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hotovoltaic properties of
phenylsulfonyl carbazole-based materials by
incorporating a thiophene ring and end-capped
acceptors for organic solar cells: a DFT approach†

Muhammad Khalid, *ab Laiba Amir,ab Muhammad Arshad,c Iqra Shafiq,ab

Ataualpa Albert Carmo Braga d and Khalid Abdullah Alrashidie

In the present study, phenylsulfonyl carbazole-based organic chromophores, abbreviated as PSCD1–

PSCD6, were designed through tailoring the terminal group of a PSCR chromophore. Quantum chemical

studies were carried out using the M06/6-311G(d,p) functional to understand the electronic, structural,

chemical, and optical properties of the title chromophores. All the derivatives exhibited reduced band

gaps with DE = 2.742–3.025 eV and significant bathochromic shifts with lmax = 496.891–545.009 nm

compared with PSCR. DOS and TDM investigations revealed that the central acceptor moiety plays

a crucial role in charge transfer. The minimal binding energy values for PSCD1–PSCD6 indicated

a greater rate of exciton dissociation and more effective charge transfer than PSCR. The studied

compounds exhibited open-circuit voltages (Voc) ranging from 1.015 to 1.720 V. PSCD4 showed

a significantly reduced band gap of 2.742 eV and a red-shifted absorption maximum of 545.009 nm,

among all the studied chromophores. These findings suggest that all the designed organic

chromophores might be utilized as reasonable photovoltaic materials.
Introduction

Solar energy is an abundant, renewable resource that could
enhance environmental health by minimizing the ecological
impacts associated with fossil fuels.1,2 Through efficient har-
nessing, it can support the drive toward a sustainable energy
future and efforts to mitigate pollution and reduce greenhouse
gas emissions.3 Organic solar cells (OSCs) have emerged as
a promising technology within this framework owing to their
unique qualities, such as exibility, light weight, and compati-
bility with roll-to-roll manufacturing.4 Typically, OSCs consist of
a bulk heterojunction (BHJ) structure, where electron donor and
acceptor materials are blended to enhance charge separation
and energy conversion.5 By carefully designing and optimizing
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the morphologies of these donor and acceptor components,
scientists have developed OSCs capable of achieving impressive
power conversion efficiencies (PCEs) of up to 19.9%.6 This
efficiency stems from the capacity of OSCs to absorb light across
a broad spectrum, from the visible to the infrared region, and
their molecular exibility allows tuning of their energy gaps to
maximize light absorption.7 Consequently, OSCs are considered
a viable solution for eco-friendly energy generation and could
contribute to the transformation of the current energy system to
a sustainable, lower-impact energy grid.8,9

Among the many classes of OSCs, fused-ring electron
acceptors with an A1–p–A2–p–A1 conguration are widely used
in OSCs.10 Various molecular congurations, such as D–p–D–p–
A, A–p–D–p–A, A–p–A–p–A, D–p–A, and A–p–A, have been
extensively studied to optimize the photovoltaic properties of
OSCs. Introducing strong electron-withdrawing groups on
terminal acceptor moieties, coupled with a donor unit core,
signicantly reduces band gaps and binding energies. This
approach also broadens the absorption spectrum as well as
enhances the exciton dissociation rate and open-circuit voltage
of OSCs.11

OSCs based on (phenylsulfonyl)-7H-benzofuro[2,3-b]carba-
zole derivatives exhibit several advantageous properties for use
in solar cells, including strong light absorption, nely tunable
energy levels, and excellent charge-transport characteristics.
Their potential to improve the efficiency and stability of OSCs
RSC Adv., 2025, 15, 5965–5976 | 5965
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Fig. 1 Modification of the reference compound (PSCR) to design its derivatives using different end-capped acceptor moieties.
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makes them valuable candidates for further research and
development in the eld of photovoltaics.12 This class of mate-
rials combines the electroactive and photophysical benets of
both carbazole and benzofuran structures, resulting in high
charge mobility and stability. The carbazole core possesses
a rigid planar structure, which promotes effective p–p stacking
interactions and efficient charge transport within the photo-
voltaic material. Additionally, carbazole's relatively high oxida-
tion potential makes it suitable for use in the hole-transport
layer, improving charge separation and reducing recombina-
tion losses in devices. Because of these features, carbazole is
considered a highly signicant and versatile building block in
the development of high-performance photovoltaic materials,
contributing to improving the absorption of light and efficiency
of organic solar cells.

