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Non-fullerene organic compounds are considered efficient photovoltaic materials in the development 
of solar cells. Therefore, considering the importance of non-fullerene organic compounds, a series of 
non-fullerene organic chromophores (SPF1–SPF6) was designed via molecular engineering at terminal 
acceptors of reference compound (SPFR). Further, owing to the interesting features of selenium than 
sulphur towards charge transfer, thiophene was replaced with selenophene in designed derivatives 
and analyzed using quantum chemical approach. Through benchmark study, CAM-B3LYP/6-311G(d, p) 
functional was selected for the current study. Several parameters, such as frontier molecular orbitals, 
density of states, binding energy, transition density matrix, optical properties, reorganization energies 
of electron and hole, open circuit voltage, and charge transfer analyses were assessed to comprehend 
the photovoltaic properties of designed compounds. A energy gap: 4.433–4.764 eV with absorption 
spectra as 465.1–512.7 nm in chloroform and 445.4–494.0 nm in the gas phase and greater charge 
transference rate was studied in selenophene derivatives. The lower Eb and the behavior of holes and 
electrons implied a higher rate of exciton separation and considerable transfer of charges towards 
LUMO from the HOMO. The results of DOS and TDM analysis further corroborated these findings. 
Furthermore, the Voc, in relation to the HOMOPTB7−LUMOAcceptor, depicted that the proposed molecules 
have good Voc values. Furthermore, a comparative study with spiro-OMeTAD, a standard hole 
transport material (HTM) demonstrated a good correlation, indicating that the proposed compounds 
have the potential to function as efficient HTMs. Therefore, it can be deduced that the use of molecular 
engineering with various acceptor molecules has the potential to enhance the effectiveness of 
photovoltaic materials.
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Scientists are currently investigating renewable energy sources, including wind, water, biomass, and particularly 
solar cells, because of their limitless and eco-friendly nature1. Solar energy, with an enormous energy output 
of 3.8 × 1033 ergs per second, is harnessed by solar cells through the photovoltaic effect, where photons create 
electron–hole pairs in semiconductors, ultimately generating electricity2. Historically, photovoltaic systems using 

1Institute of Chemistry, Khwaja Fareed University of Engineering & Information Technology, Rahim Yar Khan 
64200, Pakistan. 2Centre for Theoretical and Computational Research, Khwaja Fareed University of Engineering 
& Information Technology, Rahim Yar Khan 64200, Pakistan. 3Wellman Center for Photomedicines, Massachusetts 
General Hospital, Harvard Medical School, Boston, MA 02114, USA. 4Department of Fundamental Chemistry, 
Institute of Chemistry, University of Sao Paulo, Av. Prof. Lineu Prestes, 748, Sao Paulo 05508-000, Brazil. 
5Department of Chemistry, College of Science, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia. 
email: muhammad.khalid@kfueit.edu.pk

OPEN

Scientific Reports |        (2025) 15:14792 1| https://doi.org/10.1038/s41598-025-99585-6

www.nature.com/scientificreports



silicon as the primary material have been recognized for their affordability and robustness. Silicon is extensively 
used in photovoltaic silicon-based energy devices because of its notable efficiency, durability, cost-effectiveness, 
abundance, and environmentally benign characteristics3. However, it has been noticed in recent times that 
silicon is costly, delicate, and cannot adjust its energy levels4. In addition, the organic bulk heterojunction solar 
cells (BHJ) have been identified as potential alternatives5. The manufacturing of flexible large-area devices 
is associated with several benefits that contribute to their prevalence. Additionally, these devices are more 
cost-effective compared to alternative options that rely on inorganic materials6,7. Hence, there is significant 
research being conducted on fullerene-based solar cells owing to their significant photovoltaic characteristics8. 
Nevertheless, several drawbacks have emerged about this material. These include the high cost associated with 
the manufacturing process, decreased efficiency in capturing sunlight, inability to adjust the LUMO energy, 
and a lack of reliability in terms of structure9. The presence of these anomalies renders fullerene acceptors less 
effective materials. Consequently, the researchers shifted their focus towards non-fullerene acceptors (NFAs) 
owing to their suitable energy levels, modifiable architectures, wide absorption spectra, and cost-effectiveness. 
To optimize the photovoltaic characteristics of recently developed compounds used in non-fullerene OSCs, the 
most effective approach is to reduce the energy difference between their HOMOs and LUMOs. This is achieved 
by taking into account their structure-property relationship, such as effective electron-donating and electron-
withdrawing components10.

Small molecules that have an A–π–A–π–A structure, consisting of two electron-withdrawing units at the 
ends, two π-bridges connecting the acceptor units to a central core electron-donating unit, exhibit superior 
photovoltaic performance compared to other small molecules of the donor-acceptor (D-A) type11,12. NFAs have 
intriguing optical absorption properties, with their absorbance extending into the infrared (IR) region. The 
power conversion efficiency (PCE) of organic photovoltaics (OPVs) is improved by greater molar absorption 
coefficients of NFAs. The implementation of end-capped modifications is regarded as a very effective approach 
for enhancing the optoelectronic characteristics of materials used in solar applications13. This method allows 
precise energy level adjustment while minimally impacting molecular stacking. Halogen-containing NFAs exhibit 
enhanced crystallinity, charge carrier mobility, and molecular planarity due to non-covalent intermolecular 
interactions. Consequently, many newly designed compounds incorporate –Cl, −F, and –CN groups as terminal 
electron-withdrawing moieties to improve the optoelectronic properties and ICT14.

