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phene ring to improve the
photovoltaic efficacy of cyanopyridinone-based
organic chromophores: a DFT study†

Iqra Shafiq,‡ab Muhammad Khalid, ‡*ab Gul Maria,ab Nadeem Raza,c

Ataualpa A. C. Braga, d Saifullah Bullo *e and Mohamed Khairycf

The benzothiophene based chromophores (A1D1–A1D5) with A–p–A configuration were designed via end-

capped tailoring with benzothiophene type acceptors using reference compound (A1R). Quantum chemical

calculations were accomplished at M06/6-311G(d,p) level to probe optoelectronic and photophysical

properties of designed chromophores. Therefore, frontier molecular orbitals (FMOs), binding energy (Eb),

open circuit voltage (Voc), transition density matrix (TDM), density of state (DOS) and UV-Vis analyses of

A1R and A1D1–A1D5 were accomplished. The designed compounds (A1D1–A1D5) exhibited absorption

values in the visible region as 616.316–649.676 nm and 639.753–665.508 nm in gas and chloroform

phase, respectively, comparing with reference chromophore. An efficient charge transference from HOMO

towards LUMO was found in A1D1–A1D5 chromophores which was further supported by TDM and DOS

analyses. Among all chromophores, A1D2 exhibited unique characteristics such as reduced band gap

(2.354 eV), higher softness (s = 0.424 eV), lower exciton binding energy (0.491 eV) and maximum value of

open circuit voltage (Voc = 1.981 V). Consequently, A1D2 may be considered as potential candidate for the

development of optoelectronic devices. These analyses revealed that the studied compounds exhibited

promising findings. They may be utilized in the realm of organic solar cells.
Introduction

Addressing the urgent energy crisis requires embracing effi-
cient, durable, and environmentally friendly sources as
exhaustible energy reserves deplete.1–3 Wind, solar, biomass,
and hydro-power have emerged as crucial alternatives for
sustainable economic growth and combating energy scarcity.4

Solar cells, considered the most compelling option, offer a safe,
clean, and abundant source, contributing signicantly to global
efforts for net-zero carbon emissions. With clean production
processes and increasing accessibility, solar energy is poised to
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surpass fossil fuels, potentially replacing coal entirely by 2050
and becoming the predominant global energy source by the end
of the century.5–7 Inorganic silicon-based solar cells have gained
considerable interest owing to their notable power conversion
efficiencies (PCEs), exceptional charge transfer capabilities,
robust thermal stability, low toxicity, and abundant natural
availability.8,9 However, organic solar cells (OSCs) have emerged
as a viable alternative, replacing conventional counterparts due
to their capacity to overcome limitations such as brittleness,
non-tunable energy levels, and high manufacturing cost.10,11

Over the past few decades, fullerene derivatives, particularly
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM), have been
the dominant electron acceptors in OSCs.12,13 However, the
inherent limitations of fullerene-based systems, such as low
absorption coefficients, limited tunability, and batch-to-batch
variations, have spurred a quest for alternative acceptor mate-
rials.14 In recent years, non-fullerene acceptors (NFAs) have
emerged as a transformative paradigm in the eld of organic
photovoltaics, offering a versatile and tunable platform for
enhancing the efficiency and stability of OSCs.15,16 The shi
towards non-fullerene based systems has been driven by their
unique advantages, including broader absorption spectra,17

tunable energy levels,18 improved charge transport properties,19

and enhanced morphological control.20 This paradigm shi not
only addresses the drawbacks associated with fullerene-based
acceptors but also opens new avenues for the development of
RSC Adv., 2024, 14, 12841–12852 | 12841

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra06817j&domain=pdf&date_stamp=2024-04-19
http://orcid.org/0000-0002-1899-5689
http://orcid.org/0000-0001-7392-3701
http://orcid.org/0000-0002-0470-6292
https://doi.org/10.1039/d3ra06817j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06817j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014018


