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This study introduces a new series of organic compounds (PPH1–PPH8) derived from a pyridine 
dipyrrolide (PDP) core, aimed at enhancing the efficacy of organic solar cells. Their light absorption 
and charge transport capabilities were improved by altering the terminal groups of a reference 
molecule (PPHR) with strong electron-withdrawing units. The density functional theory (DFT) and 
time-dependent DFT (TD-DFT) calculations were employed at the M06/6-311G(d, p) level to examine 
the electronic and photovoltaic features of the designed chromophores. The findings indicated a 
notable redshift in the absorption spectra, broadening the absorption range from 562.874 to 617.913 
nm accompanied by a substantial decrease in the energy gap from 2.677 to 2.468 eV in PPH1–PPH8. 
These results indicated enhanced solar light absorption due to end-capped modification. Moreover, 
these compounds demonstrated lower exciton binding energies (0.460–0.509 eV), signifying effective 
charge separation and improved exciton dissociation. Calculations of open-circuit voltage (Voc), 
utilizing the standard acceptor (PC71BM), further validated their photovoltaic potential. Electron-hole 
analysis identified PPH5 as a highly promising candidate, demonstrating significant spatial separation 
of charge carriers. Therefore, this research study presents a novel class of PDP-based chromophores 
with tailored optoelectronic characteristics, providing significant insights for the advancement of next-
generation organic photovoltaic materials.
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To achieve clean energy via green technology based on organic molecules, the organic photovoltaics (OPV) are 
prominent class. They offer promising features such as low-cost, light-weight, non-toxic, large-area and flexible 
devices in contrast to their inorganic counterparts1–3. Further, the organic π-conjugated molecular systems are 
consistent in their symmetrical and intramolecular charge transfer (ICT) properties4. The basic functioning 
of an organic solar cell (OSC) consists of the absorption of a photon by an active material (usually donor); 
generation and diffusion of an exciton in donor; dissociation of exciton at the donor-acceptor interface which 
lead to formation of holes and electrons. Finally, the holes and electrons migrate towards the specific electrodes 
and their efficiency is greatly influenced by the insertion of different acceptor functionalities in an organic 
molecular structure5.

Depending on the combination of specific donor and acceptor species, several types of OSCs are known such 
as the polymer-fullerene, single-junction OSC (single photoactive layer), multicomponent OSC (three or more 
components constitute a photoactive layer), polymer-small molecule and all-polymer and all-small molecule 
OSCs6. Currently, the single-junction OSCs are reported with the highest power conversion efficiency (PCE) 
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of over 20% and photostability7. They effectively utilized non-fullerene acceptors (NFAs) and large band gap 
electron donors due to which they are well-known for being flexible, transparent and light-weight materials8,9.

Pincer ligands were initially introduced in 1976 by Moulton and Shaw10. They have been successfully utilized 
in the formation of transition metal complexes. Pyridine dipyrrolide is an attractive pincer ligand which has 
garnered attention of scientists from several years due to its widespread use in the formation of well-defined 
complexes with early and late transition metals such as with Fe11, Co, Cr12, Zr13, Mo14, Zn15, and Pd16 etc. The free 
ligand i.e., [pyrr2Py]H2 is monomeric which has a coplanar structure owing to the orientation of incorporated 
pyrrole and pyridine moieties. The efficiency of this molecule can be enhanced by substituting robust end-
capped acceptors in order to boost the photovoltaic and charge transfer properties. Hence, this research is highly 
based on the further exploration of this ligand.

The molecular engineering at terminal acceptors is an effective method for modulating the photovoltaic 
characteristics of organic chromophores. Literature indicates that the incorporation of benzothiophene (BT)-
based acceptors with electron-withdrawing groups improves charge transfer towards the acceptor regions. This 
leads to increased short-circuit current (Jsc) and open-circuit voltage (Voc) in the non-fullerene acceptors. The 
enhancement is chiefly attributable to the selective stabilization of the lower-lying LUMO, whereas the HOMO 
remains largely unaltered. Moreover, the absorption band is markedly expanded, hence contributing to the 
enhanced device performance17.

