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a b s t r a c t 

The global energy landscape is undergoing a profound transformation, driven by the urgent need to address en- 
vironmental concerns and energy security. In recent years, alternative solar energy technologies have attracted 
increasing interest and investment, and organic solar cells (OSCs) have emerged as promising alternatives to tra- 
ditional silicon-based solar cells. In this study, a series of four M i donor materials ( i = 1–4) incorporating triph- 
enylamine with donor-acceptor-acceptor (D-A-A) configurations was developed. These materials were designed 
by modifying the acceptor portion of the reference molecule TPA-R by incorporating four different fragments 
containing sulfur heterocycles, selenophene, and thiadiazole. The electronic and optical properties of small elec- 
tron donor materials (SEDMs) were explored through theoretical analysis using density functional theory (DFT) 
simulations at the B3LYP/def2-SVP level of theory to optimize the geometrical structures and the TD-CAM- 
B3LYP/6–31G(d,p) approach to predict the excitation behavior. The theoretical results were then compared with 
experimental data, revealing a high degree of agreement. All the designed compounds, M1–M4, showed promi- 
nent and broad absorption peaks in the visible spectra, ranging from 595 to 726 nm, with comparatively smaller 
energy gaps ( Eg ) than the reference TPA-R. Excited-state analysis revealed that all the designed molecules ex- 
hibited a significantly high electron-hole transfer rate from the D moiety to the second A2 acceptor, indicating 
that modification of the first acceptor improves the charge transfer properties. To fully understand how the small 
donor molecules interact with the C70 acceptor, molecular dynamics (MD) was performed. 
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. Introduction 

Organic solar cells (OSCs) have garnered significant attention owing
o their inexpensive manufacturing process and the wide range of func-
ionalities offered by organic materials [ 1 , 2 ]. OSCs are not intended to
eplace existing technologies but rather to complement them by adapt-
ng to market needs. However, OSCs present certain drawbacks that
imit their widespread use in the field of solar energy, such as low pho-
oconversion efficiency and limited lifetime compared with inorganic
ells [ 3 , 4 ]. These drawbacks necessitate improvements in achieving eco-
omic reliability and large-scale industrial development. Accordingly,
esearch efforts have actively focused on enhancing these aspects and
treamlining material implementation. Over the past decade, conversion
fficiencies have doubled and significant progress has been made, partic-
larly regarding material stability. The performance of an OSC is contin-
ent on the active layer architecture, which comprises a judiciously de-
igned blend of electron acceptor and electron donor materials. Electron
cceptors can be divided into two main categories. The first includes
ullerene derivatives such as [6,6]-phenyl-Cn-butyric acid methyl ester
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PCBM), specifically PC61BM [ 5 ] and PC71BM [ 6 ]. The second consists
f non-fullerene alternatives such as ITIC [ 7 ], Y6 [ 8 ], and the polymer
Y-IT [ 9 ]. Semiconducting polymers [ 9 , 10 ] and small-molecule com-
ounds [ 11 , 12 ] have been extensively explored as donors. This donor-
cceptor (D-A) blend is strategically sandwiched between two electrodes
o form a bulk heterojunction (BHJ) structure. To achieve optimal per-
ormance in OSCs, it is essential to use donors with excess electrons and
cceptors that lack electrons. Polymer- and small-molecule-based OSCs
ave been intensively studied in recent years [ 13 , 14 ]. In addition to aim-
ng for maximum performance efficiency with polymer donor materials,
here has been significant emphasis on designing small molecule donors.
he conduction in these materials is ensured by the presence of the 𝜋
lectron system or delocalized electrons throughout the macromolecule
keleton, imparting unique properties compared to saturated systems
 15 ]. Consequently, electron delocalization induces rigidity and en-
ances the charge transport properties [ 16 ], thereby potentially improv-
ng the overall efficiency and stability of OSCs. Owing to their unique
roperties, small-molecule donors [ 17–19 ] have generated significant
nterest in next-generation OSCs [ 20 ]. Small molecules offer distinct ad-
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Fig. 1. Structures of the reference molecule TPA-R and the designed molecules M1–M4. 
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Table 1 

Comparison of HOMO and LUMO energies calculated using various functionals 
with a fixed basis set (6-31G). 

Functional EXP B3LYP PBEPBE WB97XD B3PW91 

HOMO − 5.43 − 5.32 − 4.7 − 6.93 − 5.34 
LUMO − 3.35 − 3.43 − 3.86 − 1.85 − 3.54 
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Table 2 

Influence of basis set on HOMO and LUMO energies with B3LYP functional. 