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

9:
29

:3
4 

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
high-performance OSCs.21 The structure–property relationship
(architecture and the nature of electron with drawing/donating
groups) played a signicant role in tunning the photovoltaic
properties of NFAs.22,23 The NFAs with central donating core and
terminal with electron withdrawing units are reported with
signicant photovoltaic properties such as reduction of HOMO/
LUMO energy gap,24 signicant charge transfer,17 thermal
stability25,26 and wide-range of spectrum.27,28 The economic
manufacturability, effective tunability of energy levels, wide
optical absorption range, and high morphological consistency
render NF-SMAs as potential candidates over fullerene-based
acceptors, establishing them as outstanding candidates for
efficient OSCs. Consequently, signicant research efforts have
been directed towards addressing the challenges and advancing
the understanding of NF-SMAs in the context of OSCs.29

Molecular engineering plays a crucial role in optimizing the
photovoltaic properties of non-fullerene acceptors by precisely
tailoring molecular structures to enhance absorption spectra,
charge mobility, and energy levels, thereby improving the
overall performance of OSCs.30–32 Literature data elucidates that
incorporating benzothiophene (BT) based acceptors, coupled
with electron-withdrawing moieties, enhances charge transfer
toward acceptor regions.33,34 This leads to increased values of
short-circuit current (Jsc) and open-circuit voltage (Voc) in NFAs.
This effect is attributed to the selective positioning of a lower-
lying LUMO, while the HOMO remains nearly unchanged.
Additionally, the absorption band is effectively broadened,
contributing to these improvements.35 Currently, density func-
tional theory (DFT) has played a pivotal role in elucidating the
electronic and optical properties of non-fullerene-based OSCs.36

By employing DFT simulations, researchers gain valuable
insights into the molecular interactions, charge transport
mechanisms, and energetics of these innovative materials. This
computational approach not only aids in the rational design of
efficient NFAs but also facilitates a deeper understanding of the
complex interplay between molecular structures and device
performance, ultimately paving the way for the development of
high-performance OSCs.37–39 Keeping in view the importance of
NFAs based OSCs, in current study a series of cyanopyridinone
(CP) based chromophores (A1D1–A1D5) with A–p–A framework
was designed from synthesized BFA1 chromophore.40 These
compounds were designed by molecular engineering with
benzothiophene based acceptors in order to improve the
photovoltaic properties. From literature study, we found out
that the CP based chromophores with benzothiophene accep-
tors have not been reported yet. Quantum chemical calculations
were employed to investigate the key electronic, optic and
photovoltaic characteristics of A1D1–A1D5 at M06/6-311G(d,p)
functional of DFT approach. It is anticipated that newly
designed derivatives may be synthesized by experimentalists as
procient photovoltaic OSCs in future.
Methodology

In order to investigate the photovoltaic properties of A1R and
A1D1–A1D5 chromophores, quantum chemical calculations
were accomplished with the aid of Gaussian 09 soware,41 at
12842 | RSC Adv., 2024, 14, 12841–12852
TD-DFT/TDF approaches. At rst step, the structures of studied
compounds were optimized at M06 functional,42 in conjunction
with the 6-311G(d,p) basis set.43 Aer obtaining true minima
geometries, various analyses such as frontier molecular orbitals
(FMOs), global reactivity parameters (GRPs), density of states
(DOS), transition density matrix (TDM), open circuit voltage
(Voc), and UV-Vis absorption were accomplished at above-
mentioned functional, in order to investigate the impact of
benzothiophene based acceptors on the designed chromo-
phores. To interpret the data from outputs, different soware:
Avogadro,44 Chemcra,45 PyMOlyze 2.0,46 Gaussum,47 Multiwfn
3.7,48 and Gauss View 6.0.16 (ref. 49) were utilized. The Voc of
A1R and A1D1–A1D5 chromophores was determined with the
aid of eqn (1).50

Voc = (jEHOMO
Dj − jELUMO

Aj) − 0.3 (1)

Here, 0.3 is the empirical constant, while E stands for the energy
of molecular orbitals.