Pyrrole-4,6(5 H)-dione-based chromophores have recently emerged as promising candidates for photovoltic 
materials due to their strong electron-accepting nature, excellent charge transport properties, and tunable 
optoelectronic characteristics15. Their unique molecular structure allows for efficient hole mobility and favorable 
energy level alignment with perovskite layers, ensuring effective charge extraction and transport16. Furthermore, 
these compounds offer structural versatility, enabling fine-tuning of their electronic properties through end-cap 
and core modifications. Compared to conventional HTMs, pyrrole-4,6(5 H)-dione derivatives provide enhanced 
stability and processability, making them attractive for scalable photovoltaic applications17.

The selenophene derivatives are much more promising in the development of light-sensitive materials for 
photovoltaic applications. Selenium exhibits greater polarizability compared to sulfur due to its larger and more 
loosely distributed outermost electron cloud18. This characteristic enhances the interactions between selenium 
atoms (Se–Se) in solid-state materials and contributes to higher charge carrier mobility in such materials19. To 
further enhance their efficiency, it would be advantageous to generate additional absorption bands within the 
visible light spectrum.

This paper employs the modification of parent molecule (TPD-T-CN)20, which is abbreviated as SPFR in this 
article, by replacing its thiophene with selenophene rings (SPF1), which act as π -spacer. Furthermore, six new 
molecules with A1–π–A2–π–A1 structure are designed, each with distinct terminal end-capped acceptor units. 
The involvement of the selenophene bridges in prolonging the conjugation is significant as it aids in facilitating 
the charge transfer (CT) from the core toward terminals. Moreover, this study provides a comprehensive analysis 
of various factors such as frontier molecular orbital analysis, transition matrix density, excitation energy, binding 
energy, open circuit voltage, reorganizational energy, and hole-electron analysis. These analyses are conducted 
on a set of designed molecules (SPF1–SPF6), which are compared with SPFR. This investigation aims to evaluate 
the potential of these novel NFAs regarding their optoelectronic characteristics and their use in next-generation 
solar cells.

Computational procedure
The current study examines the geometrical, optical, electronic, and photovoltaic characteristics of the 
selenophene-based compounds via DFT/TD-DFT approaches. CAM-B3LYP functional was selected through 
benchmark study between the experimental reported value of SPFR (477  nm)20 and its simulated values 
calculated at different sophisticated functional. At first, four different functionals: B3LYP21, MPW1PW9122, 
M0623, and CAM-B3LYP24 with 6-311 g(d, p)25 basis set were employed to optimize the SPFR. The calculations 
were performed with the Gaussian 09 software26, while the visualization of the obtained findings was facilitated 
using GaussView 5.027 program. The absorption maximum of SPFR was calculated on above-mentioned 
functionals using TD-DFT. The simulated λ max of SPFR at above mentioned functionals were found to be 
540.920, 513.976, 514.223, and 442.611 nm, respectively. The experimental λ max of SPFR was reported to be 
477 nm20. The outcome of λmax calculation indicates that the CAM-B3LYP/6–311  g(d, p) method exhibited 
the concordance with the experimental λmax value (Fig. 1), therefore, this functional was selected for further 
computational analyses of titled compounds. The optimization energy of entitled compounds is illustrated in 
Fig. S9. Furthermore, the above-mentioned functional was used to investigate other properties like DOS, FMOs, 
UV-Vis, TDM, Voc, Eb, and hole-electron analyses. Various software such as PyMOlyze version 2.028, Multiwfn 
version 3.729, GaussView version 5.027, Avogadro version 1.2.0n30, and Chemcraft31 were employed for data 
interpretation.
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Results and discussion
Melanie et al. synthesized NF-based small molecule (TPD-T-CN) by robust stille coupling reaction. TPD-T-
CN has A2– π –A1– π –A2 configuration in which thiophene rings act as π -spacers while the dicyanovinyl 
(–CN) is used as terminal acceptor. In the current work, SPFR is used as reference compound to design six new 
derivatives. In SPF1, thiophene rings are replaced with selenophene, which is then acting as linker. Furthermore, 
five new 5-methyl-4-H-selenopheno[3,4-c]pyrrole-4,6(5-H)-dione core-based acceptor molecules (SPF2–SPF6) 
have been designed via the structural tailoring approach with efficient acceptors. The end-capped acceptor 
modifications of SPF1 is done with 2-(2-methylene-3-oxo-2,3-dihydro-1-H-inden-1-ylidene)malononitrile 
(SPF2), (2-methylene-3-oxo-2,3-dihydro-1-H-inden-1-ylidene)methylene dinitrate (SPF3), (2,3-dimethylene-
2,3-dihydro-1-H-inden-1-ylidene)methanedisulfonic acid (SPF4), 2-methylene-3-(perfluoropropan-2-ylidene)-
2,3-dihydro-1-H-inden-1-one (SPF5), and dimethyl 2-(2-methylene-3-oxo-2,3-dihydro-1-H-inden-1-ylidene)
malonate (SPF6)32,33 acceptors as shown in Fig. 2a. The selenophene rings act as the π –spacer in all designed 
derivatives (Fig. S1). The optimized structures of these chromophores are presented in Fig. 2b and Tables S1–S7 
include cartesian coordinates. Literature indicates that a reaction with a negative ∆G° value signifies spontaneity 
and substantial product production34. The negative ∆G° values for the examined compounds are derived from 
equation S1, as seen in Table S25, which demonstrates the possibility of product production (SPFR and SPF1–
SPF6) and their stability. Moreover, the computed geometrical parameters, i.e., bond lengths (Å) and bond 
angles (°), are presented in Tables S26–S32.

Frontier molecular orbitals (FMOs) study
The frontier molecular orbital energies and Egap values are important variables that significantly impact the carrier 
transport properties, electrical properties and optical absorption of a compound35,36. The notion of molecular 
orbital theory demonstrates the inherent character of HOMO and LUMO by categorizing them as conduction 
and valance bands, respectively. Additionally, the transfer of charges in photovoltaic OSCs shows considerable 
variety as a result of the distribution patterns of HOMOs and LUMOs. Their energy difference ( ∆ E = Egap = 
ELUMO−EHOMO) is widely recognized as a fundamental metric that offers valuable insight into the photovoltaic 
efficiency of materials used in solar systems37. In this work, the central core unit and selenophene bridges lie in 
the same plane. However, the end-capped side chains attached to the selenophene rings are oriented at a right 
angle to this plane. Data obtained for the studied compounds are shown in Table 1. However, the Egap of HOMO-
1/LUMO + 1 and HOMO-2/LUMO + 2 is displayed in Table S8.