Basis set EXP 6-31G 6-31G(d,p) 6-31 + G(d,p) 6-311G def2-SVP 

HOMO − 5.43 − 5.32 − 5.27 − 5.53 − 5.43 − 5.48 
LUMO − 3.35 − 3.43 − 3.23 − 3.52 − 3.61 − 3.41 
antages, including increased hole mobility [ 21 ], optimized structural
orphology [ 22 ], higher open-circuit voltage ( VOC ) values [ 21 ], conve-
ient and cost-effective manufacturing processes, exceptional synthetic
epeatability leading to high purity, and well-defined low molar mass
 23 ]. This precise molecular structure translates into specific morpholo-
ies within the OSC film, promoting the efficient movement of charge
arriers —electrons and holes [ 24 ]. 

The design concept known as the “push-pull ” strategy (D-A config-
ration), with electronic imbalances created by push and pull units,
nables efficient charge transfer and exciton separation in optoelec-
ronic devices [ 25 , 26 ]. Tailoring their molecular structure allows for
he optimization of optoelectronic properties, adjustment of the high-
st occupied molecular orbital(HOMO)/unoccupied molecular orbital
LUMO) energy levels, and enhancement of charge transport through
xtended conjugated bridges [ 27–29 ]. Overcoming the challenges asso-
iated with developing new donor small molecules involves the imple-
entation of favorable structural and molecular modifications within

he d-A small molecule process. This strategy forms the basis for con-
tructing small molecule donors in a donor-acceptor-acceptor (D-A-A)
onfiguration [ 30 , 31 ], allowing for the downward adjustment of the
nergy levels. Furthermore, the photon absorption and charge transfer
exciton) mobility can be enhanced by modifying one or more parts,
ither through substitution or replacement. Leveraging quantum chem-
stry in theoretical studies provides the most effective means of predict-
ng the impact of these modifications, offering a powerful approach for
redicting the performance of molecules in OSCs. This has led to cost-
ffective synthesis, improved efficiency, tailored molecular design, and
ccelerated discovery of novel materials [ 32 , 33 ]. In recent years, the
esign and exploration of donor materials comprising both polymeric
nd small-molecule compounds have relied heavily on density func-
ional theory (DFT) and time-dependent DFT (TD-DFT) methodologies
 34–38 ]. These computational approaches have proven invaluable in
lucidating structure-property relationships, predicting optoelectronic
haracteristics, and guiding the rational design of donor materials with
ailored properties for organic photovoltaic applications. 

In this study, a series of small electron donor materials (SEDMs),
enoted as M1, M2, M3, and M4, along with the reference molecule
PA-R based on a triphenylamine (TPA) core, were theoretically
eveloped to predict their performance for OSC applications. The
esigned molecules M i ( i = 1–4) were obtained through system-
tic modifications of the reference compound TPA-R [ 39 ] given its
istinctive electron-donating effectiveness, exceptional capacity for
lectron-hole transfer, and redshift of maximum absorption. These
aterials were described as having a π-conjugated d-A-A config-
ration. To accomplish this, we modified the first acceptor unit
f the reference molecule using fragments such as 7-(thiazol-2-yl)-
1,2,5]thiadiazolo[3,4-c]pyridine (M1),7-(thieno[3,4-b]thiophen-3-yl)-
1,2,5]thiadiazolo[3,4-c]pyridine (M2), 4-(selenophen-2-yl)-7-(thiazol-
-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine (M3), and 5-(thiazol-2-yl)-7H-
72
ilolo[3 ′ ,4 ′ :5,6]naphtho[1,2-c][1,2,5]thiadiazole (M4). The modified
tructures of the designed molecules are depicted in Fig. 1 . Addition-
lly, optoelectronic parameters such as the frontier molecular orbitals
FMOs), HOMO-LUMO energy gap ( Eg ), density of states (DOS), UV–
isible spectra, exciton binding energy ( Eb ), VOC , electron-hole distri-
ution heatmap, and electron density difference (EDD) were analyzed.
olecular dynamics (MD) simulations were performed to explore the

ntramolecular interactions and examine the structural stability of the
ystem and its dynamic behavior [ 40 ]. These analyses aimed to illustrate
he impact of the modifications on the electronic, photophysical, and
hotovoltaic properties of the designed molecules (M1–M4) in compar-
son with the reference molecule TPA-R. This study is a comprehensive
xtension of our previous research [ 41 ]. 