Carbazoles have been investigated for fabricating lumines-
cent and hole-transporting materials,13 organic semi-
conductors, high-performance organic light emitting diodes,
lasers and solar cells.14 The benzofuro[2,3-b]carbazole core
enhances the conjugation length, facilitating effective charge
transfer and reducing recombination losses, which is essential
for improving the PCE in OSCs. Furthermore, the incorporation
of phenylsulfonyl groups contributes to electron-accepting
properties, thus stabilizing the molecular structure and
enhancing electron affinity. Their inclusion increases exciton
dissociation efficiency and allows for better alignment with
donor materials in bulk heterojunctions. The resulting
extended absorption spectrum and tunable HOMO–LUMO
energy levels support efficient light absorption and energy
conversion in the visible range. Together, these structural and
5966 | RSC Adv., 2025, 15, 5965–5976
electronic characteristics make phenylsulfonyl-7H-benzofuro
[2,3-b]carbazole-based materials versatile and promising
components in high-performance OSCs, potentially advancing
the efficiency and scalability of organic photovoltaics.15

In this study, a series of phenylsulfonyl carbazole-based
derivatives (PSCR and PSCD1–PSCD6) with an A1–p–A2–p–A1
framework, was designed from a 12-methyl-7-(phenylsulfonyl)-
7H-benzofuro[2,3-b]carbazole (PSC) core-based compound (1).16

Structural tailoring was achieved by attaching one end of
a thiophene p-spacer to the terminal of the phenylsulfonyl
carbazole (PSC) acceptor (A2), while the other end p-spacer was
connected to an indene malononitrile-based acceptor moiety
(A1), as illustrated in Fig. 1. To understand their structure–
property relationships, DFT was employed. This computational
technique determines a system's geometry and ground-state
characteristics on the basis of its electrical density.17 It is
anticipated that these designed derivatives might possess
potential electronic and photovoltaic characteristics and could
be used as candidate materials for OSCs.
Computational method

For the current investigation, a quantum chemical study was
conducted with the aid of Gaussian 09 18 soware. To achieve
this, the initial step was to optimize the geometries of PSCR and
PSCD1–PSCD6 using the M06 functional19 with the 6-311G(d,p)
basis set.20 GaussView 6.0 21 was used to visualize the results and
draw the structures. Several electronic and photovoltaic prop-
erties, such as the density of states (DOS), UV-visible absorption
spectra, reorganization energy (RE), global reactivity
© 2025 The Author(s). Published by the Royal Society of Chemistry
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descriptors, frontier molecular orbital (FMO)–based properties,
non-covalent interactions (NCIs), exciton binding energy (Eb),
transition density matrix (TDM), and open-circuit voltage (Voc),
were calculated using the optimized geometries of entitled
compounds. Various soware packages, including Avogadro,22

Multiwfn,23 Origin,24 GaussSum,25 PyMOlyze,25 and Chemcra,26

were employed to analyze and interpret the data from output
les. Reorganization energies for electrons (le) and holes (lh)
were determined using the following equations:

le = [E0
− − E−] + [E0

− − E0] (1)

lh = [E+
0 − E+] + [E0

+ − E0]. (2)

In these calculations, E0− and E0+ represent the energies of the
neutral molecule evaluated at the optimized geometries of the
anion and cation, respectively; E− and E+ denote the energies of
the anion and cation, correspondingly obtained from their
optimized neutral molecule geomtery; E0

− and E0
+ are the

single-point energies of the anion and cation, respectively,
following optimization of their respective ions; and E0 refers
to the single-point energy of the neutral molecule in its
ground state.

Results and discussion

In this study, organic chromophores (PSCR and PSCD1–PSCD6)
were designed via structural modeling with the aim to enhance
their photovoltaic performance. For this purpose, PSCR was
employed as a reference compound, which was designed using
the phenylsulfonyl carbazole (PSC) central acceptor moiety.16

This core was linked to indene-based end-capped acceptor
groups (2-(2-methylene-3-oxo-2,3-dihydro-1H-inden-1-ylidene)
malononitrile) via a thiophene p-spacer. Six derivatives were
designed by substituting different electron-withdrawing units,
namely –F, –Cl, –CN, –NO2, –HSO3, and –CF3, at the ends of 2-(2-
methylene-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile
acceptor moieties to explore their impact on the photovoltaic
properties of OSCs. Fig. 1 illustrates the strategy used to design
these chromophores. Fig. S1† displays the chemical structures
and Table S21† lists the IUPAC names of the designed
compounds. The optimized geometries are displayed in
Fig. S2,† while their ChemDraw structures are illustrated in
Fig. S3.† Additionally, their Cartesian coordinates are provided
in Tables S1–S7.†

Molecular geometric optimization and dihedral angles

The optimization of PSCR and PSCD1–PSCD6 involved calcu-
lating their structural parameters, including bond lengths and
dihedral angles. A comparison between the simulated and re-
ported experimental geometries revealed good agreement,
indicating the accuracy of the used computational procedure.
For the compounds PSCR and PSCD1–PSCD6, the DFT-
calculated C–C bond lengths in the benzene ring ranged from
1.388 to 1.457 Å, which were in close agreement with the re-
ported bond lengths (1.267–1.345 Å) for a benzene ring.27 The
DFT-calculated bond length for the C–S bond in thiophene was
© 2025 The Author(s). Published by the Royal Society of Chemistry
1.722 Å. Similarly, the C–N bond lengths in the terminal cyano
groups of PSCR and PSCD1–PSCD6were calculated to be 1.155 Å
in all the compounds. The simulated C–C–C bond angles within
the benzene ring for PSCR and PSCD1–PSCD6 were calculated
as 113.3–128.3°, which were in agreement with the reported
experimental values (121–141°).27 Similarly, for the O]S]O
bond angles in the phenylsulfonyl ring, the simulated bond
angles were calculated as 122.5 Å. C–C–N bond angles were
calculated to be in the range of 128.4–178.7° through DFT study.
Further DFT-simulated bond lengths and bond angles are
tabulated in Tables S14–S20.†

