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tigation of benzodithiophene-
based donor molecules in organic solar cells: from
structural optimization to performance metrics†

Syed Muhammad Kazim Abbas Naqvi, abc Faheem Abbas, d Sadaf Bibi,e

Muhammad Kamran Shehzad,f Norah Alhokbany,g Yanan Zhu, ab Hui Long,ah

Roman B. Vasiliev, h Zahid Nazir *a and Shuai Chang *ab

Achieving high power conversion efficiency (PCE) remains a significant challenge in the advancement of

organic solar cells (OSCs). In the field of organic photovoltaics (OPVs), considerable progress has been

made in optimizing molecular structures to improve the PCE. However, innovative material design

strategies specifically aimed at enhancing PCE are still needed. Here, we have designed BDTS-2DPP-

based molecules and propose a molecular design approach to develop donor materials that can

significantly improve the PCE of OSCs. Density functional theory (DFT) and time-dependent DFT (TD-

DFT) methods have been adopted in both gas and solvent phases. Our newly designed molecule M1

shows the highest absorption value (lmax = 846 nm), highest electron reorganization energy (le = 0.18

eV), and the lowest energy gap (Eg = 1.81 eV) among all the designed molecules. M1 molecule also

exhibits the highest dipole moment in both gas (10.62 D) and solvent phase (13.62 D), and their ground

and excited state dipole moment difference is also higher (me − mg = 2.99 D), which enhances its

separation to make it a suitable candidate for charge transfer between HOMO–LUMO (97%). Newly

designed molecule M3 is observed to have the highest voltage when the current is zero (Voc = 1.15 V)

highest PCE value (21.90%) and highest fill factor (FF) value (89.42%). The lowest excitation binding

energy is estimated by newly designed molecule M2 (Eb = 0.30 eV), which indicates a higher rate of

dissociation during the excitation as observed in transition density matrix (TDM) plots. Utilizing electron

density difference maps, the newly designed molecules in dichloromethane solvent exhibited consistent

intramolecular charge transfer (ICT). The designed molecules were evaluated against reference molecule

R to determine if they exhibit superior optoelectronic capabilities. It is found that all designed molecules

(M1–M5) exhibit reduced band gaps, are red-shifted in wavelength in comparison to a reference

molecule R, and have remarkable charge motilities in terms of reorganisation energies.
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1. Introduction

A scarcity of energy resources has been a direct result of the
continuous increase in the global population over the last few
decades.1,2 The world's fossil fuel reserves and other conven-
tional energy sources are rapidly depleting. In addition to
having a negative effect on the climate, burning fossil fuels is
a major cause of environmental damage leading to a threat-
ening level of global warming by the greenhouse effect.
Renewable, greener, safer, and more eco-friendly options must
be promptly pursued in order to solve the problem of limited
energy supply and to control environmental pollution.3

Replacing carbon based fuels with nuclear power, biomass,
solar power, hydropower, and wind power ensures little or no
carbon emissions to the environment. Solar power offers the
most promising potential among all these alternatives in terms
of sustainable, long-term, and inexpensive energy sources for
the globe. Modern society is tremendously encouraging solar
© 2024 The Author(s). Published by the Royal Society of Chemistry
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cells because of their many useful properties, such as their low
cost, great efficiency, and lack of carbon emissions.4 Inorganic
solar cells based on silicon are extensively used due to two
primary factors; they decrease the costs of producing solar cells
and enhance the efficiency of power conversion. Additionally,
they possess exceptional attributes like high thermal stability,
lower toxicity, and thermal resilience. The advantages of inor-
ganic solar cells are limited due to some disadvantages, like
being frail and xed levels of energy that cannot be adjusted.5,6

Organic solar cells (OSCs) are drawing increasing attention with
their power conversion efficiency (PCE) raised above 19%.7,8

There are primarily two categories of OSCs: those designed from
polymers and those derived from small molecules.9 The
synthesis method and the size of the individual moieties are the
foundations of this categorisation. The rst perovskite solar cell
(PSC) was created by Yu and colleagues using a combination of
C60 fullerene and poly[2-methoxy-5-(20-ethylhexyloxy)-p-phe-
nylenevinylene] (MEH-PPV), with a reported PCE of 3%.10

Mineral solar cells have been superseded by bulk hetero-
junction solar cells because of their superior PCE. A fullerene
derivative that accepts electrons and a p-conjugated polymer
that donates electrons are combined in the same phase.11 Uti-
lising derivatives of fullerene as electron acceptors and
a combination of multiple donor moieties, organic solar cells
based on fullerene achieve remarkable properties like wide
absorption range, tailored HOMO and LUMO levels for efficient
charge separation, high absorbance, and signicantly enhanced
hole mobility which boosts up the PCE tremendously in bulk
heterojunctions. As electron acceptors, fullerene derivatives
have several limitations, thus researchers are looking for alter-
natives with better properties.12 Non-fullerene derived organic
solar cells have high potential and superior performance,
aligning with the features seen in fullerene-based OSCs.13 Non-
fullerenes acceptors have enhanced light absorption in the
near-infrared (NIR) and visible regions, resulting in increased
photocurrent generation in photovoltaic systems. Fused ring
acceptors of electrons (FREAs) are very signicant in non-
fullerene based on OSCs due to their convenient synthesis,
purication, and ability to tune energy levels and exhibit
considerable absorption in the visible range.14 Devices based on
FREAs have been claimed to have an efficiency of around 20%.15