Results and discussion

In this study, a series of CP based chromophores (A1R and
A1D1–A1D5) with A–p–A framework was designed from a re-
ported synthesized BFA1 compound.40 This compound con-
sisted on a cyanopyridinone-based (CP) central core that acts as
a p-spacer, and 1,4-dimethyl-5-methylene-2,6-dioxo-1,2,5,6-
tetrahydropyridine-3-carbonitrile terminal acceptor. To reduce
the computational cost, we substituted long alkyl groups, such
as hexyl (–C6H13) and butyl (–C4H9), with methyl (–CH3) groups
in BFA1 and named as A1R, as illustrated in Fig. 1. Literature
review revealed that modifying end-capped acceptors is helpful
in achieving signicant photovoltaic responses in organic
chromophores.51 The incorporation of BT acceptors, coupled
with electron-withdrawing groups, enhances CT towards
acceptor components, resulting in increased Jsc and Voc values
in OSCs. This is attributed to the selectively lower-lying LUMO
with minimal alteration in the HOMO, combined with effective
broadening of the absorption band.52 Therefore, in current
study, we designed A1D1–A1D5 by structural tailoring with
benzothiophene (BT) based acceptor, to tune the optoelectronic
and photovoltaic properties of these compounds depicted in
Fig. 2. The inuence of BT acceptors was explored through DFT
approach. Literature data explained that the reaction with
negative value of DrG° elucidates that the reaction is sponta-
neous with signicant formation of products.53,54 The negative
values of DrG° are obtained using eqn (S1)† for studied
compounds as can be seen in Table S1† which indicated the
feasibility of product formation (A1D1–A1D5) and their
stability. Fig. 3 presents the optimized geometries of investi-
gated molecules, while their cartesian coordinates are illustrate
in Tables S1–S6.†

Frontier molecular orbitals (FMO) analysis

The FMO analysis is used to determine light absorption
capacity, reactivity and optoelectronic properties of OSCs.55 The
energy difference between molecular orbitals predicts the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Modification of BFA1 into A1R via replacing bulky groups with –CH3 group.

Fig. 2 Schematic representation of designing of A1D1–A1D5 from A1R.
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properties like reactivity,56 stability,26 hardness, soness,57 and
intramolecular charge transfer (ICT) of chromophores.58

Therefore, HOMO/LUMO energies and DE are calculated for
A1R and A1D1–A1D5 and results are tabulated in the Table 1.

The computed HOMO/LUMO (−6.302/−3.557 eV) values of
reference chromophore showed harmony with reported exper-
imental values (−5.45/−3.85 eV).40 This close harmony illus-
trated the suitable selection of functional for current
investigations. The data in Table 1 exploits a comparable band
gap in derivatives when compared with reference compound.
Among all benzothiophene based acceptor derivatives, the least
© 2024 The Author(s). Published by the Royal Society of Chemistry
band is investigated in A1D2 (2.354 eV) and. A1D4 (2.409 eV).
This minute reduction in energy gap might be due to the
presence of strong electron withdrawing –CN and –NO2 units on
terminal acceptors. As literature study revealed that presence of
strong electron withdrawing unit over the terminal acceptor
unit, lower the LUMO and reduced the band gap.59,60 The values
of the energy gaps (DE) reduce in the following order: A1D5 >
A1R > A1D1 > A1D3 > A1D4 > A1D2. The different molecular
orbital energies and the intramolecular charge transfer (ICT)
process in the chromophores can also be studied through FMOs
analysis.61,62 The red and blue colors in Fig. 4 illustrate the
RSC Adv., 2024, 14, 12841–12852 | 12843
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Fig. 3 Optimized geometries of A1R and A1D1–A1D5.

