (EL‑H) between the FMOs and the
Excitation Energy (Eopt) of PCLR and PCLM1−PCLM5

molecules EL‑H (eV) Eopt (eV) Eb (eV)

PCLR 2.27 1.87 0.40
PCLM1 1.92 1.56 0.36
PCLM2 1.99 1.60 0.39
PCLM3 1.80 1.42 0.38
PCLM4 1.97 1.60 0.37
PCLM5 1.66 1.32 0.34
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with the LUMO of PC61BM. PC61BM is a widely used acceptor.
In the present quantum chemical investigation, PC61BM is
geometrically optimized at theMPW1PW91 functional level. To
obtain a higher VOC value, it should be taken into account that
the donor’s HOMO has to be at a higher level and the LUMO of
acceptor at a low level of energy. Figure 15 depicts the VOC
values of the reference PCLR and the newly investigated
chromophores (PCLM1−PCLM5) along with the acceptor
PC61BM.

Figure 12. TDM plots of the reference (PCLR) and the designed chromophores (PCLM1−PCLM5).

Table 8. Calculated Hole (λh) and Electron Mobilities (λe) of
PCLR and PCLM1−PCLM5

molecules λe (eV) λh (eV)

PCLR 0.00552 0.00623
PCLM1 0.00428 0.00497
PCLM2 0.00292 0.00550
PCLM3 0.00516 0.00523
PCLM4 0.00561 0.00561
PCLM5 0.00367 0.00497

Figure 13. Plot of hole (λh) and electron (λe) mobilities for PCLR and
PCLM1−PCLM5.
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The VOC value of the reference PCLR computed when
blended with PC61BM was 1.11 eV. VOC values of the newly
fabricated chromophores (PCLM1−PCLM5) were 1.40, 1.45,
1.52, 1.30, and 1.74 eV, respectively. All of our newly
constructed chromophores showed a pronounced shift in VOC
values when compared with PCLR. It can be predicted that all
designed chromophores can contribute to improving the device
performance owing to their better charge-conduction proper-
ties.

3.10. Fill Factor (FF) and Power Conversion Efficiency
(PCE). The fill factor (FF) is one the most prominent
determining element and integral parameter to calculate the
PCE of OSCs. VOC of the donor−acceptor interface has a
significant influence on FF.42 FF is mathematically computed
using eq 6 expressed below:

=
− +

+

( )
FF

ln 0.72

1

eV
K T

eV
K T

eV
K T

oc

B

oc

B

oc

B (6)

In this equation, eV
K T

oc

B
illustrates the normalized open-circuit

voltage, e represent the fixed charge on each molecule (taken to
be 1), KB represents the Boltzmann constant, and T is the
temperature in Kelvin. Calculated values for normalized VOC,
along with the FF, are given in Table 9. All newly designed

chromophores (PCLM1−PCLM5) have revealed a higher value
of FF than PCLR. The greater FF supports the efficacy of the
newly designed structures for future high-potential solar devices.
The PCE value for a device helps one to predict its working

accuracy and mechanism.43 PCE relies on a few essential
parameters, which are given in eq 7.

=
J V

P
PCE

FFsc oc

in (7)

In the above equation, Pin represents an empirical constant,
which depicts the power of the incident radiation that strikes the
surface of the cell. The remaining quantities, i.e., the short-circuit
current (Jsc), VOC, and FF, have an association with the PCE
value. Computed PCE values of the studied chromophores are
displayed in Table 9. An incremental effect is observed in the

Figure 14. ESP depiction of PCLR and PCLM1−PCLM5.

Figure 15. Pictorial view of the open-circuit voltage (VOC) of PCLR and all of the newly modeled chromophores (PCLM1−PCLM5).

Table 9. Computed Open-Circuit Voltage (VOC), Normalized
VOC, Fill Factor (FF), and Power Conversion Efficiency
(PCE) of all Studied Molecules (PCLR and PCLM1−
PCLM5)

molecules
VOC
(eV)

normalized
VOC (eV) FF

Jsc (mA cm−2) (this
assumed short

circuit current was
taken from

reference paper)
PCE
(%)

PCLR 1.11 43.224 0.8918 9.7 9.603
PCLM1 1.40 54.517 0.9097 9.7 12.35
PCLM2 1.45 56.464 0.9122 9.7 12.83
PCLM3 1.52 58.796 0.9149 9.7 13.49
PCLM4 1.30 50.623 0.9043 9.7 11.40
PCLM5 1.74 67.306 0.9235 9.7 15.59
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PCE for all novelly designed molecules (PCLM1−PCLM5) in
comparison with that of the reference molecule (PCLR,
9.603%).

4. CONCLUSIONS
To summarize the above results, five pentacyclic aromatic
bislactam (PCL)-based small donor groups (PCLM1−
PCLM5) were fabricated from the reference PCLR, and their
optoelectronic properties were computed at the MPW1PW91/
6-31G** level. The newly modeled chromophores (PCLM1−
PCLM5) showed satisfactory and competent results from DFT
and TD-DFT computations. All of our novel molecules
exhibited a lower bandgap and a red-shifted λmax compared
with the reference PCLR due to their strong electron-pulling
moieties. The newly designed chromophores PCLM1 (796
nm), PCLM2 (775 nm), PCLM3 (874 nm), PCLM4 (777
nm), and PCLM5 (959 nm) displayed higher λmax values than
PCLR (662 nm) in a CHCl3 solvent. The bandgaps of the
devised molecules ranged from 1.66 to 1.99 eV, whereas that of
PCLR was 2.27 eV. Likewise, the binding energies of all
molecules were reduced in comparison with that of PCLR. An
increase in the dipole moment was seen for all molecules in the
CHCl3 solvent, as opposed to the gaseous phase, resulting in
better solubility and charge recombination. Moreover, the
minimal λe and λh values of all of these newly designedmolecules
represent their higher electron and hole mobility rates,
sequentially. The evaluation of the FMOs disclosed the uniform
dispersal of charge density in the HOMOs and LUMOs of the
newly fabricated molecules. According to a TDM analysis, the
bound electron−hole pairs of the newly designed donor
molecules (PCLM1−PCLM5) can be easily dissociated into
electrons and holes because of their lower interaction coefficient.
Furthermore, when scaled with a PC61BM acceptor, all of the
newly proposed molecules exhibited greater VOC values than
PCLR, which implies that these donor molecules play an
important role in increasing the operational efficiency. There-
fore, in this assay, highly productive PCE values in the range of
11.4−15.59% were estimated for the novelly designed molecules
based on the normalized Voc and FF, which predict an increase
in their photovoltaic efficiency compared with that of the
reference PCLR (9.603%). It has been summarized that
structural modification is an effective strategy to construct new
organic materials for designing OSCs in the near future.
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