It is evident that the calculated Egap values for the investigated compounds lie within the range of 
4.433 to 4.764 eV, which is consistent with the favorable range of photovoltaic materials. The HOMO/LUMO 
energies of SPFR are calculated as − 7.484/− 2.558 eV. For the designed chromophores these values are investigated 
as follows: − 7.429/− 2.665 eV for SPF1, − 7.214/− 2.700 eV for SPF2, − 7.261/− 2.828 eV for SPF3, − 7.268/− 
2.785 eV for SPF4, − 7.162/− 2.506 eV for SPF5, and − 7.035/− 2.337 eV for SPF6. Moreover, their corresponding 
energy gap values are as follows: 4.926 for SPFR, 4.764 eV for SPF1, 4.514 eV for SPF2, 4.433 eV for SPF3, 
4.483 eV for SPF4, 4.656 eV for SPF5, and 4.698 eV for SPF6. Furthermore, the ascending order of computed Egap 
for the model compounds under study is as follows: SPFR > SPF1 > SPF6 > SPF5 > SPF2 > SPF4 > SPF3. Among 
all the compounds, SPFR shows the highest Egap value at 4.926 eV. The higher value might be caused by the 
presence of a sulphur group in its π -spacer unit. A considerable decrease in the Egap value is seen in SPF1 
(4.764 eV), which contains cyano groups in its end-capped acceptor moiety, i.e., 2-methylenemalononitrile, as 
well as thiophene is replaced by selenophene ring. This decrease could be due to the actual significant electron-

Fig. 1.  Comparison between simulated and experimental UV–Vis data of SPFR at different functional.
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withdrawing inductive effect (-I) from the cyano group. A considerable decrease is found in SPF6, which might 
be due to the presence of ester group in the acceptor moiety. The band gap is reduced further to 4.656 eV in SPF5, 
which incorporates 2-methylene-3-(perfluoropropan-2-ylidene)-2,3-dihydro-1-H-inden-1-one as the acceptor 
moiety. One possible explanation for this reduced reactivity is the presence of the particularly electronegative 
fluoro group38, as well as the enhancement of conjugation by the inclusion of an additional benzene ring as 
compared to SPF1. SPF2 (4.514 eV) shows a lower band gap than all the other molecules except SPF4. The 
cyano group in the acceptor units may be associated with this phenomenon, specifically 2-(2-methylene-3-
oxo-2,3-dihydro-1-H-inden-1-ylidene) malononitrile. The cyano group exhibits an electron-withdrawing (-I) 
effect, which results in the redistribution of electron density towards the ends of the molecule39. This electron 

Fig. 2.  (a) Structures of various acceptors utilized in designing of SPF1–SPF6. (b) Optimized geometries of 
SPFR, and SPF1–SPF6.
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redistribution leads to stabilization, ultimately causing a decrease in the Egap. Remarkably, in SPF4, sulfonic acid 
is present in the peripheral acceptor (2,3-dimethylene-2,3-dihydro-1-H-inden-1-ylidene) methanedisulfonic 
acid, which is largely responsible for the least Egap (4.483 eV) amid HOMO/LUMO. In the case of SPF3, the 
incorporation of 2-methylene-3-oxo-2,3-dihydro-1-H-inden-1-ylidene)methylene dinitrate as the end-capped 
acceptor moiety results in 4.433 eV as the band gap value. This may correspond to the pronounced electron-
withdrawing effect of the highly deactivating –NO2 group. Additionally, a comparative study with standard 
HTMs, such as spiro-OMeTAD and P3HT, demonstrated that the designed compounds exhibited reasonable 
band gap values, particularly for the HOMO level, making them suitable for use as HTMs in PSCs40.

The relatively lower value compared to other chromophores indicates a significant impact of intramolecular 
charge transfer (ICT), leading to redshifts in the absorption spectra of the molecule. Therefore, it can be deduced 
that electron-withdrawing groups have a considerable impact on the energy gap, resulting in increased excitation 

Fig. 2.  (continued)

Compounds EHOMO ELUMO ∆ E

SPFR − 7.484 − 2.558 4.926

SPF1 − 7.429 − 2.665 4.764

SPF2 − 7.214 − 2.700 4.514

SPF3 − 7.261 − 2.828 4.433

SPF4 − 7.268 − 2.785 4.483

SPF5 − 7.162 − 2.506 4.656

SPF6 − 7.035 − 2.337 4.698

Table 1.  EHOMO, ELUMO and energy gap (ELUMO-EHOMO) of SPFR and studied compounds (SPF1–SPF6). EHOMO 
= Energy of HOMO, ELUMO = Energy of LUMO, ∆ E= ELUMO−EHOMO
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and improved efficiency of photovoltaic materials. Figure 3 illustrates a graphical representation of the HOMO-
LUMO with their associated energy gap values.

The FMOs diagrams provide insight into the spatial distribution of electron density around the HOMOs and 
LUMOs. Figure S2 demonstrates a significant influence of variations in the end-capped acceptor units over the 
distribution pattern. In case of SPFR and SPF1, the electron density in both HOMO and LUMO is seen over the 
entire molecule. The distribution pattern of HOMO/LUMO varies in the other derivatives (SPF2–SPF4). The 
distribution of HUMO occurs throughout the bridge and core unit, while the distribution of LUMO extends the 
whole of the structure. The charge density in the HOMOs of SPF5 and SPF6 is found on the selenophene bridge 
and the central core unit. On the other hand, the charge density in LUMOs resides primarily on the core unit, 
but a slight distribution around the whole skeleton may also be observed. Some other representations were also 
given in Figs. S2–S8.