Table 1 Computed EHOMO, ELUMO and energy gap of studied
compounds in eV

Compounds EHOMO ELUMO Band gap

A1R −6.302 −3.557 2.745
A1D1 −5.623 −3.136 2.487
A1D2 −5.684 −3.330 2.354
A1D3 −5.616 −3.130 2.486
A1D4 −5.672 −3.263 2.409
A1D5 −6.149 −3.158 2.991

12844 | RSC Adv., 2024, 14, 12841–12852
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presence of charge densities over the different moieties in
entitled chromophores. In A1R, the greater charge density is
located over the central p-spacer CP core and smaller charge is
concentrated at terminal units in both HOMO and LUMO. This
charge is efficiently moved towards the end-capped acceptors
from CP core in derivatives when tailored with BT based
acceptors. In Fig. 4, a more pronounced electronic cloud is
situated in terms of red and blue surfaces over the CP p-spacer
in the HOMO and BT acceptors in the LUMO orbitals for all
derivatives (A1D1–A1D5). Same phenomena of CT with in A1R
and A1D1–A1D5 chromophores is examined in other molecular
orbitals (HOMO−1/LUMO+1 and HOMO−2/LUMO+2) as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Charge distribution pattern on HOMO–LUMO of A1R and A1D1–A1D5 chromophores.
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illustrated in Fig. S1 and Table S7.† This efficient ICT in deriv-
atives increase the polarizability in them which might improve
the optoelectronic properties of studied chromophores.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Global Reactivity Parameters

The GRPs are employed to compute reactivity, stability and
electron withdrawing/donating capabilities of
RSC Adv., 2024, 14, 12841–12852 | 12845
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Fig. 5 DOS maps of A1R and A1D1–A1D5 compounds.
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chromophores.63,64 The energy gap is utilized to calculate elec-
tron affinity (EA), ionization potential (IP), global soness (s),
electronegativity (X), hardness (h), global electrophilicity index
(u), chemical potential (m)65 and DNmax (ref. 66) which are
estimated with the aid of eqn (2)–(9).

IP = −EHOMO (2)
12846 | RSC Adv., 2024, 14, 12841–12852
EA = −ELUMO (3)

X ¼ ½IPþ EA�
2

(4)

h = [IP − EA] (5)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The wavelength, excitation energy and oscillator strength of
A1R and A1D1–A1D5 in gaseous phase
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m ¼ EHOMO þ ELUMO

2
(6)

s ¼ 1

h
(7)

u ¼ m2

2h
(8)

DNmax ¼ �m

h
(9)

The ndings in Table S11† elucidate that all derivatives
showed comparable values of IP = 5.623–6.149 eV, EA = 3.136–
3.330 eV and X = 4.379–4.653 eV with reference chromophore.
These results explained their greater tendency to accept electron
owing to the presence of robust terminal acceptors.67 The global
hardness (h) and soness (s) are used to estimate the reactivity
and stability of compounds.68 Compounds which possess
higher soness and lower hardness are consider as more reac-
tive and polarize compounds that promote the charge transfer
in an organic solar cell.69 All the designed compounds except
A1D5 expressed lower value of global hardness (h = 1.243–1.177
eV) with higher soness values (s = 0.424–0.402 eV−1) than
parent molecule (h = 1.372 eV and s = 0.364 eV−1), manifested
that tailored chromophores might have the higher reactivity
along with greater rate of polarizability that boosted charge
transfer and the photovoltaic characteristics of derivatives. The
decreasing order of soness values is computed as: A1D2 >
A1D4 > A1D1 = A1D3 > A1DR > A1D5 which is inversely related
with hardness. The A1D2 showed theminimum band gap (2.354
eV) and lowest hardness (1.177 eV) along with higher soness
(0.424 value eV−1) among all the reported compounds (see Table
S11 and Fig. S2†). These unique characteristics in A1D2 might
be due to the presence of strong electron withdrawing –NO2

units on terminal benzothiophene based acceptor.
Compounds l (nm) E (eV) fos Major MO contributions

A1R 671.164 1.847 1.656 H / L (97%)
A1D1 618.468 2.005 1.448 H / L (89%)
A1D2 649.676 1.908 1.243 H / L (92%)
A1D3 616.316 2.012 1.473 H / L (90%)
A1D4 644.141 1.925 1.217 H / L (73%)
A1D5 623.412 1.989 1.420 H / L (89%)

Table 3 The wavelength, excitation energy and oscillator strength of
A1R and A1D1–A1D5 in solvent phasea