Small molecules and polymer groups are common components
of both the donor and acceptor groups. A new class of molecules
with characteristics shared by both small molecules and poly-
mers, known as oligomer molecules (OMs), has recently
evolved.16,17 Polymers have molecular weights that are more
than 10 000, while small molecules typically have a molecular
weight lower than 1000. The molecular weight range of oligo-
mers is between that of small molecules and polymers, with
values between 1000 and 10 000. For organic photovoltaic
systems, the benzo[1,2-b:4,5-b0] dithiophene unit (BDT) is an
excellent donor material.18,19 The planarity and p-conjugation of
its structure, which is both rigid and asymmetrical, allows for
efficient charge transfer. To make oligomer, BDT has been
linked to diketopyrrolopyrrole (DPP) units in the past. PCE of
around 6.03% was achieved in earlier research by switching out
BDT units with alkyl-thio units.20 The rate of hole transmission
© 2024 The Author(s). Published by the Royal Society of Chemistry
is hugely boosted as a result of this replacement. Due to the
elongation of p–p stacking on sides of chains that include
thiophene groups, the BDT unit with linear alkyl-thio groups
experiences an enhanced rate of hole transfer. Charge transfer
was further improved by adding strong electron-withdrawing
groups like DPP, which is planar like BDT.21

In this study, we have designed ve new BDTS-2DPP22 (refer-
ence molecule (R)) based donor molecules named as M1, M2, M3,
M4 and M5. The central unit in molecule R is a donor and the
acceptor groups are attached at its terminal end to make it A–p–
D–p–A. All the new molecules contain spacers in between to
connect donor and acceptor moieties for efficient charger trans-
fer. All these molecules are linked with ve different acceptor
groups on the end caps as represented in Fig. S1.† Molecule R
serves as the reference point with a well-balanced donor–acceptor
structure, providing a baseline for understanding the effects of
structural modications introduced in the other molecules.
Molecule M1 features an extension of the conjugated system by
adding a thiophene unit, which is intended to enhance electron
delocalization. This modication aims to improve light absorp-
tion and charge transport properties by increasing the effective
conjugation length. Molecule M2 introduces electron-
withdrawing groups on the donor part of the molecule and
extends the conjugated system through the incorporation of
a benzothiadiazole unit. These changes are designed to lower the
HOMO level, thereby increasing the Voc and potentially improving
the PCE. The additional conjugated units inM2 also contribute to
better light-harvesting capabilities. Molecule M3 incorporates
additional conjugated units, specically a thieno[3,2-b]thiophene
group, along with structural modications that increase the
planarity of the molecule. The enhanced planarity is expected to
improve p–p stacking interactions, which are crucial for efficient
charge transport, leading to better charge mobility and higher
overall efficiency. Molecule M4 features a more complex structure
with both electron-donating groups and an extension of the
conjugated system by incorporating a uorinated benzotriazole
unit. These modications further extend the p-system and are
expected to enhance the charge separation process by optimizing
the balance between electron donation and withdrawal. The
structural changes in M4 are aimed at increasing the FF and
overall device performance. Finally, molecule M5 represents the
most advanced design, combining the benecial aspects of M1
through M4. It includes strategic modications to both the donor
and acceptor units, along with additional conjugated systems
such as the integration of a fused aromatic ring system (e.g.,
dithieno[3,2-b:20,30-d]thiophene). These are designed to maximize
light absorption, charge separation, and transport, leading to the
highest theoretical PCE among the ve molecules.

The signicance of studying these molecules lies in their
potential to push the boundaries of organic photovoltaic
performance. By systematically varying the molecular architec-
ture, including the addition of specic conjugated units like
thiophene, benzothiadiazole, thieno[3,2-b]thiophene, uori-
nated benzotriazole, and fused aromatic rings, we aim to
identify the key features that contribute to higher efficiency,
stability, and scalability in organic solar cells. The insights
gained from this study are crucial for guiding the design of next-
RSC Adv., 2024, 14, 29942–29954 | 29943
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generation materials that could signicantly advance renewable
energy technologies. Density functional theory (DFT) and time-
dependent density functional theory (TD-DFT) serve as powerful
tools for conducting computational analysis and exploring the
intricate optoelectronic properties of designed molecules. The
designed molecules were evaluated against reference molecule
(R) to determine if they exhibit superior optoelectronic prop-
erties. It was observed that all designed molecules have reduced
band gaps, hence red-shied in assessment to reference mole-
cule R and have remarkable charge motilities.
2. Computational methodology

The calculations were conducted utilising the Gaussian09 simu-
lation package,23,24 and the results were visualised using Gauss-
View 6.0. To conrm which DFTmethod would be the best for the
designed molecules, reference molecule R was initially optimised
using four different functionals: B3LYP,25 CAM-B3LYP,26

MPW1PW91,27 WB97XD.28 Once the optimisation was completed
usingDFTmethod,29 the lmax of referencemolecule (622 nm)30was
found to be the best correlated with the MPW1PW91 functional
(683 nm). We found that for further photovoltaic study,
MPW1PW91 is the best functional because correlates with the
experimental value of lmax of reference molecule. So, all designed
molecules were optimised using the MPW1PW91/6-31G(d,p)
functional method. PyMOlyze-1.1 (ref. 31) was used for plotting
and visualising the graphs of the density of states (DOS). We also
computed other geometric factors like dipole moment (m),32

binding energies (Eb)33 and open circuit voltage (Voc).34 In order to
predict the nature of transitions for the reference and all designed
molecules, the transition density matrix (TDM)35 was analysed
usingMultiwfn soware.36 For analyzing the charge transfer in the
molecules, a critical factor known as reorganisation energy has
been used.37,38 The reorganization energy has a very strong relation
with the electron and hole motilities, and it is computed by using
equations fromMarcus theory.39 The equations for calculating the
reorganisation energy of electrons and holes are as follows:

le = [E−� − E−] + [E
�
− − E˚] (1)

lh = [E+� − E+] + [E
�
+ − E˚] (2)