At present, density functional theory has proven pivotal in elucidating the electrical and optical characteristics 
of NFA-OSCs. DFT simulations provide researchers with essential insights into molecular interactions, charge 
transport dynamics, and the energetics of innovative materials18. This computational approach facilitates the 
strategic design of high-efficiency non-fullerene acceptors (NFAs) and deepens the comprehension of the 
complex link between molecular architecture and device performance. Ultimately, these findings facilitate 
the advancement of next-generation high-performance organic solar cells19,20. In addition to HOMO/LUMO 
energy gaps, the DFT studies also interpret the non-covalent interactions (NCIs) in various organic molecules21. 
Researchers have synthesized vast variety of organic compounds accompanied by their DFT exploration, such as 
peptoids22, chalchones23, pepridone derivatives24, pyrimidines25, co-crystal salts26,27, etc.

Considering the above-mentioned facts, herein, eight new A − π − A compounds (PPH1- PPH8) are designed 
from the reference (PPHR) which accommodate crystal core of pyridine dipyrrolide flanked with strong end-
capped acceptors28. The research findings are presented here regarding their electronic, photophysical and 
photovoltaic properties via the DFT method which include interpretation of their FMOs, DOS, UV-Visible 
spectra, TDM, Eb and Voc properties. It is anticipated that the proposed organic chromophores will provide 
revolutionary outcomes as unique photovoltaic materials.

Methodology
To investigate the quantum chemical properties of the entitled compounds (PPHR and PPH1-PPH8), Gaussian 
09 program suite29 at M06 level30 with triple zeta i.e., 6-311G(d, p) basis set31 was utilized. For this purpose, 
the studied compounds were optimized along with frequency analysis and found with minimum global energy 
without imaginary frequency. After this, various analyses such as the frontier molecular orbitals (FMOs), UV-
Visible absorption, density of states (DOS), transition density matrix (TDM), open-circuit voltage (Voc) and 
hole-electron were performed by using their optimized structures at the afore-mentioned functional. The exciton 
binding energy (Eb) was calculated using the FMOs and UV-Vis findings. The various software programs were 
employed for interpretation of data for these analyses which include the Avogadro32, Origin 8.033, GaussSum34, 
Multiwfn 3.735, PyMOlyze36, and Chemcraft37. All the output files were visualized using the GaussView 6.038 
software.

Results and discussion
In this study, [pyrr2Py]H2 donor free ligand is chosen as the parent compound, which contains a pyridine 
dipyrrolide core. In order to avoid steric hindrance and computational cost, the upper toluene groups 
(− C6H5CH3) are substituted with long alkyl chain groups (− C5H11) as represented in Fig. S1. After this structural 
modulation, the [pyrr2Py]H2 is renamed as PHHR having A − π − A configuration. Further, eight different 
derivatives (PPH1-PPH8) are designed from the reference (PPHR) based on the pyridine dipyrrolide core and 
terminated with different strong benzothiophene based acceptors (A1-A8) which are displayed in Fig. 1. The 
aim of this research is to investigate their photovoltaic properties via the DFT and TD-DFT methods. Various 
parameters are analyzed which include the electronic, optical and photo-physical properties. Derivatives (PPH4 
and PPH7) have shown the most favorable results i.e., least energy gaps (2.468 and 2.491 eV, respectively) 
and highest absorption shifts (617.913 and 613.146 nm, respectively). The IUPAC names and structures of 
utilized benzothiophene based acceptors (A1-A8) are presented in the supplementary information (see Figure 
S2). However, the IUPAC names of reference and designed derivatives are mentioned in the Table S10. This 
DFT-based study explicates that the photovoltaic properties of organic compounds can be enhanced by their 
substitution with different end-capped acceptor units39. Their molecular structures are presented in the Figure 
S3, while their optimized geometries are shown in the Fig. 2. The Cartesian coordinates of studied chromophores 
are depicted in the Tables S1-S9.