Compounds l (nm) E (eV) fos Major MO contributions

A1R 704.816 1.759 1.852 H / L (96%)
A1D1 639.753 1.938 1.705 H / L (81%)
A1D2 665.508 1.863 1.589 H / L (79%)
A1D3 640.150 1.937 1.675 H / L (81%)
A1D4 656.696 1.888 1.615 H / L (76%)
A1D5 641.707 1.932 1.725 H / L (83%)

a MO = molecular orbital, H = HOMO, L = LUMO, fos = oscillator
strength, wavelength = l (nm).
Density of state (DOS) analysis

To support the electronic charge distribution pattern over the
different parts (CP p-spacer and BT acceptor units) of A1R and
A1D1–A1D5 as studied by the FMOs investigation, DOS analysis
has been carried out. For this purpose, the investigated
compounds (A1R and A1D1–A1D5) are divided into two
portions, i.e., p-spacer and end-capped acceptor units as shown
in graphs (in Fig. 5) by red and green lines, respectively. On
terminal acceptors the electronic cloud in HOMO orbital is
founds as: A1R = 17.5, A1D1 = 3.6, A1D2 = 3.1, A1D3 = 3.4,
A1D4 = 3.1 and A1D5 = 3.4%, while for LUMO this charge
distribution pattern is studied as A1R = 18.0, A1D1 = 47.2,
A1D2 = 51.9, A1D3 = 46.9, A1D4 = 54.9, and A1D1 = 43.7 (see
Table S8†). Similarly, in p-spacer the charge contributed for
HOMO is 82.5, 96.4, 96.9, 96.6, 96.9, and 96.6%, whereas 82.0,
52.8, 48.1, 53.1, 45.1 and 56.3% is examined in LUMO for A1R
and A1D1–A1D5, respectively. These percentages provide
insights into the population of electrons at different energy
levels within a molecule. From these values it was examined
© 2024 The Author(s). Published by the Royal Society of Chemistry
that efficient charge transfer is found from central unit in
HOMO towards acceptor in LUMO. Further, the DOS graphs in
Fig. 5 also described that the highest charge density is located
over p-spacer (green color) for HOMO and LUMO, the greatest
charge density is distributed over acceptor moiety (red red)
which supported the FMOs ndings as illustrated in Fig. 4.
UV-Vis analysis

UV-Vis analysis was performed in chloroform and gaseous
phase in order to determine the impact of benzothiophene
based acceptors on absorption properties of A1D1–A1D5 chro-
mophores. Various parameters like, excitation energy (E),
oscillator strength (fos), maximum absorption wavelength (lmax)
and molecular orbital contributions were calculated and pre-
sented in Tables 2 and 3, while other transitions are shown in
the Tables S9 and S10.† Moreover, the absorption spectra of
A1D1–A1D5 chromophores are displayed in Fig. 6 in both
gaseous and solvent phase.

The results of Tables 2 and 3 show that the values of
maximum absorption wavelength (lmax) for all the compounds
(A1R and A1D1–A1D5) are shied towards bathochromic in
chloroform solvent due to solvent effect as compared to gaseous
phase. The observed lmax ranges are found as 640.150–
665.508 nm for A1R and A1D1–A1D5 in chloroform solvent,
while 616.316–649.676 nm in gaseous phase, correspondingly.
Among all the designed compounds (A1D1–A1D5), A1D2
exhibited the maximum value of absorption wavelength in
gaseous (649.676 nm) as well as in solvent phase (665.508 nm).
The reason for greater valuemight be due to the strong electron-
withdrawing nitro group (–NO2) which effectively withdraws
electrons from the p-spacer towards acceptor moiety. Whereas,
RSC Adv., 2024, 14, 12841–12852 | 12847
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Fig. 6 UV-Vis spectra of the compounds in gaseous and solvent phase.
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A1D1 having chloro (–Cl) group in their acceptor portion
showed the minimum lmax in both solvent (639.753 nm) and
gaseous phase (618.468 nm). Moreover, other chromophores
including: A1D3–A1D5 displayed the values of 640.150, 656.696
and 641.707 nm in the solvent phase and 616.316, 644.141 and
623.412 nm in the gaseous phase, correspondingly. The
absorption spectra of all studied compounds are shown by
Fig. 6 in gaseous as well as solvent. The observed increasing
order of lmax in all the derivatives in solvent phase is: A1D1 <
A1D3 < A1D5 < A1D4 < A1D2 and A1D3 < A1D1 < A1D5 < A1D4 <
A1D2 in gaseous phase. The above analysis revealed that nar-
rowed band gap along with highest lmax in A1D2 resulted in
maximum charge transference which make it suitable
Table 4 The energy and open circuit voltage of A1R and A1D1–A1D5