. Computational formwork 

.1. Geometrical optimization 

Throughout this study, all calculations were performed using the
aussian 09 Revision D.02 software package [ 42 ], and the obtained

esults were visualized using Gauss View 6.0 [ 43 ]. Initially, geomet-
ic optimization of the reference TPA-R molecule was conducted using
our different functionals, B3LYP [ 44 ], PBEPBE [ 45 ], WB97XD [ 46 ], and
3PW91 [ 47 ], at the DFT level with the 6-31G basis set ( Table 1 ). Sub-
equently, the 3D structure was optimized using various basis sets such
s 6-31G, 6-31G(d,p), 6-31 + G(d,p), 6-311G, and def2-SVP ( Table 2 ). 

The reliability of the subsequent computational results depends on
ccurate optimization of the molecular geometries. Consequently, it is
mperative to ascertain successful convergence of the geometry opti-
ization procedure before proceeding with further calculations. This
as achieved through frequency calculations, where the absence of

maginary frequencies unequivocally confirmed the attainment of a
rue energy minimum on the potential energy surface, thus validating
he effectiveness of the geometry optimization process. The errors in
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Fig. 2. Comparison of the percentage error in calculated HOMO and LUMO energies with experimental data: (a) for different functionals, and (b) using various basis 
sets. 
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Table 3 

Energy of HOMOs, LUMOs, and Eg as calculated for the studied molecules at 
B3LYP/def2-SVP level of theory. 

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

TPA-R − 5.48 (− 5.43) 1 − 3.41 (− 3.35) 2 2.13 
M1 − 5.42 − 3.86 1.56 
M2 − 5.32 − 3.77 1.55 
M3 − 5.28 − 3.71 1.57 
M4 − 5.26 − 3.61 1.65 

1 Experimental energy value of the HOMO for TPA-R material. 
2 Experimental energy value of the LUMO for TPA-R material. 
he calculated HOMO values for TPA-R using the four aforementioned
unctionals with the same basis set were 2.03%, 13.44%, − 27.62%,
nd 1.66%, respectively, compared to the experimental values. For the
UMO values, the errors were − 2.39%, − 15.22%, 44.78%, and − 5.67%,
espectively (as shown in Fig. 2(a) ). These results indicate that B3LYP
s the most accurate functional. In an identical procedure, the estimated
rrors between the experimental values of HOMO (− 5.43 eV) and LUMO
− 3.35 eV) for each basis set under the same functional (B3LYP) demon-
trated that the def2-SVP basis set exhibits the lowest errors for HOMO
nd LUMO, with values of − 0.92% and − 1.49%, respectively, as illus-
rated in Fig. 2(b) . The calculated HOMO and LUMO energies for the ref-
rence molecule, TPA-R, at the B3LYP/def2-SVP level of theory were in
lose agreement with the experimental values of the reference molecule.
ollowing the validation of the theoretical method, we employed the
3LYP/def2-SVP level of theory to conduct further investigations on the
ovel designed molecules, M i ( i = 1–4). 

.2. Excited states 

The optical properties and excited states of the studied molecules
ere obtained by TD-DFT calculations using the CAMB3LYP functional,
hich incorporates a long-range correction to accurately describe the

xcited states and transition energies [ 48 ]. Notably, in our previous
ork [ 49 ], the CAM-B3LYP/6-31G(d,p) level of theory showed strong
greement with the experimental results. This is further improved in this
tudy, with the attainment of a maximum absorption wavelength ( 𝜆max )
alue of 572.28 nm, which closely aligns with the experimental value of
75 nm, representing a very small percentage error (0.47%). Addition-
lly, the solvation mode within the TD-DFT framework was implicitly
onsidered by employing a polarizable continuum model (PCM) with
ichloromethane selected as the solvent. This choice was made to en-
ure the comparability between our theoretical and experimental results
or the reference TPA-R. 

.3. Molecular dynamics simulations 

MD simulations were conducted using Materials Studio (version 8.0)
 50 ] to investigate the equilibrium configuration of the small molecule
onors interacting with acceptor C70. Initially, a simulation box was
onstructed using 80 molecules of C70 and 50 small molecules to
chieve a ratio of 1:1.6, which is consistent with the experimental sce-
ario. This construction was carried out using the Amorphous Cell mod-
le, ensuring a density of 1 g/cm3 . Subsequently, force-field-assigned
harges and the COMPASS force field [ 51 , 52 ] were applied during the
73
ynamic simulation step by employing the NVT (constant particles num-
er, volume, and temperature) ensemble to maintain optimum energy
onditions, constant temperature, and volume. Both van der Waals and
lectrostatic interactions were accounted for using group-based summa-
ion methods. 