Frontier molecular orbitals (FMOs) analysis
Frontier molecular orbitals analysis conceptualizes the chemical reactivity of molecules in terms of the 
interactions between their frontier orbitals40. It usually focuses on the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) interactions. The HOMO is logically viewed 
as electron donating or valence band, while the LUMO is electron accepting or conduction band41,42. For an 

Scientific Reports |        2025 15:25708 2| https://doi.org/10.1038/s41598-025-10748-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


effective charge transfer within a molecule, electron density must be shifted promptly from the HOMO towards 
the LUMO43. The difference in energies of HOMO and LUMO deliberately elucidates the chemical reactivity44, 
stability45, and intramolecular charge transfer46. Overall, the FMOs analysis estimates the electronic properties 
of organic chromophores47. Therefore, this analysis is performed for the titled molecules (PPHR and PPH1-
PPH8) at M06/6-311G(d, p) level and the results are tabulated in the Table 1. It represents the energies of major 
orbitals (HOMO and LUMO) along with their energy gaps (Egap). Similarly, results for other orbitals (HOMO-1/
LUMO + 1 and HOMO-2/LUMO + 2) are presented in the Table S11 and Figure S4).

The computed energies (EHOMO and ELUMO) for reference compound (PPHR) i.e. −5.318 and − 1.227 eV, 
respectively, are higher than other derivatives (PPH1-PPH8). Similarly, the energy gap for PPHR is found as 
4.091 eV which is much higher than designed chromophores. Moreover, the Table 1 shows that, among PPH1-
PPH8 systems, the compounds (PPH4 and PPH7) show the least energy gaps (2.468 and 2.491 eV) which 
might be due to the accommodation of 1-(dicyanomethylene)−2-methylene-3-oxo-2,3-dihydro-1-H-benzo[b]
cyclopenta[d]thiophene-6,7-dicarbonitrile and 1-(dicyanomethylene)−2-methylene-3-oxo-2,3-dihydro-1-
H-benzo[b]cyclopenta[d]thiophene-6,7-disulfonic acid as the terminal acceptors, respectively. According to 
literature analysis, the presence of strong electron acceptors over the terminals significantly reduces the energy 
gap39,40. In case of the above-mentioned acceptors, –CN and –SO3H groups are present which lower the overall 
energy gaps of respective compounds. The following decreasing order of Egap is observed for the investigated 
compounds in eV: PPHR > PPH1 > PPH8 > PPH2 > PPH3 > PPH6 > PPH5 > PPH7 > PPH4.

The FMOs contour surface diagrams for the entitled molecules are displayed in the Fig. 3 which represent the 
electronic cloud distribution with blue and red regions showing positive and negative intensities, respectively. 
In HOMO of PPHR compound, the electron density is observed over the whole molecule except nitrogen and 
n-butyl chain. While, in LUMO, it spreads over the entire molecule except n-butyl chain. Similarly, in HOMO 
of derivatives (PPH1-PPH8), the electron density lies over the π-linker units, while in their LUMO, the clouds 
are seen over the terminal acceptors. Hence, the analyzed molecular systems show significant charge transfer 
from the π − spacer towards the acceptor regions. Concluding this discussion, it is inferred that the designed 
chromophores have emerged as efficient optoelectronic materials.

UV-Visible analysis
The UV-Visible analysis elucidates the charge transmission properties in the studied chromophores41,42. There 
are several parameters among which the absorption maxima (λmax) and excitation energy (E) are the most 
significant. They refer to the exact energy necessary for a transition to occur and the oscillation frequency (fos) 
represents the possibility of transition48. Hence, a compound with broader absorption attains higher λmax and 
fos while, lower E values. The broader absorption further leads to efficient intramolecular charge transfer49. The 
UV-Visible analysis is performed using the time-dependent DFT (TD-DFT) at selected level in both gas and 
chloroform solvent. The analysis includes the interpretation of λmax, fos, E and excited state transitions up to six 
energy levels. The representative values are displayed in the Table 2. However, other results are tabulated in the 
Tables S12 and S13. The graphical representation of the absorption spectra is plotted in the Fig. 4.

Fig. 1.  Schematic representation of the designed compounds.