A dihedral angle is an angle formed between two planes that
intersect along a shared bond, inuencing the three-
dimensional shape of a molecule. In organic chromophores,
this angle signicantly affects charge transfer. Furthermore, the
dihedral angle is modied by the substituents linked to the
molecular framework. Table S13† illustrates the dihedral angles
(q) of the studied chromophores (PSCR and PSCD1–PSCD6),
while Fig. S1† shows the optimal geometries for all the
compounds investigated. In this study, the values of the dihe-
dral angle (q1 and q4) between the terminal acceptor (A1) and
the p-spacers of the examined chromophores were found to be
in the range of −174.26–2.760°, respectively. Similarly, the
values of the (q2 and q3) dihedral angle between the p-spacers
and the phenylsulfonyl carbazole central core (A2) of the
studied chromophores PSCR and PSCD1–PSCD6 ranged from
24.680° to −154.41°, as shown in Table S13.† The negative
values of dihedral angles indicated the planar geometry of the
title chromophores, suggesting good charge transfer (Fig. 2).
Electronic properties

Analysis of frontier molecular orbitals (FMOs) provides valuable
insights into the optoelectronic properties. Furthermore, this
analysis helps understand intermolecular charge transfer (ICT),
chemical reactivity, dynamic stability and other aspects related to
molecular interactions. EHOMO and ELUMO energies are signi-
cant quantum descriptors.28 The band gap (Eg) help elucidate the
increase and decrease in reactivity under the inuence of various
acceptor elements. Here, Eg represents the energy difference
between the bonding and anti-bonding levels. The thiophene
bridges play a vital role in facilitating the transfer of electron
density from the core acceptor unit to terminal acceptor units.29

These terminal electron-decient units enhance the extent of
conjugation and facilitate easier delocalization of the electronic
cloud across the molecules. Additionally, the studied
compounds exhibited rigid and planar structures, promoting
strong intermolecular interactions and improved charge
mobility. HOMO/LUMO band gaps results are provided in
Table 1. Fig. 3 presents the molecular orbital diagrams for the
reference and designed compounds. Additionally, Fig. S3†
provides visual representations of HOMO − 1, LUMO + 1,
HOMO − 2, and LUMO + 2 for all the designed compounds,
while Table S8† presents the corresponding energy values.

The Eg for PSCR was calculated as 3.025 eV, with LUMO/
HOMO energies of −3.381 and −6.406 eV, respectively. PSCD1–
PSCD6 chromophores showed comparable Eg values (2.742–
RSC Adv., 2025, 15, 5965–5976 | 5967
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Fig. 2 Optimized structures of the designed chromophores (PSCR and PSCD1–PSCD6).

Table 1 Frontier molecular orbital energies of PSCR and PSCD1–
PSCD6; units are given in eV

Compounds EHOMO ELUMO Egap

PSCR −6.406 −3.381 3.025
PSCD1 −6.530 −3.552 2.978
PSCD2 −6.545 −3.599 2.946
PSCD3 −6.817 −4.039 2.778
PSCD4 −6.828 −4.086 2.742
PSCD5 −6.814 −4.045 2.769
PSCD6 −6.682 −3.808 2.874
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2.978 eV) to PSCR. Furthermore, the calculated HOMO energies
of PSCD1–PSCD6 were obtained as −6.406, −6.530, −6.545,
−6.682, −6.814, −6.817 and −6.828 eV, respectively whereas the
5968 | RSC Adv., 2025, 15, 5965–5976
LUMO energies of these molecules were−3.381,−3.552,−3.599,
−3.808, −4.039, −4.045 and −4.086 eV, correspondingly. Among
all the designed chromophores, PSCD4 exhibited the smallest
band gap at 2.742 eV. This could likely be attributed to the
powerful electron-withdrawing behavior of the nitro (–NO2)
groups attached to the terminal acceptor moieties of 2-(2-meth-
ylene-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile. The
–NO2 group displays strong resonance, facilitate efficient charge
transfer due to its unpaired electrons, and has a negative
inductive effect (−I). This promotes the transfer of charge density
from the HOMO of the p-bridge to the LUMO of the acceptor
fragment in PSCD4.30