E− is the anionic energy that has been optimised, and E
�
− is the

anionic energy from the neutral molecule aer optimisation. E+
is the cationic energy that has been optimised, and E

�
+ is the

cationic energy from neutral molecules of optimised structures.
E° are single-point energy calculations for both the positively
charged cation and the negatively charged anion whereas,
E+� , E−� , represents the cationic and anionic neutral energies
from their optimised structures.
3. Optoelectronic characteristics
3.1 Structural optimization

In this work, we optimised BDTS-2DPP (reference molecule R)
using four distinct functional such as; B3LYP, CAM-B3LYP,
WB97XD, and MPW1PW91 with basis set 6-31G(d,p).
29944 | RSC Adv., 2024, 14, 29942–29954
MPW1PW91 is the best chosen functional as the value of lmax

for this functional turns out to be 683 nm which matches well
with the experimental value i.e. 622 nm as depicted in Fig. S2.†
The reference molecule is altered by slight modications on the
terminal side with different acceptor groups connecting with
spacers. These modications are performed through the spacer
groups. Therefore, all the molecules followed the acceptor–
spacer–donor–spacer–acceptor combination. The reference
BDTS-2DPP and all designed molecules (M1–M5) are optimised
with the chosen functional MPW1PW91 to explore the opto-
electronic properties.

3.2 UV-visible spectral characteristics

To explore more useful insight into DFT functions, the geom-
etry of molecule R is optimised using a variety of approaches. In
the solvent phase, the molecule R is optimised using different
functionals such as B3LYP, MPW1PW91, CAM-B3LYP, and
WB97XD. The values of different parameters like absorption
prole (lmax), light harvesting efficiency (LHE), percentage
assignments (S0–S1), dipole moments (m), excitation energy (EX),
oscillator strength (f) for gas phase and solvent phase are shown
in Tables S1 and S2.† The change in lmax values of all the
designed molecules (M1–M5) in contrast with reference mole-
cule R is due to the introduction of acceptor groups to the donor
core of the material. All the designed molecules (M1–M5) have
greater lmax and are red-shied in absorption spectra in
contrast to the reference molecule R. The highest lmax is shown
by molecule M1 (846 nm) in dichloromethane (CH2Cl2). The
lmax values of all the designed molecules using dichloro-
methane came out to be M1 (846 nm), M2 (748 nm), M3 (710
nm), M4 (699 nm), andM5 (707 nm) respectively, and are shown
in Fig. 1(a) and (b). As molecule M1 shows the maximum
absorption strength of 846 nm and minimum band gap of
1.81 eV as depicted in Fig. S3† and tabulated in Table 1, hence
it is the procient donor material among all designed
molecules.

3.3 The frontier molecular orbitals (FMOs)

When a bridge unit connects a donor and acceptor region, there
is a less energy band gap that facilitates efficient charge trans-
fer. The donor segment is positioned in the centre of the
molecule, with end-capped acceptor segments located at the
terminals representing two states of energy: one in which elec-
trons are located and another in which they can be promoted.
An important factor in a material's electrical and optical prop-
erties is its band gap. For efficient charge movement and light
absorption, an ideal band gap is required. The linkage between
the donor and acceptor units is established using thiophene
bridges.40 The band gap for reference molecule R is 2.24 eV, as
reported by the FMOs, with HOMO energy of −5.05 eV and
LUMO energy of −2.81 eV. When an electron density is excited,
it moves from an electron donor to an electron acceptor region.
The electron density of the HOMO and LUMO in reference
molecule R is mostly concentrated on the whole molecule,
including the donor, acceptor, and bridge fractions. The HOMO
of the molecule M1 is formed by contributions from the donor,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Graphically illustration of UV-vis absorption of reference molecule R and designed molecules (M1–M5), in gas phase as well as in solvent
(CH2Cl2).

Table 1 The theoretically calculated HOMO–LUMO and energy gap
(Eg) values of reference molecule R and designed molecules (M1–M5)
using the MPW1PW91/6-31G(d,p) level of theory

Molecules EHOMO (eV) ELUMO (eV) Eg (eV)

R −5.05 −2.81 2.24
M1 −5.14 −3.33 1.81
M2 −5.07 −3.12 1.95
M3 −5.15 −2.98 2.17
M4 −5.07 −2.86 2.21
M5 −5.12 −3.01 2.11
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acceptor, and bridge. Conversely, the LUMO signal within the
molecule M1 exclusively illuminates the acceptor bridge elec-
tron density. The electron density in the HOMO of molecules
M2, M3, M4, and M5 is mostly generated by the donor and
spacer units, with no contribution from the acceptor moieties in
these molecules. Absorption of longer wavelengths of light is
Fig. 2 FMOs diagram of reference molecule R and all newly designed m

© 2024 The Author(s). Published by the Royal Society of Chemistry
possible when the energy gap is reduced. Having the capacity to
absorb light in the red and near-infrared parts of the spectrum
is a practical property of materials with a low energy gap. The
energy levels in these zones are lower than those of blue or UV
light. The LUMO of molecules M2 and M5 is determined by the
electron density located on the acceptor moieties, whereas the
LUMO of molecules M3 and M4 is inuenced by the contribu-
tion of both the acceptor and the bridge unit. Fig. 2 illustrates
that all the designed molecules have the capability to efficiently
transmit charges. The Eg values of designed molecules M1–M5
and the reference molecule R are listed in Table 1, along with
the HOMO and LUMO energies. M1, with its lowest bandgap
(1.81 eV), has been selected as the most effective molecule
among all molecules. The lowest bandgap is seen in molecule
M1, suggesting that it may easily shi between the HOMO to the
LUMO (Fig. S3†). Therefore, it may be inferred that M1 has the
lowest band gap, as seen in Fig. S3.† It exhibits the smoothest
transitions among all newly engineered molecules.
olecules (M1–M5).