. Results and discussion 

.1. Frontier molecular orbitals analysis 

FMO analysis reveals the energy gap ( Eg = ELUMO − EHOMO ) be-
ween HOMO and LUMO. The energy gap signifies the facility at which
n electron can transition from HOMO to LUMO upon light absorp-
ion. This phenomenon occurs when the energy absorbed by the donor
aterial from the solar spectrum matches or exceeds its bandgap en-

rgy. A smaller Eg translates into a lower energy for this electronic
ump, which improves light absorption and, potentially, photovoltaic
erformance. The HOMO levels offer insight into the tendency of the
olecule to donate electrons, demonstrating the electron-donating abil-

ty of the nucleophiles. Conversely, the LUMO levels indicate the capac-
ty to accept electrons, demonstrating how electrophiles acquire elec-
rons from nucleophiles. This information is crucial for understanding
he charge transport within molecules, optical characteristics, electronic
ransitions, and chemical stabilities of organic molecules [ 53 ]. By opti-
izing the FMOs of organic molecules, materials that efficiently capture

ight, readily transition electrons to higher-energy states, and efficiently
ransport charges to generate electricity can be designed. Consequently,
he HOMO and LUMO energy values, along with Eg , were computed for
oth the reference donor and hypothetical molecules to evaluate their
uitability for organic photovoltaic applications. The results are summa-
ized in Table 3 . 
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Fig. 3. Frontier molecular orbital energy diagrams and HOMO/LUMO isosur- 
face representations of the SEDMs calculated at the B3LYP/def2-SVP level. 
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Fig. 4. 3D representation of the HOMO and LUMO of the SEDM:C70 complex, 
illustrating the spatial distribution and charge transfer direction at the d-A in- 
terface. 
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Our comprehensive analysis revealed that detailed electronic prop-
rties of SEDM are essential for their potential application in OSCs.
olecules M i ( i = 1–4) display EHOMO values ranging from − 5.42 to
 5.26 eV and ELUMO values ranging from − 3.86 to − 3.61 eV. The cor-

esponding Eg values for these molecules range from 1.56 to 1.65 eV.
n comparison, the reference molecule TPA-R exhibits EHOMO and ELUMO 
alues of − 5.48 and − 3.41 eV, respectively, with an Eg of 2.13 eV. Anal-
sis of these values indicates that molecule M1 has the lowest EHOMO 
alue (− 5.42 eV), suggesting greater stability compared to the other
olecules. Furthermore, the calculated Eg values for M2 (1.55 eV),
1 (1.56 eV), and M3 (1.57 eV) were remarkably similar, with differ-

nces well within the expected computational uncertainty associated
ith DFT-based methods. A smaller Eg signifies a lower energy require-
ent for electron excitation, which facilitates electron transfer processes
ithin the material. Consequently, all molecules M1, M2, M3, and M4
olecules hold significant promise for efficient charge transport com-
ared with the reference TPA-R. Additionally, in Fig. 3 , it is evident that
he HOMO distribution surface is predominantly localized on the donor
oiety (triphenylamine) across all molecules, with a minor contribution

rom the first acceptor in M1 and M2. Conversely, the LUMO distribu-
ion surface was localized on the two acceptor parts of the molecules. 

Analysis of the HOMO and LUMO levels was extended to SEDM:C70
ystems to gain deeper insight into the separation of electron-hole pairs
t the d-A interface. C70 was selected as the acceptor material to main-
ain consistency with the experimental conditions. The results depicted
n Fig. 4 reveal a clear separation of the HOMO and LUMO wavefunc-
ions, where the HOMOs are localized on the triphenyl-based small
olecule donors, whereas the LUMOs are predominantly concentrated

n the C70 acceptors, illustrating the effectiveness of intermolecular
harge transfer across the d-A interface. 

.2. Density of state analysis 

This section provides information on the orbitals, their importance
o chemical bonding, and a detailed analysis of the electronic structure
f M i ( i = 1–4) and TP-R using DOS plots ( Fig. 5 ). A high DOS indicates
he presence of several states at a particular energy level. Additionally,
he positive DOS values were confirmed through a bonding interaction,
hereas an anti-bonding interaction suggested that negative values and
on-binding interactions resulted in values near zero. In essence, the
OS provides insight into the total available space for the electronic

tates [ 54 ]. 
Our investigation focused on donor units in line with the d-A-A con-

guration, which significantly contributed to the frontier molecular or-
74
ital across all studied molecules. Green represents the HOMO and red
epresents the LUMO. The density of localized states has a dramatically
ising tendency to arise in the − 7 to − 15 eV range. The plots depict the
rbital properties in the various energy ranges. 