The derivatives PSCD1 and PSCD2 displayed similar band gaps
of 2.978 and 2.946 eV, respectively. The –Cl group in PSCD1
exhibited a weaker −I effect compared with the –F group in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic of the FMOs of PSCR and PSCD1–PSCD6 illustrating
the charge density on the orbitals.
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PSCD2 as uorine is more electronegative than chlorine; there-
fore, a reduction in the Eg of PSCD1was found. Consequently, the
second narrowest band gap was observed in PSCD3 (2.778 eV) and
PSCD5 (2.769 eV), likely owing to effective electron-withdrawing
substituents –CN and –SO3H at the terminal end of the
acceptor, respectively. The –CN and –SO3H groups attract elec-
trons toward themselves, enhancing the efficiency of electronic
© 2025 The Author(s). Published by the Royal Society of Chemistry
charge delocalization within compounds. This leads to extended
conjugation and increased charge-carrier mobility. A higher Eg of
2.874 eV was observed in the PSCD6 compound among all the
derivatives, because of the introduction of the –CF3 group in the
terminal acceptor unit of 2-(2-methylene-3-oxo-2,3-dihydro-1H-
inden-1-ylidene)malononitrile. The overall decreasing order of Eg
in eV was as follows: PSCR (3.025) > PSCD1 (2.978) > PSCD2
(2.946) > PSCD6 (2.874) > PSCD3 (2.778) > PSCD5 (2.769) > PSCD4
(2.742). The density of charges inHOMOwas spread on the bridge
units, while in LUMO, it was positioned on the acceptor moieties,
as indicated by the FMO surfaces of the designated compounds.
In the title chromophores, the effective charge transfer suggests
these chromophores could be suitable OSC candidates.
Density of states (DOS)

The DOS represents the distribution of the accessible elec-
tronic state that electrons can occupy at a specic energy level.
Moreover, DOS analysis is crucial for determining the electron-
transition rate in molecules.31 Thus, DOS analysis can help
validate FMO results and quantify the contribution of HOMO
(valence band) and LUMO (conduction band) to charge
densities. A DOS plot illustrates the electron distribution
across the molecules and indicates the number of positions
occupied by electrons at band structures (HOMO and LUMO
energy levels). Additionally, it reveals the contribution of each
fragment to the formation of HOMO and LUMO.32 In this
investigation, the molecules were divided into three frag-
ments: end-capped acceptors (A1), a p-linker, and a core unit
(A2). The graphical representations of the DOS analysis are
provided in Fig. 4. In Fig. 4, the peaks on the le side of the
graph between −6.5 and −16 are HOMOs (HOMO, HOMO − 1
and HOMO − 2, etc.), while the peaks on the le side of the
map are the LUMOs (LUMO, LUMO + 1 and LUMO + 2, etc.).
The black peaks in Fig. 4 show the overall density of electrons
at the energy levels of both fragments. The green color repre-
sents the electron density at the p-spacer of the chromophore,
whereas the red and blue peaks correspond to the acceptor
region. The Fermi level shows a signicant role in determining
the electronic behavior of materials. It represents the energy
level at which the probability of electron occupancy is 50% at
absolute zero and serves as a reference point separating
occupied states (below the Fermi level) from unoccupied states
(above the Fermi level). In intrinsic semiconductors, the Fermi
level lies midway between the valence and conduction bands,
whereas in doped semiconductors, it is shied closer to the
conduction band (n-type) or the valence band (p-type).32 As the
current studied compounds were n-type semiconductors, the
Fermi level moved toward the conduction band, as illustrated
in Fig. 4.

Table S11† shows the charge distribution pattern for the
terminal acceptors (A1), contributing 14.0%, 16.5%, 16.7%,
16.9%, 17.4%, 18.0%, and 19.3% to HOMO, and 15.5%, 68.5%,
69.3%, 71.6%, 75.3%, 76.1%, and 78.6% to the LUMO for PSCR
and PSCD1–PSCD6, respectively. Similarly, the p-spacer
contributed 1.3%, 20.4%, 20.5%, 20.8%, 22.1%, 24.1%, and
25.5% to HOMO, and 7.0%, 15.9%, 18.0%, 18.7%, 21.2%,
RSC Adv., 2025, 15, 5965–5976 | 5969
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Fig. 4 DOS plots for PSCR and PSCD1–PSCD6.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 2
:5

8:
07

 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
22.7%, and 23.1% to LUMO for all the examined compounds,
respectively. Likewise, A2 contributed 55.2%, 57.9%, 60.5%,
62.3%, 62.8%, 63.1%, and 84.7% to HOMO, and 5.4%, 5.8%,
5970 | RSC Adv., 2025, 15, 5965–5976
6.0%, 7.1%, 8.0%, 8.5%, and 77.5% to LUMO for the studied
organic chromophores. In the valence band of all the chromo-
phores, the electronic cloud was mostly concentrated on the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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linker and in conduction band this charge moved toward the
terminals (acceptors).
Global reactivity parameters (GRPs)

The band gap determined on the basis of FMOs is essential for
calculating GRPs of the designed compounds. Moreover, GRPs
for the designed compounds (PSCR and PSCD1–PSCD6) were
calculated using Koopmans' theorem.33 These parameters
include the ionization potential (IP),34 electron affinity (EA),35

electronegativity (X),36 global soness (s),37 hardness (h),38

global electrophilicity index (u),39 chemical potential (m),40 and
charge transfer within a molecule (DNmax).41 Equations in Table
S22† assisted in the theoretical calculations of GRPs for the
studied compounds.