Density of states
The density of states (DOS) refers to the estimation of the number of distinct states that are accessible to electrons 
at a given energy level41. To conduct a comparative analysis of their electronic properties using FMOs, we carried 
out density of states analysis for the designed compounds. For this purpose, we fragmented our compounds into 
three distinct sections namely, A1, A2, and π-spacer. These segments are visually represented by red, green, and 
blue colored line graphs, as seen in Fig. 4. In DOS pictographs, the peaks for HOMOs (valence band) depicted on 
left side, while the LUMOs (conduction band) exhibited at right side42. The charge density of HOMOs in SPFR 
and SPF1–SPF6 is mostly concentrated on the π-linker, with a significant presence over A1. In case of LUMOs, it 
is mostly seen in A2 motif and with a lesser presence over the π-spacer.

The findings suggested that A1 moiety possesses a relatively large electron distribution of 32.7, 33.0, 30.8, 
20.9, 30.4, 30.3, and 23.7% towards the HOMOs, while 24.4, 26.0, 17.4, 44.9, 18.6, 23.7, and 40.5% towards the 
LUMOs for SPFR and SPF1-SPF6, respectively. Similarly, the A2 made respective contributions of 20.2, 19.6, 
22.0, 30.9, 23.4, 22.5, and 29.1% to the HOMOs, whereas 38.3, 34.8, 54.4, 14.8, 51.3, 42.7, and 25.5% to the 
LUMOs, respectively. In addition, the π-spacer made successive contributions of 47.0, 47.4, 47.2, 48.2, 46.2, 47.3, 
and 47.1% to the HOMOs and 37.3, 39.2, 28.1, 40.2, 30.0, 33.7, and 34.0% to the LUMOs of SPFR and SPF1-
SPF6. Table S25 shows the charge distribution on different fragments in the form of percentages calculated for 
the investigated compounds via DOS study.

Optical properties
The electronic excitation spectra of SPFR and SPF1–SPF6 are obtained via the UV-Vis analysis in solvent 
(chloroform) as well as in gas phases using TD-DFT calculations. The study provides significant information 
on the features of electronic transitions, such as the contributing configurations and the probability of charge 
transfer inside the molecules being studied43. Furthermore, this work establishes a correlation between the 
chemical compositions of derivatives and their efficacy as optoelectronic materials with high efficiency. Tables 2 
and 3 present the optical parameters of SPFR and SPF1–SPF6, including their maximum absorption wavelength 

Fig. 3.  Graphical representation of HOMO and LUMO energies of the SPFR and investigated compounds 
(SPF1–SPF6).
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(nm), oscillation strength (fos), transition energy (eV), and fundamental contributing orbitals. Moreover, Tables 
S9–S22 show the wavelengths other than maximum absorption wavelengths along with their corresponding 
transition energies and oscillation strengths. Figure 5 in the manuscript displays their UV-Vis absorption spectra 
in both solvent (chloroform) and gaseous phases. It is well-known from the literature that the polar medium 
provides an in-depth description for attaining stabilization in the π–π* state by utilizing suitable electrical levels 
with the intent of coupling it to the n–π* state44. Therefore, the interactions between dipoles and the formation 
of hydrogen bonds are essential for stabilizing the initial singlet energy state of a molecule. The phenomenon 

Fig. 4.  Graphical depiction of DOS for SPFR and SPF1–SPF6.
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of bathochromic shift in the absorption wavelength is often attributed to the influence of solvent polarity. The 
excited state shows a much higher level of polarity compared to the ground state, leading to a more pronounced 
stabilization effect. The results shown in Table 3 indicate that all compounds exhibit absorbance within the UV-
Visible range. Their observed maximum absorbance values (λmax) indicate a more pronounced bathochromic 
shift (442.611–512.776 nm) in the polar solvent (chloroform) as compared to the gaseous phase, i.e., 423.573–
494.020 nm (see Fig. 5). This might be attributed to the influence of solvent, as previously explained.

In gaseous phase, compound SPF4 attains the highest and the most significant bathochromic shift (λmax) value 
at 494.020 nm and the lowest transition energy value, along with an oscillation strength of 2.349. This absorption 
value is well justified by the smallest Egap, which is attributed to the strongly electronegative groups present in the 

Fig. 4.  (continued)

Compounds
DFT
λ (nm) E (eV) fos LHE MO contributions

SPFR 442.611 2.801 2.001 0.990 H→L (89%), H-1→L + 1 (8%)

SPF1 465.074 2.666 1.909 0.987 H→L (89%), H-1→L + 1 (7%)

SPF2 506.575 2.448 2.183 0.993 H→L (82%), H-1→L + 1 (12%)

SPF3 511.528 2.424 2.475 0.997 H-1→L + 1 (11%), H→L (79%)

SPF4 512.776 2.418 2.557 0.997 H→L (83%), H-1→L + 1 (11%)

SPF5 485.831 2.552 2.392 0.996 H→L (86%), H-1→L + 1 (10%)

SPF6 480.559 2.580 2.371 0.996 H-1→L + 1 (10%), H→L (85%)

Table 3.  The transition energies (eV), oscillator strengths (fos), maximum absorption wavelengths (λmax), and 
transition natures of SPFR and the proposed compounds (SPF1–SPF6) in a solvent phase.