Compounds DE (eV) Voc (V)

A1R 0.901 1.201
A1D1 2.265 1.965
A1D2 2.071 1.981
A1D3 2.271 1.971
A1D4 2.138 1.838
A1D5 2.243 1.943

Fig. 7 Graphical representation of Voc for designed compounds with PB

12848 | RSC Adv., 2024, 14, 12841–12852
candidate to be utilized as non-fullerene-based material in solar
cells to obtain excellent performance.
Open circuit voltage

The open circuit voltage (Voc) analysis is a vital parameter to
determine the efficiency of solar cells.70 It provides the
maximum electronic current that can be drawn from any optical
device. The highest possible voltage that any device can produce
at zero current is referred as Voc.71 It is affected by a number of
variables including charge carrier recombination, electrode
work function, uorescence prociency, light intensity, light
source, OSC device temperature and many other variables.72

Some scaling metrics have been proposed for calculating Voc
and can be utilized to precisely estimate the Voc of a solar cell.
The HOMO of the donor material can be tuned using the LUMO
of an acceptor material.73 The Voc is substantially inuenced by
the band gap between the donor and acceptor.74 For open circuit
voltage measurements, the polymer molecule i.e., PBDB-T
(EHOMO = −5.401 eV and ELUMO = 2.328 eV) is selected as donor
and the reference (A1R) and designed molecules (A1D1–A1D5)
are considered as acceptors. An approximated approach devel-
oped by Scharber et al.75 can be utilized to evaluate the results of
Voc comprehensively by using the eqn (1).
DB-T.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 TDM heat maps of A1R and A1D1–A1D5 illustrating the charge transfer from CP central core towards terminal BT acceptors.
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Table 4 shows that the values of Voc for A1R and A1D1–A1D5
related to the energy gap of PBDB-THOMO and acceptor PBDB-
TLUMO are calculated to be 1.201, 1.965, 1.981, 1.971, 1.838 and
© 2024 The Author(s). Published by the Royal Society of Chemistry
1.943 V, respectively. All our compounds displayed a voltage
which is comparable to the voltage of parent chromophore.
Among all the tailored compounds, A1D2 exhibited the
RSC Adv., 2024, 14, 12841–12852 | 12849
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Table 5 The computed binding energies of A1R and A1D1–A1D5 in eV

Compounds EH–L Eopt Eb

A1R 2.745 1.759 0.986
A1D1 2.487 1.938 0.549
A1D2 2.354 1.863 0.491
A1D3 2.486 1.937 0.549
A1D4 2.409 1.888 0.521
A1D5 2.991 1.932 1.059
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greatest Voc value of 1.981 V with reference to the energy
difference of HOMOdonor–LUMOacceptor. The Voc ndings of all
the studied chromophores found in following descending
order: A1D2 > A1D3 > A1D1 > A1D5 > A1D4 > A1D6 > A1R. As
previously mentioned, the values of HOMO and LUMO inu-
ence the Voc. Improved optoelectronic characteristics and
a higher Voc are produced by lower acceptor LUMO. A low-lying
LUMO of acceptor increases the transport of electrons from
HOMO of donor molecules, directly enhancing the optoelec-
tronic properties. Additionally, PCE values are amplied by the
band gap between acceptor and donor units. The molecular
orbital energy diagram of the chromophores in relation to
PBDB-T can be seen in Fig. 7 which demonstrates that the
acceptor chromophores possess a more substantial LUMO
level than the donor polymer PBDB-T. As a result, the studied
molecular optoelectronic properties are improved due to the
effective transference of electrons from the donor to the
acceptor part.
Transition density matrix (TDM) analysis