Table 2 presents the calculated GRP values for PSCR and
PSCD1–PSCD6. Efficient charge transfer depends on the mole-
cules' IP and EA. The IP denotes the energy needed to lose an
electron from the outermost shell,42 while EA represents the
amount of energy emitted when a molecule gains an electron.
From Table 2, it is evident that all the designed compounds
exhibited high values of electron affinity and ionization poten-
tial, which supports the elevated LUMO levels in these
compounds. The calculated ionization potential (IP) values in
descending order were PSCD4 (6.828 eV) > PSCD3 (6.817 eV) >
PSCD5 (6.814 eV) > PSCD6 (6.682 eV) > PSCD2 (6.545 eV) >
PSCD1 (6.530 eV) > PSCR (6.406 eV). Conversely, a molecule with
a shorter energy gap is considered soer, indicating increased
reactivity and poorer stability.

Global soness values in descending order were PSCD4
(0.364 eV−1) > PSCD5 (0.361 eV−1) > PSCD3 (0.359 eV−1) > PSCD6
(0.340 eV−1) > PSCD2 (0.339 eV−1) > PSCD1 (0.335 eV−1) > PSCR
(0.330 eV−1).

Among all the chromophores studied, PSCD4 was the most
electronegative, with an electronegativity value of 5.457. Addi-
tionally, its strong acceptor nature was conrmed by a low
chemical potential (m) value of −5.457, highlighting its
enhanced charge-transfer (CT) capabilities. Reactivity depends
on h and s, which are essential characteristics that are inversely
proportional. Molecules with greater s and lower h values
display the shortest HOMO–LUMO energy gap, reduced
stability, and enhanced reactivity.43 Remarkably, PSCD4 showed
the maximum s value of 0.364 eV−1 among the above-
mentioned chromophores. Conversely, the minimum h value
for PSCD4 was 1.094 eV. Furthermore, PSCD4 exhibited the
highest DNmax at 3.980 eV. All the designed molecules showed
Table 2 Computed GRPs of the title chromophores; s = eV−1 while all

Compounds X m h s

PSCR 4.893 −4.983 1.512 0
PSCD1 5.041 −5.041 1.489 0
PSCD2 5.072 −5.072 1.473 0
PSCD3 5.428 −5.428 1.389 0
PSCD4 5.457 −5.457 1.371 0
PSCD5 5.429 −5.429 1.384 0
PSCD6 5.245 −5.245 1.437 0

© 2025 The Author(s). Published by the Royal Society of Chemistry
higher soness and lower hardness values, indicating their
high polarizability.
UV-visible analysis

UV-visible study is crucial for analyzing electronic transitions
and identifying the congurations that contribute to them.44

The simulated UV-vis absorption properties of the titled chro-
mophores were estimated in the gaseous phase. Additional
values for the individual compounds are provided in Table S9.†
Table S10† provides further detailed information, including the
transition energy from the ground state (S0) to the rst excited
state (S1) (denoted as Eopt), the maximum absorption wave-
length (lmax), the oscillator strength (fos) at lmax, and an analysis
of the molecular orbital contributions and transition charac-
teristics for the transition from S0 to S1. Fig. S4† depicts the UV-
visible spectra for the designated chromophores. All the titled
chromophores exhibited UV-visible spectra in the 496.891–
545.009 nm range. However, the designed chromophores
(PSCD1–PSCD6) demonstrated signicant bathochromic shis
and lower excitation energy values compared with the reference
compound PSCR. Typically, a red-shi in the absorbance
spectra leads to enhanced electron mobility.

In the gaseous phase, PSCR showed lmax = 496.891 nm with
an E of 2.495 eV at 2.298 fos. PSCD1–PSCD6 exhibited lmax values
of 504.452, 511.085, 522.083, 539.531, 541.321, and 545.009 nm,
respectively. Correspondingly, they displayed lower E values of
2.458, 2.426, 2.375, 2.298, 2.290, and 2.275 eV. Moreover, their
fos values were 2.289, 2.219, 2.132, 1.983, 1.921, and 1.726.
Overall, all the compounds showed red shi in absorption
maximum (lmax) in the following ascending order: PSCR <
PSCD1 < PSCD2 < PSCD6 < PSCD3 < PSCD5 < PSCD4. These
results reveal that PSCD4 exhibited the highest red-shied
values for absorption compared with the other derivatives.
Reorganization energy (RE)