RSC Adv., 2024, 14, 29942–29954 | 29945
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3.4 Density of state analysis (DOS)

The DOS gives information regarding the quantity of electronic
states that are accessible at each energy level. The signicance
of this factor in OSCs lies in its direct inuence on the creation
of electron–hole pairs (also known as exciton) when light is
absorbed, as well as their subsequent separation and the
collection of charges at electrodes. In order to examine the
electronic distribution and analyse the electron density contri-
bution in both the conduction and valence bands, DOS calcu-
lations were conducted using the MPW1PW91/6-31G(d,p). The
different colours in Fig. 3, are used to represent distinct donor
and acceptor groups. Additionally, they provide the individual
and collective contributions of each segment in the DOS spec-
trum. The elevated peaks in the DOS graphs, resulting from
increased electron density, indicate a greater degree of attrac-
tion between the connected groups. The PyMOlyze-1.1 program
was used to analyse DOS plots. Fig. 3 provides a clear picture
about how the donor core transmits electron density to the
acceptor units. The bridging units are what make this density
transfer possible. The donor peaks exhibit strong intensity in
the HOMO, whereas the acceptor intensity is notably high in the
LUMO. This observation is most precisely seen in molecules
M1, M2, and M5. The DOS spectra of the M1 molecule
demonstrate the segregation of red peaks (representing the
acceptor unit) from black peaks (representing the donor unit) in
the LUMO region. This provides compelling evidence for the
existence of a very potent acceptor unit in the M1 molecule. The
examination of the spectra indicates that the primary factors
that affect the transfer of charge involve the acceptor and donor
components via the spacer group. The ndings obtained from
DOS spectra are consistent with the FMOs.
Fig. 3 DOS graphs for reference molecule R and designed molecules.

29946 | RSC Adv., 2024, 14, 29942–29954
3.5 Reorganization energy (RE)

RE (l) plays a vital role in dening the improved photovoltaic
properties of materials designed for future applications in
organic solar cells. It facilitates the investigation of the energies
of electrons (le) and holes (lh) during molecular excitations and
has an inverse relationship with charge transfer. Determining
the effect of molecular reorganization on the transport of
charges, namely electrons and holes, inside organic solar cell
materials is the main reason for calculating RE. The symbol l
can be separated into two components: lint, which species the
interior geometries, and lext, which denes the exterior polar-
isation environment. The value of lint can be determined using
equations from Marcus' theory since the energies of anions,
cations, and neutral molecules inuence it. Marcus theory
describes the rate at which an electron can transfer between two
molecules, considering factors such as the reorganization
energy (l) and the driving force of the reaction (DG). The theory
provides a relationship between the rate of electron transfer and
these key parameters, predicting that the rate increases with
decreasing reorganization energy and reaches a maximum at
a specic point where the driving force equals the reorganiza-
tion energy. The signicance of Marcus theory in our study lies
in its ability to explain the impact of molecular structure on
electron transfer efficiency. By analyzing the reorganization
energies of the molecules, we can predict their electron transfer
rates and, consequently, their performance in photovoltaic
applications. Lower reorganization energies, as suggested by
Marcus theory, are indicative of more efficient charge transport,
which is crucial for achieving higher power conversion effi-
ciencies in organic solar cells.41 The reorganisation energies are
shown in Table 2. RE for electron transfer of all the designed
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The reorganization energies of holes (lh) and electrons (le) for
the reference molecule R and designed molecules (M1–M5) using the
MPW1PW91/6-31G(d,p) level of theory

Molecules lh le

R 0.143 0.146
M1 0.185 0.113
M2 0.157 0.099
M3 0.164 0.078
M4 0.139 0.099
M5 0.119 0.108
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molecules is lower than reference molecule R. Therefore, it is
evident that all designed molecules exhibit excellent electron
mobility. The molecule M3 has the lowest RE value for electron
transfer, lext indicating that it may effectively transfer charges.
RE for electron transfer exhibits an ascending trend as: M3 <M2
= M4 < M5 < M1 < R.
3.6 Dipole moment (m)

The dipole moment serves as a promising factor in assessing
the material's solubility in organic solvents and plays a crucial
role in enhancing the effectiveness of OSCs.42 The energy levels
of materials can be changed by molecular dipole moments,
particularly the HOMO and LUMO values. This may improve
energy balance at donor–acceptor interfaces in OSCs. If
a material's polarisation is strengthened by a strong dipole
moment, it is feasible to achieve a rise in the dielectric constant.
This improved polarisation may lead to an increase in charge
mobility and a lower recombination rate of separate charges
(electrons and holes), hence decreasing the coulombic affinity
between them. For the charges to be transferred between the
materials and collected at the electrodes efficiently, this align-
ment is crucial. A direct relation between the dipole moment
and solubility means that the higher the dipole moment of any
material, the higher will be its solubility. Higher mobility
improves molecular symmetry, which increase charge mobility
and facilitates charge movement. The dipole moment of all
designed molecules is determined by DFT-MPW1PW91/6-
31G(d,p). Table 3 shows the m values in the ground and
excited states of the solvent. Molecule M1 shows the highest m
in both states i.e. ground state as well as in excited state, hence
it will be the best molecule for its use in lm formation because
higher m leads to enhanced crystallinity.43 All the designed
Table 3 The dipole moments of reference molecule R and designed
molecules (M1–M5) at the ground state (mg) and the excited state (me)
using the MPW1PW91/6-31G(d,p) level of theory

Molecules mg me me − mg

R 3.143 3.942 0.799
M1 10.625 13.624 2.999
M2 4.211 5.688 1.477
M3 7.723 9.786 2.063
M4 4.041 4.228 0.187
M5 6.360 6.360 0.000

© 2024 The Author(s). Published by the Royal Society of Chemistry
molecules show greater m values than the reference molecule R.
All of the designedmolecules and the referencemolecule R have
m values in the order of: M1 > M3 > M5 > M2 > M4 > R. Hence,
M1 will show better photovoltaic stability as well as solubility in
dichloromethane solvent.