 

Compounds
DFT
λ (nm) E (eV) fos LHE MO contributions

SPFR 423.573 2.927 1.768 0.982 H→L (90%), H-1→L + 1 (7%)

SPF1 445.442 2.783 1.657 0.977 H→L (90%), H-1→L + 1 (6%)

SPF2 488.338 2.539 1.983 0.989 H→L (83%), H-1→L + 1 (11%)

SPF3 489.205 2.534 2.275 0.994 H-1→L + 1 (10%), H→L (82%)

SPF4 494.020 2.510 2.349 0.995 H→L (84%), H-1→L + 1 (11%)

SPF5 470.939 2.633 2.196 0.993 H→L (86%), H-1→L + 1 (9%)

SPF6 467.812 2.650 2.193 0.993 H→L (86%), H-1→L + 1 (9%)

Table 2.  The transition energies (eV), oscillator strengths (fos), maximum absorption wavelengths (λmax), and 
transition natures of SPFR and the proposed compounds (SPF1–SPF6) in gas phase.
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compound. The reference compound is found with the smallest λmax (423.573 nm). This absorption spectrum 
moves towards redshift in derivatives such as 494.020 nm in SPF4, 489.205 nm in SPF3, 488.338 nm in SPF2, 
470.939 nm in SPF5, 467.812 nm in SPF6, and 445.442 nm in SPF1 as the electron-withdrawing nature of aceptors 
is enhanced. Their overall decreasing order of λmax is as follows: SPF4 > SPF3 > SPF2 > SPF5 > SPF6 > SPF1 > SPFR 
(Table 2).

In chloroform, the excited state is more stabilized than the ground state, and the polarity of the ground 
state is lower than that of the excited state. The sequence of decreasing λmax in chloroform is the same as in 
gaseous phase, but due to the polarity of solvent, bathochromic shift is observed in polar media: SPF4 (512.776 
nm) > SPF3 (511.528 nm) > SPF2 (506.575 nm) > SPF5 (485.831 nm) > SPF6 (480.559 nm) > SPF1 (465.074 
nm) > SPFR (442.611 nm). Figure 5 exhibits a graphical representation of their molar absorptivity coefficient 
values about their corresponding wavelengths. Furthermore, the absorption spectra of the designed compounds 
were compared with spiro-OMeTAD and showed correlation, highlighting their potential as alternative HTM 
candidates40. This visual representation indicates that the tailored compounds possess favorable characteristics, 
such as low excitation energy and high absorption wavelengths, making them candidates for utilization in the 
field of SCs.

Transition density matrix
TDM analysis is an alternative method for examining and assessing simulated orbitals filled by electrons. It 
denotes the redistribution of electron density inside a molecule, as well as the presence of electron deficiencies 
and surpluses following activation45. The TDM energy is computed with DFT model using the cam-b3lyp/6-
311G(d, p) method at the first excited state. Subsequently, the data is visualized as a 2-D colored plot using 
the Multiwfn 3.7 program. The left y-axis and the bottom x-axis represent the numerical values given to non-
hydrogen atoms, ranging from one to the total atom count. The exclusion of hydrogen atoms is attributable 
to their little impact on excitation events. The vertical axis on the right displays the electron density, while its 
magnitude is represented by a colour gradient ranging from blue to red. To evaluate the efficacy of the TDM, we 
split our designed molecules into three segments: A1 (representing end-capped moieties), π-linker (serving as 
a bridge), and A2 (representing the central core unit). Figure 6 illustrates the results of the TDM analysis for all 
the chromophores.

Figure 7 demonstrates the presence of electronic delocalization occurring along the diagonal of the central 
core (A2) and π-linker, as well as to a lesser extent on the A1 moiety in SPFR and SPF1–SPF6. The presence of 
electron density at the terminal acceptors is a crucial factor in ensuring the efficacy of our modeling technique. 
The study further depicts the transmission of electron density from the core towards both acceptors which is 
effectively facilitated via the selenophene bridges in all the studied chromophores. The molecule (SPF4) exhibits 
the most pronounced π-delocalization behavior, as seen by the presence of off-diagonal bright regions across 
its structure. The enhancement of PCE of OSCs has been shown via the use of this electron density transfer 
mechanism.

Exciton binding energy (Eb)
Exciton binding energy is another way of evaluating the photovoltaic properties of organic solar cells (OSCs) to 
explain the capacity of exciton dissociation. It is usually considered essential to assess the electrical properties, 
the ability to separate the excited state, and the efficiency of the work of organic solar cells46. Hence, determining 
the Eb value for both holes and electrons is a crucial parameter for understanding the interaction arising from 
coulombic forces. The phenomena of weakened electrostatic attraction between positively charged holes 
and negatively charged electrons, along with increased separation of excitons into their constituent parts, is 
associated with the energy transfer from the lowest energy state (S0) to the first higher energy state (S1)47. In 
general, lower values of Eb tend to result in increased charge dissociation, and improved PCE. Equation 1 is used 

Fig. 5.  UV-Vis absorption spectra of the investigated molecules in the solvent and gaseous phases.
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for the computation of the binding energy of all the compounds. Table 4 shows the results of the band gap, first 
excitation energy, and Eb of SPFR and SPF1–SPF6.

	 Eb = EH−L − Eopt� (1)

Here, Eopt represents the minimum energy needed for the initial excitation from the ground state (S0) to the 
first excited state (S1), while EH−L denotes the energy difference between HOMOs and LUMOs. The data 

Fig. 6.  A pictorial illustration of the hole-electron transport investigation of SPFR and SPF1–SPF6.
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shown in Table  4 clearly demonstrates that designed molecules display very low levels of exciton binding 
energy. SPF3 has the lowest Eb value compared to the other compounds, which indicates that it has the 
highest abundance of charges that can easily be separated into isolated charges. Therefore, this derivative 
exhibits the highest level of charge segregation efficiency. Furthermore, it is worth noting that all the tailored 
chromophores show very high charge densities. The decreasing order of Eb in the investigated compounds is as 
follows: SPFR > SPF6 > SPF5 > SPF1 > SPF2 > SPF4 > SPF3. It is noteworthy to observe from this order that SPF3 
demonstrates the lowest Eb as well as efficient Voc, making it a suitable candidate for high-efficiency organic solar 
cells. Furthermore, the observed binding energy exhibits a strong correlation with the data obtained from TDM 
analysis.