The RE is a fundamental parameter in understanding the effi-
cacy of a solar cell as it is closely linked to its charge-transfer
(CT) capability. The charge-transfer phenomenon in BHJ-OSCs
is governed by Marcus theory, which establishes a relation-
ship between the RE and the charge-transfer rate (k), as pre-
sented in eqn (3):

k ¼ 2p

h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4plkBT

p V 2 exp

"
� ðlþ DGÞ2

4pkB

#
: (3)
other units are in eV

u IP EA DNmax

.330 7.916 6.406 3.381 3.295

.335 8.533 6.530 3.552 3.385

.339 8.732 6.545 3.599 3.443

.359 10.605 6.817 4.039 3.385

.364 10.860 6.828 4.086 3.980

.361 10.646 6.814 4.045 3.922

.340 9.572 6.682 3.808 3.649
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Here, kB represents the Boltzmann constant, T denotes temper-
ature, DG indicates the Gibbs free energy, and V refers to the
electronic coupling between the nal and initial states. Accord-
ing to Marcus theory, a lower RE is correlated with enhanced CT
efficiency, facilitating improved photovoltaic properties. The RE
can be distributed into two primary components: external RE
(lext) and internal RE (lint),45 where lext pertains to the relaxation
of the surrounding environment, while the lint refers to rapid
structural changes within the molecule itself. In OSCs, charge-
carrier mobility is primarily governed through identical or
nearly identical sites, where free energy changes can typically be
neglected.46 In this study, lint values for holes and electrons were
calculated for PSCD1–PSCD6molecules, as shown in Table S23.†
The calculated RE (lh) values for the holes in PSCD1–PSCD6were
−0.00027591, −0.00007466, −0.00029709, −0.00585749, and
0.00019163 eV, respectively. Similarly, the computed (le) values
for the electrons in PSCD1–PSCD6 were 0.00034201, 0.00034764,
0.00038431, 0.00011124, and 0.00011465 eV, respectively. The
descending order of le for these compounds was PSCD4 > PSCD2
> PSCD1 > PSCD6 > PSCD5. Molecules with lower le values can
serve as more effective acceptor moieties by facilitating electron
transfer from the donor core to the terminal acceptor. RE (le)
values indicated that compounds PSCD4 and PSCD5 exhibited
signicantly lower values compared with the others, aligning
with Marcus theory by implying their more efficient electron
transfer due to their reduced energy barriers. This makes them
strong candidates as electron acceptor materials, as a lower le

promotes faster andmore effective electron hopping. In contrast,
the hole reorganization energy (lh) displayed a wider range of
values for the compounds. Notably, PSCD1–PSCD4 exhibited
negative lh values, whereas PSCR and PSC5 exhibited positive lh
values, which suggested stable hole-transfer processes. Accord-
ing to Marcus theory, the balance among l, DG, and V is crucial
for maximizing the charge-transfer rate, and these compounds
demonstrated favorable conditions for hole transport. The elec-
tron–hole indices of PSCR–PSCD6 shown in Table S24† illustrate
a lower range of excitation energy, specically between 2.275 and
2.495 eV, indicating UV-vis absorption. The D index, a measure
used in determining the spatial separation between holes and
electrons, showed a modest 2.709–4.317 Å range when the
dispersal of electrons and electrons was examined. This suggests
that the spreading of charges was optimally separate. PSCD1
exhibited the highest coulombic attraction energy (ECoul), at
2.1833 eV, while PSCD4 exhibited the lowest value, at 1.8473 eV.
The compounds with ECoul in ascending order are given as
follows: PSCD1 > PSCD2 > PSCD6 > PSCD3 > PSCD5 > PSCD4.
There was a wide distribution of electrons and holes, with higher
values representing charge distribution, according to the H
indices—a metric that characterizes the amount of overlap
between the electron and hole distributions inside a molecule
during electron excitation. Further, all the compounds had high
values (>0.4) of the Sr index—a measure of the spatial gap
between holes and electrons, which suggests the occurrence of
p–p* transitions. The title compounds showed Sr values between
0.4540 and 0.5765, i.e., all below 1, indicating a large overlap
between electrons and holes that favors efficient charge transit in
the chromophores. Overall, the ndings demonstrate that the
5972 | RSC Adv., 2025, 15, 5965–5976
designed chromophores exhibited lower REs, which suggests
that they are good candidates for efficient charge transfer.
Transition density matrix (TDM) investigations

The TDM is important for analyzing the electronic excitations
and CT phenomenon within a molecule. Additionally, it aids in
understanding the interactions amid donor and acceptor
components, the overlap between holes and electrons, and the
extent of ICT.46 The TDM analyzes electronic excitations, from
S0 to S1, and the extent of delocalization within molecules.47

Owing to the minor contribution of H atoms, they are neglected
in this analysis. TDM plots for PSCD1–PSCD6 are presented in
Fig. 5, with the electron cloud depicted in green, yellow and red
colors against a dark background.

PSCD1–PSCD6 were divided into three parts, as shown in
Fig. 1: A1, A2, and the p-linker. PSCR and PSCD1–PSCD6 dis-
played charge transfer from A2 to the terminal moiety (A1). The
p-linker unit helps with this procedure without creating any
hindrance.