The heteroatoms present in the small molecules (S in M1 and M2, Se
n M3, and additional N in M4) are expected to significantly influence
he LUMO, stabilizing the negative charge and contributing to better
lectron mobility. Sulfur and selenium, which are softer atoms, pro-
ote charge delocalization and enhance the orbital overlap, which is

rucial for charge transfer efficiency [ 55 ]. In M1 and M2, the sulfur
toms are expected to play a dominant role in the LUMO, facilitating
lectron transfer. M3, with selenium instead of sulfur, may exhibit a
roader and more delocalized contribution to the LUMO, because sele-
ium has a larger atomic radius and lower electronegativity. M4, which
eatures an additional nitrogen atom in the acceptor group, can further
tabilize the LUMO, leading to a narrower bandgap and improved elec-
ronic properties. Additionally, this finding is supported by the HOMO
nd LUMO energies, confirming the proximity of the frontier molecular
rbitals in M1, M2, M3, and M4. Notably, modification of the refer-
nce molecule TPA-R enhanced the properties of the semiconductor M i

 i = 1–4), as evidenced by the reduced Eg . 

.3. Molecular electrostatic potentials 

Molecular electrostatic potentials (MEPs) are useful tools for visu-
lizing and understanding the distribution of electrostatic potentials
round molecules. MEPs provide insight into the regions of a molecule
hat are favorable for electrophilic or nucleophilic attack, hydrogen
onding interactions, and reactivity [ 56 ]. The MEP maps ( Fig. 6 ) are
ften colored according to a color scale, where the red regions repre-
ent areas with a high concentration of electrons, indicating potential
ites for nucleophilic reactions. Nucleophiles, which are electron-rich
pecies, are naturally drawn to these regions, where they can form new
hemical bonds. In contrast, the blue regions indicate areas with lower
lectron densities, suggesting potential sites for electrophilic reactions.
lectrophiles, which are electron-deficient species, are attracted to these
egions, where they can bond with electron-rich species. The white re-
ions represent areas of low or neutral potential. The interpretation of
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Fig. 5. DOS plots of the four designed molecules Mi ( i = 1–4) and the reference molecule TPA-R. 

Fig. 6. 3D MEP maps of the designed materials Mi ( i = 1–4) and TPA-R. 
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Fig. 7. Simulated absorption spectra of M1–M4 TPA-R at CAM-B3LYP/6–
31G(d,p) level. 
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EP maps enables the identification of probable sites for nucleophilic
nd electrophilic reactions within molecules, thereby assisting in the
rediction of their reactivity across diverse chemical environments. 

.4. Optical proprieties 

The optical properties of organic materials play a pivotal role in
etermining the efficiencies and functionalities of OSCs. First, these
aterials must effectively absorb sunlight across the visible and near-

nfrared spectra to initiate energy conversion. Second, upon the absorp-
75
ion of photons, organic materials generate excitons, which are bound to
lectron-hole pairs. These properties were estimated at the theoretical
evel of TD-CAM-B3LYP/6–31G(d,p), and the corresponding results are
ummarized in Table 4 . 

The results obtained at the TD-CAM-B3LYP/6–31G(d,p) level of the-
ry closely matched the experimental UV–vis spectrum of the reference
olecule TPA-R. The theoretical analysis revealed that the maximum

bsorption 𝜆max of TPA-R in dichloromethane using CPCM mode of sol-
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Fig. 8. Electron-holes distribution in the first excited state (S0 →S1 ) of the SEDMs: (a) spatial localization of holes, (b) spatial localization of electrons, and (c) heat 
map showing electron-hole overlap, excluding hydrogen atom contributions. 

Table 4 

Calculated wavelength ( 𝜆max ), oscillator strength ( f ), excitation energies ( Eex ), 
dipole moment ( D ), and the percentage of electron transition (ETP) for the de- 
signed molecules at TD-CAM-B3LYP/6–31G(d,p) level in dichloromethane sol- 
vent. 

Molecules 𝜆max (nm ) f (a.u.) 𝐸ex (eV) ETP D (Debye) 

TPA-R 572.28 (570) 1 0.9320 2.1660 H → L(87% ) 13.008 
M1 595.34 1.1616 2.0820 H → L(80% ) 14.836 
M2 726.34 1.3327 1.7070 H → L(82% ) 18.358 
M3 574.22 1.4242 2.1592 H → L(63% ) 11.827 
M4 610.36 0.7563 2.0313 H → L(61% ) 11.336 