3.7 Open circuit voltage (Voc)

PCE of OSCs is dened by a critical factor named open-circuit
voltage. It is the highest voltage by a device when the device is
present at zero current. A high Voc requires an acceptor mole-
cule with a high LUMO energy level and a donor molecule with
a low HOMO energy level.44 The energy disparity between an
acceptor material's LUMO and HOMO, as compared to the
substance of the material being applied, is the primary deter-
minant of a material's Voc. To enhance charge separation and
extraction, the position of these energy levels can be tuned to
achieve a greater Voc. All the designed molecules show proper-
ties of electron donation hence their HOMO values are corre-
lated with some acceptor LUMO values. The acceptor used in
the current work is PCBM. The equation used to nd the values
of open circuit voltage is as follows:

Voc ¼
���ED

HOMO

��� ��EA
LUMo

��
e

�
� 0:3 (3)

In the above equation, energies are represented by E, the
charge on the discrete molecule is represented by e, and 0.3 is
the empirical factor. The Voc values of reference molecule R and
designed molecules are shown in Fig. 4. The Voc values of
reference molecule R and designed molecules (M1–M5) are
1.05 V, 1.14 V, 1.07 V, 1.15 V, 1.07 V and 1.12 V respectively. The
molecular structures have variations in conjugation and the
presence of electron withdrawing or electron donating groups,
which directly affect these energy levels. For instance, molecules
M1 and M3, which incorporate additional conjugated units or
electron withdrawing groups, exhibit higher Voc values. These
structural modications result in a larger energy gap between
the HOMO and LUMO, thereby increasing the Voc compared to
the reference molecule R. All designed molecules have more Voc
Fig. 4 Voc values of reference molecule R and all designed molecules
(M1–M5) calculated with regard to the PCBM.
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in comparison to reference molecule R, hence they are better
donor materials than reference molecule R. M3 exhibits the
highest Voc (1.15 V) value, hence it is the most efficient molecule
among all designed molecules and it has the potential to serve
as donor molecules for solar cells applications.
3.8 Transition density matrix (TDM)

The electron–hole and excitation motilities are effectively
elucidated through a comprehensive analysis of TDM graphs.45

The charge density distribution in fragments as well as in
associations between donor and acceptor subunits can be
investigated using TDM graphs.46 The hydrogen atoms have
been excluded because of their minor contribution. In order to
analyse the TDM graphs properly, the fragments of our
designed molecules have been generated i.e. A (end-capped
acceptor groups) and D (donor core unit) as shown in Fig. 5.
TDM graphs of reference molecule R and designed molecules
are depicted in Fig. 5. In reference molecule R and designed
molecules, the electron density resides on the donor unit and is
distributed efficiently towards the acceptor units through the
bridge unit. The charge transfers and exciton dissociation vary
inversely with the interaction coefficient. The designed
Fig. 5 TDM plots of reference molecule R and designed donor molecu

29948 | RSC Adv., 2024, 14, 29942–29954
molecule M2 exhibits better charge distribution hence, gives
better results by the reference molecule R.
3.9 Exciton binding energy (Eb)

The exciton binding energy, which is the energy required to
separate an electron hole pair into free charge carriers, plays
a crucial role in determining the performance of photovoltaic
materials. When the exciton binding energy is reduced, the
probability of exciton dissociation increases, leading to a higher
generation of free charge carriers. This can improve the Jsc and
overall PCE of the material. Conversely, if the exciton binding
energy is high, excitons are less likely to dissociate, which can
result in signicant recombination losses, thereby reducing the
device's efficiency. The dissociation of exciton potential can be
assessed by exciton binding energy denoted by Eb.47 Both elec-
tron and hole pairs have a direct relation with Eb. For that
reason, it is the superior method to study the photophysical and
optoelectronic characteristics of designed molecules.32,48 The
output of a device will be good if the Eb is lower. The lower Eb
will consequently make the coulombic interactions lower as it
has a direct relation and will give higher charge dissociation
because charge dissociation is inversely related to the binding
energy. Eb is calculated using the equation below49
les (M1–M5) at the same level of theory.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Eb = Eg − Eopt (4)

where, Eg is the energy bandgap, and Eopt is the minimum
energy required for the rst transition. Table S3† displays the
theoretically computed Eb of reference molecule R and each of
the proposed molecules.