 

Scientific Reports |        2025 15:25708 3| https://doi.org/10.1038/s41598-025-10748-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 2.  Optimized structures of the investigated chromophores (PPHR and PPH1-PPH8).
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The data show that in gas phase, all the designed derivatives (PPH1-PPH8) exhibit significantly higher 
λmax values in a range of 562.874-617.913 nm as compared to the reference (PPHR) i.e., 384.114 nm. The 
following decreasing order for λmax is observed in these compounds: PPH4 (617.913) > PPH7 (613.146) > PPH5 
(603.153) > PPH6 (593.339) > PPH3 (585.688) > PPH2 (580.532) > PPH8 (576.135) > PPH1 (562.874) > PPHR 
(384.114) in nm. Conversely, they show lower transition energies (E) in a range of 2.007–3.228 eV. The following 
pattern is observed for E among the investigated chromophores: PPH4 (2.007) < PPH7 (2.022) < PPH5 
(2.056) < PPH6 (2.090) < PPH3 (2.117) < PPH2 (2.136) < PPH8 (2.152) < PPH1 (2.203) < PPHR (3.228) in eV. 
The oscillation frequency (fos) are observed as PPHR (0.406), PPH1 (0.089), PPH2 (0.077), PPH3 (0.068), 
PPH4 (0.033), PPH5 (0.011), PPH6 (0.048), PPH7 (0.030) and PPH8 (0.029). Lastly, the molecular orbital 
contributions observed for PPHR and PPH1-PPH8 are H→L (97%), H→L (92%), H→L (93%), H→L (93%), 
H→L (94%), H→L (33%), H→L (94%), H→L (70%) and H→L (82%), respectively. PPH4 and PPH7 compounds 
show the most red-shifted absorption values (617.913 and 613.146 nm) which is due to the presence of strongly 
electron-withdrawing species in their acceptors (–CN and –SO3H groups, respectively). The molecular orbital 
transitions responsible for this red-shift are the first excited state transitions from HOMO to LUMO represented 
as H→L (94%) and H→L (70%) respectively. The reason behind this red-shift is principally due to the enhanced 
electron-withdrawing capacity of the terminal acceptors, which substantially stabilize the LUMO energy levels. 

Fig. 2.  (continued)
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This leads to a diminished HOMO-LUMO energy gap in PPH4 and PPH7 (2.468 and 2.491 eV, respectively) 
which facilitates the ICT, as indicated by the predominant transitions accounting for over H→L (90%) of the 
low-energy absorption bands.

Similarly, in case of the chloroform solvent, the compound (PPH4) shows the utmost λmax = 550.258 nm with 
correspondingly least transition energy as 2.253 eV. Overall, the absorption values of derivatives in this case are 
lesser than gaseous phase values and following trend is observed: PPH4 (550.258) > PPH5 (540.943) > PPH7 
(533.265) > PPH6 (528.853) > PPH8 (526.048) > PPH3 (502.469) > PPH2 (496.195) > PPH1 (487.685) > PPHR 
(340.672) in nm. Therefore, it is anticipated that the studied chromophores exhibit significant photonic properties 
with broader absorptions in the visible region and lower excitation energies50.

Density of States (DOS)
Density of states analysis is used to evaluate the electronic structure of a molecular system by examining the 
contribution of electronic states at specific energy levels51,52. This analysis provides a comprehensive view of the 
energy distribution and helps in calculating the Egap between the HOMO and LUMO53. By complementing the 
FMOs analysis, DOS calculations offer insights into how different fragments within a molecule contribute to 
the overall electronic structure which often aids in understanding their electronic properties and behavior54. To 
examine the ICT, the designed chromophores are categorized into two fragments: the π-spacer (core unit) and 
the acceptor (end-capped group). In the DOS spectra for PPHR and its derivatives (PPH1-PPH6), the π-bridge 
and acceptor contributions are shown by green and red curves, respectively, while the black curve represents the 
combined contribution of both fragments, as depicted in the Fig. 5.