1 The experimental value of 𝜆max measured in dichloromethane (10− 5 M). 
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ation is 572.28 nm, which is highly consistent with its experimen-
al value of 570 nm, with a minimal error value of 0.4% [ 54 ]. This
lose agreement validated the appropriateness of the theoretical meth-
ds employed. Consequently, we employed this method (CAM-B3LYP/6-
1G(d,p)) to investigate the optical properties of M1–M4 simultane-
76
usly. In the high-energy region (300–450 nm), the designed molecules
xhibit secondary absorption peaks attributed to locally excited (LE)
ransitions. These transitions are primarily confined to specific molec-
lar fragments such as the donor moieties or π-bridges units and typ-
cally involve π–π∗ transitions. These transitions exhibit lower oscilla-
or strengths and limited charge-transfer characteristics. Their presence
as been widely reported in d- π-A systems and reflects the multichro-
ophoric and electronically rich architecture of the molecules [ 57 , 58 ].

n contrast, the dominant absorption bands observed in the lower-energy
egion (570–726 nm) were ascribed to ICT transitions characterized by
 spatial shift in electron density from the donor to acceptor fragments.
he simulated 𝜆max for M1–M4, calculated at the TD-CAM-B3LYP/6-
1G(d,p) level using the CPCM solvation model, range from 595 to
26 nm ( Fig. 7 ). Compared to TPA-R ( 𝜆max = 572 nm), all designed
ompounds exhibit red-shifted and more intense ICT bands, reflecting
nhanced d-A interaction and extended π-conjugation. Notably, M2 ex-
ibited the most significant bathochromic shift, which was consistent
ith its lower excitation energy. Overall, the spectra of M1–M4 appear

harper and more intense than those of TPA-R, suggesting improved
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Table 5 

Electron-hole separation indexes ( D , t , Δr ) and Eb for the first singlet excited 
state ( S1 ) of the SEDMs. 

Molecule D (Å) t (Å) Δr (Å) Eb (eV) 

TPA-R 4.052 0.412 3.459 3.21 
M1 11.168 8.303 8.096 1.40 
M2 6.114 4.651 5.995 1.87 
M3 11.405 7.566 7.963 1.42 
M4 9.073 5.827 6.601 1.70 
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Fig. 9. Equilibrium configurations of the SEDM:C70 complexes obtained from 

MD simulations performed under the NVT ensemble using the COMPASS force 
field. The periodic boundary boxes are shown in red, illustrating the spatial 
distribution and packing behavior of the molecules. 
harge-transfer efficiency and better light-harvesting potential. The os-
illator strengths of the designed materials exhibit a notable increase,
eaching a maximum value of 1.42 for M3. The f values for M1, M2, and
3 were 1.16, 1.33, and 1.42, respectively, all of which were higher

han that of TPA-R ( 𝑓 = 0.93), indicating an enhanced light absorption
apability. The electron transition percentage (ETP) associated with the
OMO→LUMO excitation ranges from 61% to 82% for the designed
olecules. A higher ETP reflects a more dominant and well-defined or-

ital transition, which is generally correlated with efficient photoexci-
ation [ 59 ]. Although all designed molecules (M1–M4) exhibit slightly
ower ETP values than TPA-R (87%), their high oscillator strengths indi-
ated that the excitations remained efficient, highlighting the effective-
ess of the molecular design. 

.5. Dipole moments 

The dipole moments of TPA-R and its modified versions M i revealed
ow structural modifications influence the overall polarity and charge
istribution of the molecules, which are key factors in their electronic
erformance [ 60 , 61 ]. TPA-R, consists of a triphenylamine donor, a
henyl-first acceptor, and a benzothiadiazole-dicyanovinylene second
cceptor, creating a balanced d-A-A system that results in a moder-
te dipole moment (13.008 D). M1 (14.836 D) showed an increased
ipole moment, likely due to the replacement of benzothiadiazole with
 thiadiazole-pyridine unit in the acceptor, enhancing the electron-
ithdrawing capability without major changes to the molecular geome-

ry. This leads to a stronger charge separation. M2 (18.358 D) exhibited
he highest dipole moment among the series, reflecting the strongest
ntramolecular charge transfer. This is attributed to the introduction
f an additional thiophene ring in the first acceptor and a tetrazine
nit in the second acceptor, which significantly amplifies the electron-
ithdrawing effect and facilitates charge delocalization through ex-

ended π-conjugation. In contrast, M3 (11.827 D) and M4 (11.336 D)
xhibited lower dipole moments than TPA-R. For M3, replacement of
he dicyanovinylene group with a less electron-withdrawing moiety
ikely resulted in a more balanced charge distribution. Similarly, M4
s a fused-ring system in the acceptor unit that may distribute the elec-
ron density more uniformly across the molecule despite the presence
f electron-withdrawing groups. The consistent use of a triphenylamine
onor across all the molecules ensures a stable electron-rich region,
hereas variations in the first and second acceptor units fine-tune the
lectronic properties of the molecules. The phenyl bridge in TPA-R and
1 maintained planarity; however, the introduction of a thiophene ring

n M2–M4 causes slight twisting, which could impact conjugation and
harge transfer. 