We observed that molecule M1 has a slightly lower binding
energy compared to the reference molecule R, suggesting that
the exciton in M1 is less tightly bound. This could facilitate
better charge separation upon excitation, potentially enhancing
device efficiency by increasing the generation of free charge
carriers. Molecule M2 exhibits the lowest binding energy among
the molecules studied, indicating the weakest exciton binding.
This characteristic is generally favorable for photovoltaic
applications, as it promotes the efficient dissociation of exci-
tons into free carriers, which could signicantly boost device
performance. On the other hand, molecule M4 has the highest
binding energy (0.44 eV), indicating very strong exciton binding.
While this could lead to lower photovoltaic efficiency due to
reduced free carrier generation, it might be advantageous in
systems where controlled exciton diffusion is required before
charge separation. Overall, the variation in exciton binding
energy across the molecules demonstrates its signicant impact
on their photovoltaic performance, with lower binding energies
generally promoting better charge separation and higher effi-
ciency. As molecule M2 has the smallest Eb value out of the ve
molecules that were designed; hence, it improves charge sepa-
rationmore than reference molecule R and the other molecules.
The increasing Eb order is as M2 < M1 < M5 < M3 = R < M4.
3.10 Non-covalent interaction (NCI)

Covalent bonds are used to examine the disposition of all
bonded atoms inside the primary structure of a molecule. On
Fig. 6 Non-covalent interactions in reference molecule R and all design

© 2024 The Author(s). Published by the Royal Society of Chemistry
the other hand, NCI like hydrogen bonds, aerogen bonds,
chalcogen bonds, p–p and n–p* stacking, hydrophobic inter-
actions, and p anion and cation are used to regulate aggrega-
tion, conformation, stabilisation, tertiary structure, and
quaternary structures.50,51 Non-covalent interactions are
affected by the local environment created by coordinated atoms.
These interactions help in maintaining the structure and
functioning of molecules.52,53 Steric hindrance, hydrogen bonds
(HBs), and van der Waals interactions (vdW) are examined in
the NCI plot.54 Kinetic energy and electronic densities are used
for analysing NCI. NCI plots rely on electron density (r) and
reduced density gradient (s).55,56 r, and s combine to give an
estimation of bonding regions. Low r and low s give NCI.
Interaction can be repulsive or attractive according to the sign
of Hessian eigenvalue (l2). This distinguishes steric hindrance
or non-bonding interactions (l2 > 0) from bonding interactions.
Cut-off values are necessary to obtain a 3D isosurfaces plot.
Reduced-gradient Iso-value is referred to as the rst cut-off.57

Mapping r against s-isosurfaces results in two cut-off values
referred to as r− cut and r+ cut. These cut-offs are required for
setting the scale of colours. The blue scheme represents r− cut
(attractive) while the red-green-blue scale combined with red
denotes r+ cut (repulsive) as shown in Fig. 6. Electron density
itself can differentiate hydrogen bonds from other intermolec-
ular interactions. The peak of the hydrogen bond is observed at
approximately r z −0.05.57 It appears as a blue localised NCI
domain. Peaks appearing within the r− region indicate weaker
interactions and are depicted in green colour. These interac-
tions lie in the centre of the NCI plot. Highly dense localised
blue region of hydrogen bond shows strong intermolecular
interaction as compared with wide regions of other weaker
interactions.58 By default, RDG isosurfaces are kept at 0.5. A
high-quality grid (0.016 Bohr) is used because the number of
ed molecules (M1–M5).
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atoms in designed molecules is large and is necessary to obtain
satisfactory graphical quality. In molecule R, a dense blue
colour region indicates a hydrogen bond while a dense green
region at −0.01 au indicates vdW interactions as depicted in
Fig. 6. These interactions predominate over the scattered steric
clashes which appear between 0.02 and 0.05 au. In M1, the less
dense blue region shows slightly weak hydrogen bonds. Red-
coloured steric clashes are much lesser when compared with
the reference molecule R. Also, less dense green region indi-
cates scattered vdW interactions. In M2, both steric clashes and
vdW interactions are less dense where hydrogen bond
predominates. M3 shows a similar trend to R in all three
regions. There is a slight difference in the density of green
region in M3. M4 shows a solid dense blue region indicating
stronger hydrogen bonds. Regions of steric hindrance and vdW
interactions are also scattered more. M5 shows a less dense blue
region of hydrogen bonds. A less dense green region shows
scattered vdW interactions. These interactions do not show
a clear peak of vdW interactions. Steric clashes are also scat-
tered and do not show clear peaks. If we compare these regions
among reference molecules and all other designed molecules,
M1 and M5 do not show dense blue regions of hydrogen bonds.
There are many scattered areas of green region showing scat-
tered vdW interactions. Reference molecule R and M4 show
Fig. 7 Electron density differences maps of reference molecule R and d
MPW1PW91/6-31G(d,p) level of theory at A–p–D–p–A combination in d
gain electronic cloud).

29950 | RSC Adv., 2024, 14, 29942–29954
a more similar region of steric clashes lying between 0.01 and
0.05 au. Reference molecule R and M3 show a similar region of
vdW interactions. Hydrogen bonds in blue region dominate
over all other interactions but this approach is not well dened
in molecule M5 which shows much scattered regions. Reference
molecule R, M1, M2, M3 and M4 show vdW interactions in the
range of −0.01 to 0.02 au. There is no clear spike of these
interactions in M5. In M1 and M5 more scattered vdW inter-
actions are present. Fig. 6 shows all these interactions in
reference molecule R and all designed molecules.

3.11 Electron density differences maps (EDDMs)

Essential for understanding the stability of molecules, the
EDDM quanties the electronic charge transfer. Disparities in
the accumulation and decline in charge density in different
regions may explain why the studied molecules exhibit different
levels of intermolecular charge transfer (ICT). Reference mole-
cule R and proposedmolecules 2D EDDmaps are highlighted in
Fig. 7. The molecules under study have holes only and electrons
at their acceptor and donor sites, respectively. Consequently, we
used dichloromethane as a solvent to simulate EDDmaps of the
investigated compounds at the MPW1PW91/6-31G(d,p) at
a theoretical level. The cubegen and cubeman tools from the
G09 package were used for this analysis. Whereas different
esigned donor molecules (M1–M5). All maps are constructed using the
ichloromethane solvent (purple = loose electronic cloud, cyan-blue =