The electronic cloud was predominantly concentrated on the
A2 entity, relatively distributed across the p-linker, and minimally
localized on the terminal A1 moieties. Additionally, extensive
charge dispersion occurred along the diagonal routes. Conse-
quently, all the title compounds exhibited signicantly greater
charge dissociation and low coulombic interactions, which indi-
cated their potential utilization as photovoltaic materials.
Exciton binding energy (Eb)

The least energy needed to separate a free electron and hole aer
their formation as an electron–hole pair, upon absorbing solar
radiation, is known as the binding energy (Eb).48 A lower binding
energy results in easier separation of holes and electrons from
excitons, allowing charges to reach their respective electrodes
more efficiently, thereby increasing the current yield.49 The
binding energy value is inuenced by the acceptor subunits
attached to a molecule's peripheries. Highly electronegative or
strong electron-withdrawing groups lower the binding energy by
weakening the coulombic force between electrons and holes, as
they strongly attract electrons towards themselves.50 The binding
energy can be calculated using eqn (4):

Eb = EH–L − Eopt, (4)

where Eb represents the binding energy of the electron–hole
pair, EH–L is the band gap between the HOMO and LUMO of the
studied molecules, and Eopt characterizes the rst excitation
energy of an electron in the molecules. The energy gap refers to
the energy required to generate an unbound charge carrier,
such as an electron or hole. Through subtracting the S1 energy
from the Eg, the remaining energy corresponds to the formation
of an exciton, which is a bound state consisting of an electron–
hole pair. The Eb values of PSCR and PSCD1–PSCD6 are
provided in Table 3.

All the designed compounds showed an improved charge-
separation ability because of their low Eb values. Specically,
the Eb values of PSCR and PSCD1–PSCD6 were 0.530, 0.520,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Transition density matrix maps of PSCR and PSCD1–PSCD6.
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0.520, 0.480, 0.467, 0.479, and 0.499 eV, respectively. The
increasing trend of Eb for all the examined compounds was as
follows: PSCD4 < PSCD5 < PSCD3 < PSCD6 < PSCD1 = PSCD2 <
PSCR. Chromophores with a low Eb, allowing easier exciton
© 2025 The Author(s). Published by the Royal Society of Chemistry
dissociation and rapid charge ow, show enhanced current
density, making them extremely appropriate for optoelectronic
applications.51 All the title compounds in the present study had
Eb values < 1.9 eV, making them suitable for optical activity and
RSC Adv., 2025, 15, 5965–5976 | 5973
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Table 3 Calculated binding energies (Eb) of the title compounds; units
are given in eV

Compounds EH–L Eopt Eb

PSCR 3.025 2.495 0.530
PSCD1 2.978 2.458 0.520
PSCD2 2.946 2.426 0.520
PSCD3 2.778 2.298 0.480
PSCD4 2.742 2.275 0.467
PSCD5 2.769 2.290 0.479
PSCD6 2.874 2.375 0.499
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a variety of OSC applications. Among all the designed
compounds, PSCD4 exhibited the lowest binding energy value
(0.467 eV), indicating its excellent optoelectronic properties
with signicant dissociation of excitons in the S1.

Photovoltaic properties

Voc signies the highest voltage a solar cell can generate under
open-circuit conditions, when there is no current ow, with
minimal external inuence.52 Voc is a key factor in evaluating the
PCE of OSCs.53 Fig. 6 illustrates a graphical representation of
the Voc values for PSCR and PSCD1–PSCD6 in conjunction with
PBDBT. The theoretical Voc values for PSCR and PSCD1–PSCD6
are calculated using the Scharber equation54 (eqn (5)):

Voc ¼ 1

e

���ED
HOMO

��� ��EA
LUMO

���� 0:3: (5)

All the designed molecules (PSCR and PSCD1–PSCD6)
demonstrated signicant Voc values, as indicated in Table S12.†
The EHOMO of PBDBT was −5.401 eV and ELUMO was −2.328 eV.
The Voc values of PSCR and PSCD1–PSCD6 were as follows:
PSCR (1.720 V), PSCD1 (1.549 V), PSCD2 (1.502 V), PSCD3 (1.062
V), PSCD4 (1.015 V), PSCD5 (1.056 V), and PSCD6 (1.293 V).
These signicant ndings might be attributed to the terminal
group alteration with efficient acceptors. The reducing order of
Voc for the title chromophores was PSCR > PSCD1 > PSCD2 >
PSCD6 > PSCD3 > PSCD5 > PSCD4. The predicted theoretical
results of Voc reect the efficacy of the structural modeling for
enhancing the photovoltaic characteristics of the designed
compounds. Literature studies reveal that the experimental-
based Voc values of OSCs can be found up to 0.98 V.55
Fig. 6 Open-circuit voltage (Voc) maps of the title chromophores with r

5974 | RSC Adv., 2025, 15, 5965–5976
However, the calculated Voc values for the reported chromo-
phores were found to be in the range of 1.015–1.720 V. This
difference might be due to the fact that the DFT/TD-DFT
investigations were performed on isolated molecules in the
gaseous phase. Furthermore, experimental ndings might be
inuenced by molecular packing, charge recombination, and
other complex material interactions.