.6. Electron-hole analysis 

The 3D isosurfaces depicting holes and electrons, along with the
istribution heat map, were generated using the methodology intro-
uced by Chen et al., with the Multiwfn wavefunction analyzer [ 62 ].
igs. 8 (a)(b) show the isosurfaces representing the special localization
f holes and electrons, with holes depicted in green and electrons de-
icted in blue. The corresponding distribution heatmaps of the electron-
ole pairs are presented in Fig. 8(c) , where the x-axis of the heat map
orresponds to the number of atoms associated with each atom in the
aussian09 Z matrix. The color scale on the right indicates the degree of
ontribution. The holes were predominantly localized in the donor part
f the molecules, whereas electrons were prominently observed in ac-
eptors 1 and 2. The D index provides a comprehensive assessment of the
istance between the centroid of the electron and hole within the molec-
lar system. A higher D value indicates a longer distance over which the
harges can be effectively transferred. In our analysis, molecules M1,
2, M3, and M4 demonstrate significantly higher D values of 11.168,

.114, 11.405, and 9.073 Å, respectively, compared to the reference
77
olecule TPA-R (4.052 Å) ( Table 5 ). The t index [ 63 ] serves as an ad-
itional metric for assessing the electron-hole separation. A positive t
alue indicates a distinct separation between the two charge carriers.
he results presented in Table 5 indicate that all M i ( i = 1–4) exhibit

arger t values (8.303, 4.651, 7.566, and 5.827 Å, respectively) than
he TPA-R molecule, indicating a clearer separation of charge carriers
ithin these molecules. The Δr index [ 64 ], another metric of charge

ransfers molecular excitations, provides a quantitative measure of an
lectron excitation mode, with a higher value ( Δr > 2.0 Å) indicating a
reater likelihood of the excitation being associated with a delocalized
tate. States with Δr index below 2.0 Å are typically classified as locally
xcited states. Table 5 shows the Δr index for TPA-R, M1, M2, M3, and
4, with values of 5.782, 8.096, 5.995, 7.963, and 6.601 Å, respectively,
hich are in good agreement with previous indices ( D , t ). This indicates

hat all molecules have a Δr index higher than 2.0 Å, suggesting effective
harge transfer between the donor and acceptor fragments. 

.7. Hole-electron coulomb attractive energy 

The efficiency of OSCs and the rate of charge separation depend on

b , which is the energy required to separate an electron from a hole in an
xcitonic system [ 65 ]. These energies are crucial as they determine how
ffectively excitons, which are bound electron-hole pairs, can be disso-
iated into free charges for electrical conduction ( Eq. (1) ). The electron-
ole interaction energy can be calculated using a simple Coulomb equa-
ion: 

b = −∫ ∫
𝜌hole (𝑟1 

)
𝜌ele (𝑟2 

)
||𝑟1 − 𝑟2 ||

d 𝑟1 d 𝑟2 , (1) 

here 𝐸b denotes the Coulomb interaction energy within a physical sys-
em. In this equation, 𝜌hole (𝑟1 ) signifies the charge density attributed to a
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Fig. 10. RDF of the SEDM:C70 complex. The peaks in g(r) indicate preferred intermolecular distances, reflecting the degree of structural ordering and interaction 
strength within each complex. 
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ole positioned at ( 𝑟1 ). Conversely, 𝜌ele (𝑟2 ) represents the charge density
orresponding to an electron located at (𝑟2 ) . The term |𝑟1 − 𝑟2 | symbol-
zes the distance-separating positions 𝑟1 and 𝑟2 . The reduced electron-
ole Coulomb attractive force leads to a decrease in the exciton binding
nergies. As shown in Table 5 

Table 5 , the reference molecule, TPA-R, exhibited an exciton bind-
ng energy of 3.21 eV, indicating a relatively strong electron-hole in-
eraction within its structure. In comparison, all four molecules exhib-
ted significantly lower exciton binding energies. Molecule M1 displayed
 substantially lower exciton binding energy of 1.40 eV (a 56% de-
rease from TPA-R), suggesting a much weaker electron-hole interac-
ion, which facilitates charge separation processes within the material.
imilarly, M3 exhibits a comparable exciton binding energy of 1.42 eV
56% decrease), indicating an equally weak interaction. Molecule M4
isplays an exciton binding energy of 1.70 eV (47% decrease), represent-
ng a moderate interaction strength, while M2 demonstrates an exciton
inding energy of 1.87 eV (42% decrease). These reduced exciton bind-
78
ng energies across all the designed molecules suggest enhanced charge
eparation capabilities compared to those of TPA-R. 