In these DOS plots, the valence band (HOMO) is denoted on the left side, and the conduction band (LUMO) 
on the right side over the x-axis. The energy gap, which is the distance among the HOMO (H) and LUMO 
(L) foremost peaks is also illustrated in the Fig. 5. In HOMO, the electronic contributions for the π-spacer are 
examined as 80.0, 91.3, 91.4, 91.3, 91.6, 91.3, 91.9, 91.2 and 91.1% in PPHR-PPH8, respectively. Whereas, for 
LUMO, this charge density is investigated as 78.5, 7.7, 7.1, 6.2, 3.8, 7.6, 4.9, 7.4 and 16.4%, respectively. Likewise, 
for acceptor moieties, the electronic contributions are 20.0, 8.7, 8.6, 8.7, 8.4, 7.7, 8.1, 7.8 and 7.9% in HOMO, 
accordingly. While, for the LUMO, 21.5, 92.3, 92.9, 93.8, 96.2, 92.4, 95.1, 92.6 and 83.6% charge contributions 
are noted for PPHR-PPH8, respectively (see Table S14). Furthermore, the DOS maps reveal that the maximum 
charge density for the HOMO is concentrated on the π-spacer, marked by a green peak around − 7.8 eV. Similarly, 
the charge density for the LUMO is indicated by red peak between − 3 to −3.5 eV, demonstrating charge transfer 
from the central core towards the acceptors. Thus, the DOS graphs strongly support the FMOs pictographs 
showing that there is a considerable delocalization of the electronic cloud and substantial charge transfer from 
the central core to the acceptor groups.

Non-Covalent interactions (NCI)
Non-covalent interaction analysis functions as a comprehensive evaluation technique to elucidate weaker 
molecular interactions, encompassing hydrogen bonding, Van der Waals forces and steric effects55. Such 
interactions in the organic molecules predict their chemical reactivity and stability characteristics.

Multiwfn software is employed to produce the 2D reduced density gradient (RDG) scatter plots and the 
color-filled RDG isosurfaces for all the investigated compounds (PPHR and PPH1-PPH8) are visualized using 
the VMD software (see Fig. 6). RDG plot is drawn between (λ2)ρ on the x-axis and RDG values on the y-axis 
in a.u. The type of interactions is distinguished as bonded (λ2 < 0) and non-bonded (λ2 > 0) interactions on the 
x-axis. The RDG in conjunction with electron density in NCI analysis produces visual representations that 
illustrate attractive forces in blue, weaker Van der Waals interactions in green, and steric repulsions in red56.

The NCI study demonstrates varying impacts of different substituents on the interaction behaviors of the 
studied compounds. The sign of the (λ2)ρ function mapping reveals essential information regarding the nature 
and strength of interactions. The blue patches in the NCI plot signify robust attractive interactions, typically 
indicative of hydrogen bond production. These fundamental atomic interactions greatly enhance molecule 
stability and intra- or intermolecular structural connectivity. The high intensity and extensive distribution of 
blue regions within these areas indicate the presence of well-defined hydrogen bonding in these structures that 
increase stiffness.

Compounds EHOMO ELUMO Egap

PPHR −5.318 −1.227 4.091

PPH1 −5.743 −3.066 2.677

PPH2 −5.843 −3.238 2.605

PPH3 −5.871 −3.281 2.590

PPH4 −6.105 −3.637 2.468

PPH5 −6.107 −3.564 2.543

PPH6 −5.973 −3.423 2.550

PPH7 −6.051 −3.560 2.491

PPH8 −5.869 −3.208 2.661

Table 1.  Assessments of energy gaps for the PPHR and PPH1-PPH8 compounds.
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Overall, this study illustrates how molecular forces equilibrate between attraction and repulsion to sustain 
intermolecular interactions. Molecular stability arises from robust hydrogen bonding and secondary Van der 
Waals interactions; however, the structural constraints are imposed by steric repulsion.

Transition density matrix (TDM)
The transition density matrix is an essential tool for assessing charge transitions within a molecule57. It provides 
insights into the distribution of electrons and holes, as well as the rate of charge transfer and the nature of excited 
states58. In a TDM plot, two significant regions need to be considered: the diagonal and off-diagonal areas. The 
diagonal elements correspond to the excited states of molecule, while the off-diagonal elements indicate charge 