Fill factor (FF) and power conversion efficiency (PCE)

The FF is another crucial determinant of the PCE of OSCs. The
FF values for PSCR and PSCD1–PSCD6 were calculated with the
aid of eqn (6)55 and the results are reported in Table S12.†

FF ¼
eVoc

KBT
� ln

�
eVoc

KBT
þ 0:72

�
eVoc

KBT
þ 1

(6)

The equation
eVoc
KBT

represents normalized Voc, which is an

important factor calculated at standard room temperature
under neutral charge conditions in molecules.56 This value is
used instead of Voc in FF calculations for greater accuracy. All
the newly designed molecules exhibited FF values within an
optimal range, suggesting their potential effectiveness in OSC
applications. Similarly, another important factor is PCE, which
can be calculated using eqn (7).57

PCE ¼ JscVocFF

Pin

(7)

The PCE is utilized to estimate the efficacy of OSCs. The
open-circuit voltage (Voc), short-circuit current density (JSC),
incident light power (Pin), and ll factor (FF) are proportional to
PCE. The PCE of the reported chromophores falls in the range of
13.92–24.17%, as indicated in Table S12.†

Non-covalent interactions (NCIs) analysis

The study of NCIs represents a signicant advancement in
molecular research, providing critical insights into electron
density and non-covalent interactions, including hydrogen
bonding, halogen bonding, and p–p stacking.58 A quantitative
measure of non-covalent interactions is derived by analyzing the
espect to PBDBT.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reduced density gradient (s) and the Laplacian of the electron
density at zero-gradient sites.59 This index can be depicted in two
or three dimensions, illustrating the decreased density gradient
(s) alongside the product of the electron density and the sign of
l2, which is an eigenvalue of the electron density Hessian
matrix.60 The resultant plot exhibits signicant spikes in areas of
low electron density (r) and a diminished gradient, with an
increased interface strength, signied by larger departures of
spike amplitudes from zero. The l2 sign is essential for analyzing
NCIs: negative l2 values indicate attractive interactions, whilst
positive values signify repulsive forces, offering comprehensive
insights into the characteristics of these interactions.

To aid comprehension, these interactions are represented in
three dimensions using the NCI isosurface (r). Additionally,
a two-dimensional graphical depiction of the reduced density
gradient (RDG), generated usingMultiwfn 3.7 soware, is applied
to discriminate between interface types that include hydrogen
bonding, van der Waals forces, and steric effects. Fig. S5† pres-
ents l2r plots alongside the corresponding NCI isosurfaces,
highlighting the interactions for PSCR and PSCD1–PSCD6 in
chloroform, calculated at the M06/6-311G(d,p) level. The visuali-
zation incorporated scatter plots and RDG isosurfaces, with
appealing interactions displayed in blue, van der Waals forces in
green, and strong repellent interactions (steric effects) in red for
all the designed derivatives. In the spectra, the x-axis represents
the electron density as the product of l2 and r, while the y-axis
denotes the reduced density gradient. Spikes at the extremes of
the plots are particularly notable, with the le spike with values
approaching approximately −0.05 a.u., indicating strong attrac-
tive interactions, whereas the right spike, nearing 0.05 a.u.,
reects strong repulsive interactions. Furthermore, in these pre-
sented plots, the higher position of the blue band compared with
the red band indicates a prevalence of attractive interactions. This
dominance of attractive forces plays a key role in enhancing
molecular stability. In conclusion, this research stresses the
critical signicance of attractive interactions, especially hydrogen
bonding, in regulating the stability and photovoltaic properties of
the reported PSCD1–PSCD6 derivatives.

Conclusion

In summary, the organic chromophores PSCR and PSCD1–
PSCD6 were designed using end-cappedmodications to obtain
potential photovoltaic materials. The structural modications
of the terminal acceptors incorporating various electron-
withdrawing groups resulted in higher bathochromic shis
and reduced energy gaps. Quantum chemical calculations were
performed to investigate the optoelectronic characteristics of
the title compounds. Among all the derivatives, PSCD4 dis-
played the lowest Eg (2.742 eV), the widest absorption spectrum
(545.009 nm), and the lowest binding energy value (0.467) owing
to the introduction of the –NO2 moiety at the end of the
acceptor. RE and TDM results indicated that exciton dissocia-
tion occurred with signicant charge transfer in all the deriva-
tives. Moreover, the studied compounds were blended with the
donor polymer PBDBT to determine their photovoltaic potential
and good Voc, FF, and PCE values were determined. These
© 2025 The Author(s). Published by the Royal Society of Chemistry
ndings indicate that by employing structural modeling with
efficient electron-withdrawing terminal acceptors, desired
photovoltaic materials can be designed.
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