NBO analysis
NBO analysis is the most accurate techniques for determining the bond interaction, hyperconjugation 
interaction, and ICT between valence and conduction band. Charge is transferred from a completely occupied 
donor to an acceptor using the π-spacer. The delocalization of electrons is established using the second-order 
perturbation technique. The results of NBOs for SPFR and SPF1–SPF6 are shown in Table S23.

It is vindicated that the top most values of π → π* transition of the R, D1,D2,D3,D4,D5 and D6 
occur at 30.04, 30.46, 35.09, 35.64, 35.96, 34.16 and 33.26  kcal mol− 1 for π(C1 − C2) → π*(C1 − C2), 
π(C22 − C24) → π*(C27 − C29), π(C1 − C2) → π*(C1 − C2), π(C14 − C14) → π*(C1 − C2),π(C49 − C50) 
→ π*(C35 − C48) respectively. The bottom most values of stabilization energies are detected as 
0.65, 0.59, 0.66, 0.6, 0.68, 0.63 and 0.53  kcal mol− 1 for reference and computed compounds for 
π(C30 − C32) →π*(C25 − C27), π(C38 − N39) → π*(C36 − N37), and π(C61 − C65) → π*(C58 − C59), 
π(N72 − O74)→π*(N72 − O74),π(C3 − C4)→π*(C3 − C4),π(C37 − C42)→π*(C37 − C42),π(O65 − C69) → 
π*(O65 − C69) respectively. The highest values of stabilization energies for σ → σ* occur as 9.97, 9.98, 
10.41, 8.84, 8.82, 8.87 and 8.9  kcal mol− 1 of σ(C31 − C35)→σ*(C35 − N36), σ(C28 − C32)→σ*(C32 − N33), 
σ(C1 − C2)→σ*(C1 − C14), (C4 − Se29)→σ*(C3 − C6),(C4 − Se 29)→σ*(C3 − C6),(C1 − C14)→σ*(C1 − C2) 
and (C4 − Se28)→σ*(C3 − C6) for SPFR and SPF1–SPF6 respectively, and the lowest values of the same 
kind of transition occur as 0.93, 0.5, 0.5, 0.5, 0.5, 0.5 and 0.5  kcal mol− 1 of σ(S17 − C20)→σ*(C18 − C20), 
σ(C20 − Se42)→σ*(C21 − C22), and σ(N7 − C8)→σ*(C6 − N7), σ(C15 − H17)→σ*(C4 − Se29), σ(C41-
S63)→σ*(S64-O71), σ(N7-C8)→σ*(C6-N7) and σ(C2-C5)→σ*(C3-C6) respectively.

Furthermore, the highest values of LP → π* are calculated as 36.71, 25.03, 65.31, 29.35, 29.82, 28.8 and 
67.8 kcal mol− 1 of LP(S17) → π*(C15 − C16), LP(Se40) →π*(C1 − C2), and LP(Se32) → π*(C20 − C21),LP(Se30) 
→ π*(C14 − C15), LP(Se31) → π*(C20 − C21),LP(Se29) → π*(C1 − C2) and LP(O75) → π*(O60 − C68) the 
highest values for LP→σ* transition observed as 32.38, 21.21, 32.17, 32.16, 32.17, 32.17 and 37.16 kcal mol− 1 of 
LP(O14)→σ*(C6 − N8), LP(O12)→ σ*(C3 − C6), and LP(O13)→σ*(C5 − N7), LP(O12)→σ*(C6 − N7), LP(O12) → 
σ*(C6 − N7), LP(O12) → σ*(C6 − N7) and LP(O65)→σ*(C69 − O80) for the reference and designed compounds 
respectively. Based on NBO studies, in addition to increasing strong charge transfer, hyperconjugation play a 
crucial part in destabilizing the intended chromophores.

Open circuit voltage
The open circuit voltage (Voc) is a potential indicator of the performance of OSCs. It represents an overall current 
drawn from an optical instrument48,49. In case of solar cells, this value is determined by measuring the current 
when the voltage is zero. The determination of the effect of Voc encompasses several criteria, including the light 
source, recombination of charge carriers, temperature of OSC, external fluorescence, electrode functionality, 
light intensity, and multiple environmental conditions. The recombination process in solar cells is influenced by 

Fig. 6.  (continued)
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two significant currents: photogenerated current and saturation voltage. For accurate measurements of Voc
36, it 

is necessary to account for certain scaling factors. Usually, the HOMO of the substance that donates electrons is 
aligned with LUMO of the molecule that accepts electrons. The disparity in energy levels between these orbitals 
is commonly referred to as the open-circuit voltage. To achieve optimal charge transfer, it is crucial for HOMO 
of the donor material to be situated at a lower energy level, while LUMO of the acceptor material should be 
positioned at a higher energy level. In this study, PTB7 (poly [4,8-bis (5- (2-ethylhexyl)thiophen-2-yl)benzo 
[1,2-b;4,5-b′]dithiophene-2,6-diyl-alt-(4- (2-ethylhexyl)-3-fluorothieno [3,4- b]thiophene-)-2-carboxylate-2-6-

Fig. 7.  TDM heat maps of the SPFR and designed compounds (SPF1–SPF6).
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diyl) is taken as a donor polymer against SPF1–SPF6. PTB7 is a well-recognized donor material that has often 
been used as a donor material in previous studies. Equation 250 may be used to compute the open-circuit voltage 
in all the molecules relative to PTB7.

	 Voc = (
∣∣ED

HOMO

∣∣ −
∣∣EA

LUMO

∣∣) − 0.3� (2)

In the above equation, ED
HOMO is the energy of HOMO orbital of donor and EA

LUMOis the energy of LUMO 
of acceptor.