Fig. 3.  HOMOs and LUMOs of the entitled compounds.
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Fig. 3.  (continued)
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Fig. 3.  (continued)
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transfer processes59. The TDM map of each chromophore separates different fragments (π-linker and terminal 
acceptor) with the help of horizontal and vertical colored lines offering a detailed view of charge coherence 
and hole-electron localization in diagonal and off-diagonal regions. Moreover, the brighter sections of TDM 
plots are enclosed in a ring showing the prominent sections of charge localization (see Fig. 7). Due to very less 
contribution of H-atoms in these transitions, they are excluded in this analysis60. The atom numbers of each 
individual molecule are plotted on the x- and y-axes61. Figure 7 shows that bright patches are consistently present 
both diagonally and off-diagonally in the acceptor and π-linker regions, illustrating efficient charge transfer 
within a molecule. Moreover, these bright regions also signify the presence of excited states in the TDM plots. 
The TDM heat maps for these chromophores indicate efficient charge transfer, without charge coherence being 
trapped. These heat maps are influential in the development of solar cells, as they suggest a smoother and more 
efficient flow of electrons from the central core towards the end-capped acceptor groups.

Hole-Electron analysis
A heat map is a visual illustration for analyzing hole-electron interactions in photovoltaic materials, offering 
insight into the spatial and temporal behavior of charge carriers62. It provides crucial information about the 
function of each fragment in generating holes and electrons. Additionally, it helps evaluate how much overlap 

Fig. 4.  UV-Visible spectra for the entitled compounds in gas and chloroform solvent.

 

System
TD-DFT 
λmax (nm) E (eV) fos

MO 
Contributions

aPhase

PPHR 384.114 3.228 0.406 H→L (97%)

PPH1 562.874 2.203 0.089 H→L (92%)

PPH2 580.532 2.136 0.077 H→L (93%)

PPH3 585.688 2.117 0.068 H→L (93%)

PPH4 617.913 2.007 0.033 H→L (94%)

PPH5 603.153 2.056 0.011 H→L (33%)

PPH6 593.339 2.090 0.048 H→L (94%)

PPH7 613.146 2.022 0.030 H→L (70%)

PPH8 576.135 2.152 0.029 H→L (82%)

bPhase

PPHR 340.672 3.639 0.639 H→L + 1 (96%)

PPH1 487.685 2.542 1.163 H-1→L + 1 (71%)

PPH2 496.195 2.499 1.245 H-1→L + 1 (63%)

PPH3 502.469 2.468 1.190 H-1→L + 1 (63%)

PPH4 550.258 2.253 1.160 H→L + 3 (93%)

PPH5 540.943 2.292 0.375 H-1→L (48%)

PPH6 528.853 2.344 1.099 H→L + 3 (91%)

PPH7 533.265 2.325 0.894 H-1→L + 1 (79%)

PPH8 526.048 2.357 0.833 H→L + 2 (46%)

Table 2.  Wavelength (λmax), excitation energy (E), oscillator strength (fos) and molecular orbital contributions 
of compounds (CBR and CBD1-CBD8) in gaseous and solvent phases. aGaseous Phase, bChloroform Solvent.
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Fig. 5.  DOS spectra of the studied compounds (PPHR and PPH1-PPH8).
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exists between holes and electrons within the photoactive layer of OSCs63. In this study, Multiwfn 3.8 is employed 
to analyze electron-hole interactions and determine the charge movement within the examined molecules.

From Fig. 8, it is observed that in the reference molecule (PPHR) and designed compounds (PPH1-PPH3), 
hole is generated at the carbon atoms (C7 and C11) of benzene and pyridine ring of π-spacer and electron intensity 
is also found concentrated over the C-atom of benzene and thiophene rings. In PPH5-PPH7 compounds, the 
band displays a moderate density, while the hole band achieves a maximum intensity similar to that of the 
previously designed chromophores. However, in PPH4 and PPH8, a slight hole density is concentrated around 
the C9, C10 and C27 atoms within the π-spacer, whereas the electron density is predominantly found at C41 and 
O51 atoms within the 2-(4-oxocyclopent-2-en-1-ylidene)malononitrile segment of the acceptor. Significantly, 
all visual representations reveal that the hole predominantly forms within the π-linker segment at the carbon 
atoms, whereas the electron density peaks are found notably across different atomic sites in the acceptor regions. 
Each chromophore displays notable electron and hole clouds across different parts of the molecule. PPH4 and 
PPH8 chromophores stand out as favorable candidates for solar cells as compared to other derivatives.