© 2024 The Author(s). Published by the Royal Society of Chemistry
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colours (like cyan-blue and purple) appear on EDDmaps, which
represent different electron densities. The purple area repre-
sents a loss in electron density resulting from charge transfer,
whereas the cyan-blue area represents an increase in electron
density. The purple area acquires its density from the cyan-blue
zone. All of the EDD map plots showed that there was constant
ICT. All of these points to the same ICT via bridges between the
donor core in the middle and the acceptor fragment at the end
as the likely source of the red shi. So, the studied compounds
might be used as efficient acceptor materials in organic
photovoltaic cells, leading to better efficiency.
3.12 Fill factor (FF)

The FF plays a signicant role in inuencing the power
conversion efficiency of an organic solar cell. FF is calculated by
the following formula:59

FF ¼
eVoc

kBT
� ln

�
eVoc

kBT
þ 0:72

�

eVoc

kBT
þ 1

(5)

where, Voc, kB, T, and e represent the open-circuit voltage,
Boltzmann constant, the temperature at 300 K, and the
elementary charge of a molecule respectively. Table 4 shows the
calculated FF of all molecules. The calculated FF value of the
reference molecule R is 88.66%. Furthermore, the estimated FF
value of designed molecules ranges from 88.82% to 89.42%. It
describes that the designed molecules exhibit a higher FF value
than the reference molecule R. The planarity and rigidity of the
molecular structures signicantly inuence p–p stacking
interactions, which in turn affect charge mobility. Molecules M1
and M3, which show the highest FF values benet from
enhanced p–p stacking due to their more planar and rigid
structures. These characteristics reduce charge recombination
and allow for more efficient charge transport, leading to higher
FF values. In contrast, molecules with less optimized stacking,
like R, display slightly lower FF due to less efficient charge
mobility. Higher FF values indicate the efficacy of newly
designed molecules assembled as future solar devices. Hence,
the FF increasing pattern is as follows an increasing order of R <
M2 = M4 < M5 < M1 < M3. Among the designed molecules, M1
exhibits the second highest FF and PCE values which make it
a suitable candidate to be used as a potential future solar cell
device.
Table 4 Theoretically calculated value of open circuit voltage (Voc), fill
factor (FF), and power conversion efficiency (PCE) of reference
molecule R and designed molecules (M1–M5)

Molecules Voc (V) FF (%) PCE (%)

R 1.05 88.66 19.82
M1 1.14 89.33 21.69
M2 1.07 88.82 20.24
M3 1.15 89.42 21.90
M4 1.07 88.82 20.24
M5 1.12 89.18 21.27

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.13 Power conversion efficiency (PCE)

The PCE of a solar cell is measured by adding up all of its output
results to see how well the material is made for practical
purposes. The equation is provided below:

PCE ¼ Voc Jsc FF

Pin

(6)

where Pin stands for the power of the incident rays. The JSC is an
experimental value of 21.3 mA cm−2 obtained from previous
research.60 Fig. S4† shows the graphical representation of the
PCE value of all investigated molecules concerning the refer-
ence molecule. The increase in PCE value results from alter-
ations at the terminal side, where various electron withdrawing
groups are attached. These groups help disperse the electronic
cloud between the donor core and the acceptor part of the
molecule. The molecular structures that enhance Voc and FF
also contribute to higher PCE. Molecules like M1 and M3, with
their extended conjugation and optimized electronic properties,
show higher PCEs due to their ability to better harness light,
efficiently separate charges, and transport them with minimal
losses. The structural modications in thesemolecules enhance
their ability to absorb a broader spectrum of light and facilitate
charge transport, leading to improved overall efficiency.

The M3 molecule has the highest estimated PCE value of
21.90%, followed by M1 with a value of 21.69%. Therefore, by
making appropriate alterations to the reference molecule at the
end, the new molecules exhibit the highest PCE, FF, and Voc
values compared to the reference molecule. These new mole-
cules can be utilised in future solar devices to achieve the
highest PCE value through practical application, as determined
by experimentalists.
4. Conclusions

In summary, our study presents a comprehensive study into the
molecular design and characterisation of A–p–D–p–A end-
capped structured molecules for improving the photovoltaic
efficiency of organic solar cells (OSCs). We have successfully
designed ve BDTS-2DPP-based donor molecules and employed
theoretical approaches, including DFT and TD-DFT methods, to
evaluate their performance in OSCs. Our study demonstrates
that molecule M1 exhibits exceptional photovoltaic character-
istics, including maximum absorption at 846 nm, and highest
le of 0.18 eV, with a narrow energy band gap of 1.81 eV.
Furthermore, our ndings reveal that M1 displays a high dipole
moment in both the gas phase (10.62 D) and solvent phase
(13.62 D) and efficient charge transfer capability between the
HOMO and LUMO states with efficiency of up to 97%, making it
a promising candidate for enhancing charge separation and
transport in OSCs. Molecule M3 also shows potential with its
high Voc of 1.15 V, highest PCE value (21.90%) and highest ll
factor (FF) value (89.42%), indicating its potential for efficient
charge collection. The minimum excitation binding energy
determined by molecule M2 (Eb = 0.30 eV) suggests a higher
dissociation occurring during excitation. The high electron
density seen in the newly formed M2 molecule when dissolved
RSC Adv., 2024, 14, 29942–29954 | 29951

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04818k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 9
:3

5:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
in solvent is likely a result of its strong dissociation in a solva-
tion environment. The comparison of the designed compounds
with the reference molecule R reveals that all newly designed
molecules (M1–M5) exhibit a reduced band gap, are red-shied
towards longer wavelengths relative to reference molecule R,
and demonstrate remarkable charge motilities. Overall, our
ndings contribute to the advancement of organic photovoltaic
and offer potential avenues of device engineering for the
development of next-generation OSCs with improved efficiency
and stability.