The observed values of Voc for SPFR and SPF1–SPF6, with respect to the energy difference HOMOPTB7−
LUMOAcceptor are seen as 3.609, 3.502, 3.467, 3.339, 3.382, 3.661, and 3.830  V, respectively in Table S24. 
Remarkably, all the synthesized compounds have voltage values comparable to those of the reference 
chromophore. Among the compounds we designed, SPF6 stands out with the highest Voc value recorded at 
3.830 V, surpassing the energy difference observed in HOMOPTB7. The findings of the Voc indicate a decreasing 
order as SPF6 > SPF5 > SPFR > SPF1 > SPF2 > SPF4 > SPF3. Although it has already been stated early in this paper, 
the Voc value depends mainly on the energy level of HOMO of the donor (D) and LUMO of the acceptor (A). 
It directly enhances the optoelectronic characteristics due to the presence of low energy LUMO of the acceptor 
that helps in the electron transfer from the HOMO of the D molecules. The approach promotes the effective 
movement of electrons from the polymer that donates them to the segment that accepts them, hence improving 
the researched molecular optoelectronic parameter.

Reorganizational energy
The reorganization energy of electrons and holes is another factor used to elucidate the functioning and 
performance of photovoltaic materials51. The potential OSCs mostly rely on λ, which fundamentally represents 
the hole and electron mobility of different materials. Usually, materials with superior charge transfer capabilities 
exhibit significant optoelectronic properties52. Reorganization energy varies under different conditions, mostly 
determined by the geometries of the cationic and anionic states. Electron (λe) mobility is associated with anionic 
geometry, while the hole in the material is defined by cationic geometry. λ primarily signifies the charge transfer 
from the donor to the acceptor unit. Reorganizational energy refers to the movements of electrons and holes 
inside a molecule53. Hole and electron reorganization energies are classified into two primary categories: (i) 
exterior and (ii) interior reorganization energies. inside reorganizational energy (λint) is believed to correlate 
with the molecule’s inside environment, whereas external reorganizational energy (λext) corresponds to the 
molecule’s outward environment. In this context, we disregard all external stimuli and focus only on internal 
reorganization energy as illustrated in Table 5.

The table indicates that the λe of the reference compound SPFR is − 0.00099065 eV. The calculated electron 
mobilities of the abovementioned chromophores (SPF1-SPF6) are 0.00055022, 0.0007155, − 0.00089286, 
0.0003827, − 0.0012776, and 0.00090782 eV, respectively. Among all the derivatives, SPF5 has the lowest λe value, 
indicating a superior electron transport rate between HOMO and LUMO. Likewise, SPF5 exhibits significantly 
enhanced electron mobilities due to its reduced λe value. The λe values of all designated chromophores decrease 
in the subsequent sequence SPF6 > SPF2 > SPF1 > SPF4 > SPF3 > SPFR > SPF5. The theoretically predicted λh of 

Compounds λe (eV)a Λh (eV)b

SPFR − 0.00099065 0.00010789

SPF1 0.00055022 − 0.00009902

SPF2 0.0007155 0.00018363

SPF3 − 0.00089286 0.0003366

SPF4 0.0003827 0.0002799

SPF5 − 0.0012776 0.0002522

SPF6 0.00090782 0.00024554

Table 5.  Reorganization energy (eV) of entitled compounds. aReorganization energy of electron. 
bReorganization energy of hole.

 

Compounds EH–L Eopt Eb

SPFR 4.926 2.801 2.125

SPF1 4.764 2.666 2.098

SPF2 4.514 2.448 2.066

SPF3 4.433 2.424 2.009

SPF4 4.483 2.418 2.065

SPF5 4.656 2.552 2.104

SPF6 4.698 2.580 2.118

Table 4.  Calculated Eb of the investigated compounds (SPF1–SPF6). Units in eV.
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SPFR is 0.00010789 eV. The λh values for SPF1-SPF6 are calculated as − 0.00009902, 0.00018363, 0.00018363, 
0.0003366, 0.0002799, 0.0002522, and 0.00024554 eV, respectively. SPF1 is the superior molecule for hole 
transport due to its minimal λh value of − 0.00009902  eV. The λh values of all designated chromophores in 
decreasing order are SPF3 > SPF4 > SPF5 > SPF6 > SPF2 > SPFR > SPF1. At the same time, SPF5 is the superior 
candidate for electron transport, which may be used in future efficient organic solar cells.

Hole–electron analysis
The investigation of hole–electron analysis inside a molecule serves as an additional method to investigate the 
efficiency of solar cells54. This technique has proven beneficial in comprehending the movement of electronic 
clouds inside a compound55. SPFR shows a peculiar behavior as it shows charge density on many atoms. The 
electron intensity in SPF1 has a maximum value on C32 of the A1 region, as shown in Fig. 6. In case of SPF2, 
the electron intensity is seen to be highest at C26 in the π-linkers. The observed phenomenon may be attributed 
to the electron-withdrawing characteristics of the cyano group and the addition of extra oxygen atoms in the 
A1 region, which exert inductive influence. Moreover, in the compound SPF3, a hole appears at C18, and the 
electron density is maximum at C48 and C49. All the pictographs clearly depict the presence of a hole in the 
donor region at different atoms. Moreover, the electron intensity is shown to be greatest at certain atoms of the 
π-linker and gradually increases towards the acceptor moiety in all the compounds that were examined. SPF3–
SPF6 exhibits electron-like behavior because the electron density within the electron band is high, whereas the 
density of holes is either small or non-existent. In general, the designed chromophores exhibit characteristics 
consistent with electron-type materials. This can be deduced from the fact that the density is maximum in the 
electronic band while the density of the holes is lesser in the hole band.