The TDM investigation is extensively utilized for the evaluation
of degree of transitions in organic solar cells.76 From TDM
computations, the interaction among acceptor–donor moieties,
electron–hole localization and electron excitation can be esti-
mated.77 Herein, TDM analysis was accomplished at M06/6-
311G(d,p) functional between S0 / S1 state in A1R and A1D1–
A1D5 chromophores. Owing to the little contribution of
hydrogen atoms in transitions, their effect has been ignored.
The electrons are uniformly distributed and diagonal charge
transference has been observed by the bright portion of TDM
pictographs for A1R and A1D1–A1D5. Fig. 8 reveals an efficacy in
the transfer of charge density from the central CP p-spacer
towards the peripheral BT acceptors in derivatives, as evidenced
by bright color against a dark blue background. This phenom-
enon facilitates efficient charge transfer and supported the
FMOs and DOS investigations.
Exciton binding energy investigations

Exciton binding energy (Eb) is another substantial parameter to
evaluate photovoltaic characteristics of the compounds (A1R
and A1D1–A1D5). The Eb in NF-OSCs materials refers to the
energy required to dissociate an electron–hole (exciton) pair
that is generated upon absorption of a photon.78 In the context
of organic solar cells, this binding energy is a parameter that
inuences the efficiency of charge separation and subsequent
charge carrier transport.79 The Eb of the chromophores was
computed by using the eqn (10).

Eb = EH–L − Eopt (10)

where Eb is the energy difference, Eopt is the rst singlet–singlet
excitation energy. The computed values of Eb are exhibited in
Table 5.

From results summarized in Table 5, a comparable trend to
the FMO is noted in Eopt. Furthermore, the values of Eb for A1R
and A1D1–A1D5 are computed to be 0.986, 0.549, 0.491, 0.549,
12850 | RSC Adv., 2024, 14, 12841–12852
0.521 and 1.059 eV, respectively. The declining trend of Eb is
found as follows: A1D5 > A1R > A1D1 = A1D3 > A1D4 > A1D2.
The lowest value of Eb (0.491 eV) is observed in A1D2 which
depicted that it has the maximum capacity of exciton separation
and Jsc.
Conclusion

In this study, ve cyanopyridinone based compounds with A-p-
A framework were designed from A1R via structural modica-
tion of terminal moieties with benzothiophene based acceptors.
The primary focus in present study is to investigate the impact
of benzothiophene based acceptors on electronic, photovoltaic
and photophysical properties along with cyanopyridinone
based core. All the designed compounds (A1D1–A1D5) dis-
played comparable band gap (2.354–2.991 eV) along with high
bathochromic shi (640.150–665.508 nm) as compared to A1R
(DE = 2.745 eV, lmax = 704.816 nm). A signicant charge is
transferred from central cyanopyridinone based core towards
BT acceptors in derivatives as illustrated in FMOs, DOS and
TDM investigations. Moreover, open circuit voltage values are
computed in the range of 1.838–1.981 V for the designed
compounds. The exciton binding energy (0.491–1.059 eV) of
A1D1–A1D4 compounds is found to be smaller than A1R except
A1D5 which represented their greater exciton dissociation rate.
Among all the derivatives, A1D2 displayed the maximum Voc
(1.981 V) value owing to it unique properties such as narrowest
band gap (2.354 eV), highest lmax in both the gaseous (649.676
nm) as well as solvent phase (665.508 nm) and lowest binding
energy (0.491 eV). These characteristics indicated that A1D2
might be considered as potential chromophore for OSCs with
efficient photovoltaic properties. Consequently, the introduc-
tion of benzothiophene acceptors with electron-withdrawing
groups improved the charge transfer, leading to improve
values of Jsc and Voc for OSCs.
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