Data availability

Data for this article obtained from density functional theory
(DFT) and time-dependent density functional theory (TD-DFT)
methods, including geometry optimisation, density of states
(DOS) analysis, natural transition orbitals (NTO), transition
density matrix (TDM) calculations, and total energy computa-
tions, are available at Mendeley Data at https://doi.org/
10.17632/64tf9v78n3.2.

Author contributions

S. Chang and F. Abbas conceived and directed the project; S. M.
K. A. Naqvi, M. K. Shehzad, S. Bibi, and Y. Zhu prepared the
models, carried out the simulations and prepared the gures;
S. M. K. A. Naqvi, N. Alhokbany, Zahid Nazir, H. Long, R. B.
Vasiliev and S. Chang analysed the data, interpreted the results
and wrote the manuscript.

Conflicts of interest

No potential conicts of interest have been disclosed by the
authors.

Acknowledgements

This work is supported by the 2022 Shenzhen Fundamental
Research Program (20220818150511001), the National Natural
Science Foundation of China (22173009, 22211530439), and the
National Key Research and Development Program for Young
Scientists (2021YFB3601700). The authors extend their sincere
appreciation to Researchers Supporting Project number
(RSP2024R253), King Saud University, Riyadh, Saudi Arabia.

References

1 J. Wang and W. Azam, Natural resource scarcity, fossil fuel
energy consumption, and total greenhouse gas emissions
in top emitting countries, Geosci. Front., 2024, 15(2), 101757.

2 S. Mouassa, A. Alateeq, A. Alassaf, R. Bayindir, I. Alsaleh and
F. Jurado, Optimal power ow analysis with renewable
energy resource uncertainty using dwarf mongoose
optimizer: case of ADRAR Isolated electrical network, IEEE
Access, 2024, 12, 10202–10218.

3 L. Chen, Y. Zhang, Z. Chen, Y. Dong, Y. Jiang, J. Hua, Y. Liu,
A. I. Osman, M. Farghali, L. Huang, et al., Biomaterials
29952 | RSC Adv., 2024, 14, 29942–29954
technology and policies in the building sector: a review,
Environ. Chem. Lett., 2024, 22(2), 1–36.

4 M. U. Khan, F. Shaq, M. R. S. A. Janjua, M. Khalid,
J. Yaqoob, M. Arshad, S. M. Alshehri and R. A. Khan,
Predicting benzodithiophene based donor materials with
enhanced 19.09% PCE, Open-circuit voltage and
optoelectronic attributes for solar cell applications:
photochemical insights from DFT, J. Photochem. Photobiol.,
A, 2024, 446, 115115.

5 B. Zhang, G. Lei, S. You, W. Zhao and H. Liu, DFT
Investigation of structural stability, optical properties, and
PCE for all-inorganic Csx(Pb/Sn)yXz halide perovskites,
Inorg. Chem., 2024, 63(7), 3303–3316.

6 M. Kandasamy, S. Suresh, M. D. Kumar, S. Murugesan,
M. Selvaraj, K. P. Ananth, N. Kumar, A. Husain,
N. Pugazhenthiran and P. Sathishkumar, Combined
experimental and DFT investigation on photovoltaic
performance of low-cost metal-free organic dye-sensitized
solar cells, Inorg. Chem. Commun., 2024, 164, 112406.

7 K. Liu, Y. Jiang, G. Ran, F. Liu, W. Zhang and X. Zhu, 19.7%
efficiency binary organic solar cells achieved by selective core
uorination of nonfullerene electron acceptors, Joule, 2024,
8(3), 835–851.

8 Z. Chen, W. Song, K. Yu, J. Ge, J. Zhang, L. Xie, R. Peng and
Z. Ge, Small-molecular donor guest achieves rigid 18.5% and
exible 15.9% efficiency organic photovoltaic via ne-tuning
microstructure morphology, Joule, 2021, 5(9), 2395–2407.

9 H. Yao and J. Hou, Recent advances in single-junction
organic solar cells, Angew. Chem., Int. Ed., 2022, 61(37),
e202209021.

10 F. G. Brunetti, R. Kumar and F. Wudl, Organic electronics
from perylene to organic photovoltaics: painting a brief
history with a broad brush, J. Mater. Chem., 2010, 20(15),
2934–2948.

11 Y. Huang, E. J. Kramer, A. J. Heeger and G. C. Bazan, Bulk
heterojunction solar cells: morphology and performance
relationships, Chem. Rev., 2014, 114(14), 7006–7043.

12 J. Yi, G. Zhang, H. Yu and H. Yan, Advantages, challenges
and molecular design of different material types used in
organic solar cells, Nat. Rev. Mater., 2024, 9(1), 46–62.

13 J. Xie, W. Lin, D. Wang, Z. H. Lu, K. Zheng and Z. Liang,
Sequentially N-doped acceptor primer layer facilitates
electron collection of inverted non-fullerene organic solar
cells, Adv. Funct. Mater., 2024, 34(9), 2309511.

14 X. Zhang, X. Gu and H. Huang, Low-cost nonfused-ring
electron acceptors enabled by noncovalent conformational
locks, Acc. Chem. Res., 2024, 57(6), 981–991.

15 A. Karki, A. J. Gillett, R. H. Friend and T. Nguyen, The path to
20% power conversion efficiencies in nonfullerene acceptor
organic solar cells, Adv. Energy Mater., 2021, 11(15), 2003441.

16 H. Wang, C. Cao, H. Chen, H. Lai, C. Ke, Y. Zhu, H. Li and
F. He, Oligomeric acceptor: a “two-in-one” strategy to
bridge small molecules and polymers for stable solar
devices, Angew. Chem., Int Ed., 2022, 134(23), e202201844.
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