Non-covalent interactions (NCI) analysis
The NCI study demonstrates a significant breakthrough in molecular analysis by elucidating electron density and 
non-covalent interactions such hydrogen and halogen bonding, π–π stacking, and tetra bonding. A quantitative 
non-covalent index is created by measuring the decreased density gradient (s) and the electron density Laplacian 
at zero-gradient sites. This index may be visualized in two or three dimensions to precisely depict the reduced 
density gradient (s) and the product of electron density (ρ) with the sign of λ2, an eigenvalue of the electron 
density Hessian matrix. Strong spikes in areas of low electron density and gradient magnitude are evident in the 
ensuing visuals, as more interactions result in a greater departure of spike amplitudes from zero. determining 
non-covalent interactions (NCI) requires the use of λ2, which gives information about the nature of interactions. 
Negative values suggest attractive forces, whereas positive values suggest repulsive forces.

The development of NCI isosurfaces (ρ = 0.5) enhances the three-dimensional visualization of these 
interactions. Additionally, to differentiate between various types of interactions, including hydrogen bonding, 
van der Waals forces, and steric effects, Multiwfn 3.7 software creates a two-dimensional graphical representation 
called the Reduced Density Gradient (RDG). The interactions between SPFR and SPF1–SPF6 in chloroform at 
the CAM-B3LYP/6-311G(d, p) computational level are the subject of Fig. 8 (λ2) ρ plots with concomitant NCI 
isosurfaces, which include scattered plots and RDG isosurfaces. For all of the designed derivatives, the image 
displays strong repulsive forces (steric effects) in red, van der Waals forces in green, and attractive forces in blue. 
The spectra’s vertical Y-axis shows a tight density gradient, while the horizontal X-axis shows electron density, 
which is obtained from the product of λ2 and ρ. With values of − 0.05 and + 0.05 atomic units (au.), respectively, 
the peaks at the left and right extremities indicate increased negative and positive attractions. Strong hydrogen 
bonds combined with less repulsive interactions lead to increased molecule stability. In the plots, the blue band 
(on the left) is higher than the red band (on the right), suggesting that the interactions are mostly attractive. 
Molecular stability is increased when favorable interactions occur more often.

The non-covalent interaction (NCI) analysis of SPFR and its derivatives (SPF1–SPF6) reveals significant 
insights into their molecular stability and electronic properties. The visualization of RDG plots and NCI 
isosurfaces highlights the dominance of attractive interactions, particularly hydrogen bonding and π–π stacking, 
which contribute to enhanced stability and improved charge transfer capabilities. Compounds SPF1 and SPF2 
exhibit the strongest hydrogen bonding interactions, leading to superior structural integrity and promising 
optical properties. Conversely, SPF3 and SPF4 display moderate steric repulsion, which may slightly affect their 
conformational flexibility but still retain appreciable stability. SPF5 and SPF6, characterized by dominant van der 
Waals interactions, show relatively lower stabilization effects but maintain structural adaptability. The balance 
between attractive and repulsive forces across these derivatives plays a crucial role in their optoelectronic 
performance, making SPF1 and SPF2 the most promising candidates for applications in organic electronics and 
photovoltaic materials.

Conclusion
To address the limitations of fullerene acceptor molecules, it is essential to develop new fullerene-free acceptors 
with high power conversion efficiency. To address this issue, the end-capped acceptor structure of the NFA 
chromophore (SPFR) was modified by incorporating highly efficient acceptor moieties, leading to the design 
of A2-π-A1-π-A2 configured small molecules. Their electrical and optical characteristics have been thoroughly 
examined via DFT and TD-DFT methodologies. The findings demonstrated that the FMO energies and band 
gaps are influenced by the incorporation of various acceptor moieties. All the tailored molecules exhibited smaller 
band gaps and intense absorption spectra. Among these molecules, SPF3 showed the lowest band gap (4.433 eV) 
and the highest λmax values i.e., 494.020 and 512.776 nm in gas and solvent phases, respectively. Additionally, 
it possessed a lower Eb value among the series of compounds (2.065 eV) which made it suitable photovoltaic 
material. These findings indicate that integrating electron-accepting moieties at the terminal positions is a highly 
effective strategy for designing efficient photovoltaic cells. Furthermore, a comparative analysis with standard 
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hole transport materials, such as spiro-OMeTAD and P3HT, demonstrated that these compounds can also serve 
as effective photovoltaic materials in perovskite solar cells.

Fig. 8.  Non-covalent interactions (NCI) analysis of SPFR to SPF1–SPF6.

 

Scientific Reports |        (2025) 15:14792 15| https://doi.org/10.1038/s41598-025-99585-6

www.nature.com/scientificreports/



Data availability
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do Estado de São Paulo for the cooperation and financial assistance. A.A.C.B. (grant 312550/2020-0) also thanks 
to the Brazilian National Research Council (CNPq) for financial support and fellowship. The authors also thank 
the Researchers Supporting Project number (RSPD2025R645), King Saud University, Riyadh, Saudi Arabia.

Author contributions
Muhammad Khalid: Supervision; Investigation; Resources; software; project administration; Methodology; Fa-
tima Tayyab: Formal analysis; Investigation; Writing - original draft; Visualization; Muhammad Adeel: Con-
ceptualization; Resources; software; Formal analysis; Validation; Nayab Tahir: Formal analysis; Investigation; 
Writing - original draft; Visualization; Ataualpa A. C. Braga: Conceptualization; Resources; software; Formal 
analysis; Validation; Khalid Abdullah Alrashidi: Data Curation; Writing - review & editing; Formal analysis, 
Funding acquisition.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​9​9​5​8​5​-​6​​​​​.​​

Correspondence and requests for materials should be addressed to M.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |        (2025) 15:14792 18| https://doi.org/10.1038/s41598-025-99585-6

www.nature.com/scientificreports/