Exciton binding energy (Eb)
The binding energy refers to the minimum energy needed to dissociate an exciton into its individual components 
(an electron and a hole); this dissociation happens in the excited state generated by photoexcitation64. Coulombic 
forces between holes and electrons are assessed through the evaluation of binding energy. The Eb is influenced by 

Fig. 5.  (continued)
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the acceptor groups at the peripheries of the molecules. Strong electron-withdrawing or highly electronegative 
groups reduce binding energy by weakening the Coulombic attraction between electrons and holes, as they 
strongly attract electrons65. A reduced binding energy means fewer Columbic forces which in result facilitate 
efficient exciton splitting into holes and electrons. This enables the charges to migrate to their respective 
electrodes with greater ease and improves charge mobility in the excited states66. The Eq. 1 is used to calculate 
binding energy values for the investigated compounds67.

	 Eb = Eg − Ex� (1)

Fig. 6.  RDG isosurface densities and scatter plots of investigated compounds.

 

Scientific Reports |        2025 15:25708 13| https://doi.org/10.1038/s41598-025-10748-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Here, the energy gap is denoted by Eg, and the first excitation energy of an electron from ground state (S0) to 
excited state (S1) is represented by Ex.

Table 3 depicts the calculated Eb values for PPHR and PPH1-PPH8 as 0.863, 0.474, 0.469, 0.473, 0.461, 0.487, 
0.460, 0.468 and 0.509 eV, respectively. Compound (PPH6) exhibits the least Eb value (0.460 eV) in the selected 
derivatives, indicating the highest rate of charge dissociation. The Eb in the entitled chromophores follows a 
declining trend as: PPHR > PPH8 > PPH5 > PPH1 > PPH3 > PPH2 > PPH7 > PPH4 > PPH6. Thus, the newly 
designed compounds show reduced exciton binding energy values as compared to the reference compound, 
suggesting a higher rate of electron-hole pair dissociation. Reduced exciton binding energies promote 
effective exciton dissociation into free charge carriers, hence improving charge separation and minimizing the 

Fig. 6.  (continued)
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recombination losses. This results in enhanced charge transport properties which are essential for attaining high 
power conversion efficiency in the organic photovoltaic devices68.

Concluding this, the findings of Eb are in close harmony with the TDM maps which demonstrate hole-
electron localization in accordance with exciton dissociation. Literature shows that lower Eb enhances charge 
mobility, which in turn increases the short-circuit current density (Jsc) as well as improves the power conversion 
efficiency (PCE) of solar cells69. Thus, PPH6, PPH4, and PPH7 are likely to demonstrate high charge mobility 
contributing to the development of more efficient OSCs.

Fig. 6.  (continued)
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Fig. 7.  Transition density matrix diagrams of PPHR and PPH1- PPH8 chromophores.
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Fig. 7.  (continued)
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Open circuit voltage (Voc)
In order to evaluate the performance and maximum working capability of pyridine dipyrrolide material based 
OSCs, open-circuit voltage analysis is employed. The Voc refers to the maximum voltage in a circuit when no 
current is flowing70. This parameter has a significant impact on the power conversion efficiency of organic solar 
cells, as they are directly proportional to each other. A high Voc, ideally exceeding 1 V, is crucial for generating 
highly efficient OSCs. Voc corresponds to the energy difference between the HOMO of the donor material and the 
LUMO of the acceptor material. Significantly, the value of Voc is highly influenced by both the photo-generated 
current and saturation voltage63. Additionally, the Voc value is influenced by a number of parameters, including 
the system’s temperature, incident light, and the charge-transferring mechanism71. Scharber and colleagues 
formulated a simplified Eq. 2 for calculating Voc in solar cells72.

	
Voc = 1

e
(
∣∣ED

HOMO

∣∣ −
∣∣EA

LUMO

∣∣) − 0.3� (2)

In this Equation, ED
HOMO represents the HOMO energy of the donor, and EA

LUMO denotes the LUMO energy 
of the acceptor. While “e” representing the elementary charge of the acceptor molecule, and 0.3 acting as an 
empirical constant derived from the drop factor of voltage. To achieve a higher open-circuit voltage, the energy 
gap between the HOMO of the donor and the LUMO of the acceptor material must be large, a key factor in 
enhancing the power conversion efficiency of OSCs. The selection of PC71BM as a standard acceptor is based 
on its historical importance and prevalent application as a benchmark acceptor in organic photovoltaics. Its 
well-defined energy levels, excellent solubility, and proven compatibility with various donor materials render 
it a suitable reference for comparative Voc assessments73. Since a high open-circuit voltage indicates a faster 
charge transfer rate within the molecule, PC71BM appears to be the most appropriate acceptor polymer. For this 
purpose, the HOMO of PPHR and PPH1-PPH8 compounds is coupled with the LUMO of PC71BM polymer 

Fig. 8.  Electron-hole overlap in all the studied compounds.
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to theoretically determine the Voc of the studied molecules. The LUMO energy level of the PC71BM acceptor is 
observed as −6.05 eV74. The pictorial illustration of driving force and Voc is depicted in the Fig. 9.

The energy driving forces are essential for facilitating excitations from the HOMO to the LUMO. A 
narrower energy gap allows for easy excitation, demanding less energy for the electronic transition between 
these orbitals. This leads in greater electricity output and a stronger photovoltaic reaction, owing to the 
surplus energy carried by photons. The observed driving energies for the donor-acceptor complexes 
( ∆ E) are 1.888, 2.313, 2.413, 2.441, 2.675, 2.677, 2.543, 2.621 and 2.439 eV for PPHR and PPH1-
PPH8, correspondingly (see Table S15). The declining order of ∆ E of all designed systems is found as: 
PPH5 > PPH4 > PPH7 > PPH6 > PPH3 > PPH8 > PPH2 > PPH1 > PPHR.

The computed Voc values for PPHR and PPH1-PPH8 are 1.588, 2.013, 2.113, 2.141, 2.375, 2.377, 2.243, 
2.321, and 2.139 V, respectively. All the studied compounds exhibit higher Voc values compared to the PPHR. 
This indicates that these compounds possess the most significant charge delocalization, attributed to their highly 
potent acceptor groups incorporated at the terminal ends. In particular, PPH5 demonstrates the highest Voc, 
highlighting its superior ability for charge delocalization and power conversion efficiency as compared to other 
compounds. PPH5 > PPH4 > PPH7 > PPH6 > PPH3 > PPH8 > PPH2 > PPH1 > PPHR is the declining sequence 

Fig. 8.  (continued)

Compounds Eg Ex Eb

PPHR 4.091 3.228 0.863

PPH1 2.677 2.203 0.474

PPH2 2.605 2.136 0.469

PPH3 2.590 2.117 0.473

PPH4 2.468 2.007 0.461

PPH5 2.543 2.056 0.487

PPH6 2.550 2.090 0.460

PPH7 2.491 2.022 0.468

PPH8 2.661 2.152 0.509

Table 3.  The calculated values of Eg, Ex, and Eb for the investigated chromophores.
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of Voc for the investigated chromophores. In summary, pyridine dipyrrolide-based chromophores exhibit 
excellent photovoltaic properties, demonstrating their potential for effective the OSCs materials.

Conclusion
This study illustrates the strategic advantages of end-group modification in improving the optoelectronic 
characteristics of organic chromophores for use in organic solar cells. Eight novel chromophores (PPH1–PPH8) 
were developed by modifying the terminal acceptor groups of the reference molecule (PPHR), demonstrating 
advantageous characteristics like decreased energy gaps, red-shifted absorbance, effective intramolecular charge 
transfer, and favorable open-circuit voltages. These findings emphasize the design adaptability of pyridine 
dipyrrolide-based structures and their significance for next-generation solar materials. In addition to theoretical 
insights, this research offers a logical chemical framework that can assist experimental chemists in synthesizing 
good photovoltaic materials. Overall, this work advances the pursuit of sustainable and efficient materials for 
organic photovoltaics through providing design methodologies especially utilization of benzothiophene based 
acceptors.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary 
information files.
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