.8. Molecular dynamics simulations 

MD simulation is a computational technique used to study the behav-
or and interactions of molecules over time [ 66 ]. MD simulations pro-
ide a comprehensive understanding of molecular dynamics and rely
eavily on the intricate interplay between various factors such as ve-
ocity, force fields, and types of molecular interactions. Velocity is a
undamental parameter representing the speed and direction of molec-
lar motion in simulations. It plays a crucial role in determining the
rajectory of molecules over time and influences their behavior and in-
eractions. Force fields, on the other hand, are mathematical models
sed to describe the potential energy of a system as a function of atomic
oordinates [ 67 ]. They encompass both bonded interactions, such as the
tretching and bending of chemical bonds within molecules, and non-
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Fig. 11. MSD curves of the SEDMs in the presence of the fullerene acceptor 
C70. 
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onded interactions, including electrostatic and van der Waals forces be-
ween atoms or molecules. The molecule-C70 system was meticulously
onstructed at a 1:1.6 ratio, ensuring that the molecular interactions
nd spatial arrangements in the simulation closely mirrored those ob-
erved in the experimental setup. The equilibrium configuration of the
mall donor molecules and their interaction with the acceptor C70 can
e depicted through visualization within the simulation boxes ( Fig. 9 ). 

In MD simulations, the pair correlation function g(r) or radial distri-
ution function (RDF) is an important metric. It describes the average
rrangement of atoms around a specific atom within a simulated system.
t provides insights into how atoms are distributed in space relative to
ach other and indicates noncovalent interactions between molecules
 68 ]. Mathematically, g(r) is defined as the ratio of the probability den-
ity of finding particles at a distance r to the same probability density
or a uniform particle distribution. 

The RDF profiles of M1:C70 and M3:C70 showed similar general
hapes and peak distributions, suggesting interaction characteristics
omparable to those of TPA-R:C70. This resemblance can be attributed
o the structural similarity of M1, M3, and TPA-R, particularly in their
-A frameworks. Similarly, M2:C70 and M4:C70 showed similar RDF
rofiles, reflecting parallel interaction behaviors, probably owing to
heir common molecular design features ( Fig. 10 ). However, signifi-
ant differences were observed in the intensity and shape of the first
DF peak, which corresponded to the strongest short-range interac-

ions. M3 showed the highest and sharpest first peak, suggesting that
t had the most localized and intense interaction with C70. TPA-R and
2 showed slightly reduced peak intensities, whereas M4 exhibited the

owest and broadest first peaks, indicating weaker localized interac-
ions. These variations correlated with structural modifications in the
cceptor groups of the molecules. Secondary peaks observed between
.5–4 Å across all the systems indicate the presence of additional in-
eraction shells. The consistent donor group likely contributes to sim-
lar overall RDF patterns, whereas differences in the acceptor groups
ppear to modulate the interaction strength. These findings suggest
hat while all molecules interact effectively with C70, the structural
odifications in M1–M4 subtly alter the nature and strength of these

nteractions, potentially affecting their performance in optoelectronic
pplications. 

.9. Mean squared displacement and diffusion analysis 

Mean square displacement (MSD) analysis provides a quantitative
ssessment of the diffusion behavior of d-A-A molecules M1–M4 in the
resence of the C70 fullerene acceptor, offering an overview of the
olecular mobility, intermolecular interactions, and their potential im-
lications for charge transport in OSCs. As shown in Fig. 11 , different
79
iffusion trends were observed for the studied molecules. The excep-
ional mobility of M4 is attributed to the steric effect induced by the
iH2 group. This group disrupts the non-covalent interactions between
he molecule and the C7 𝑛 fullerene by reducing the possibility of close
–π stacking. As a result, M4 exhibited faster diffusion, confirmed by
he highest diffusion coefficient ( D = 9.6392 Å2 /ps), which suggests a
eaker interaction with the fullerene cage. While higher mobility can

acilitate charge carrier transport, excessive diffusivity can perturb d-A
nteractions, potentially compromising the charge separation efficiency.
onversely, M3 had the lowest diffusion coefficient (0.8590 Å2 /ps), sug-
esting a stronger interaction with C70, which aligns with the finding
n RDF results. This behavior may be associated with the Se-containing
cceptor unit, which increases the molecular rigidity and limits diffu-
ion. Although a stronger d-A interaction could improve charge separa-
ion, reduced molecular mobility could hinder charge carrier transport,
hich could limit the photovoltaic performance. M1 and M2 exhibited
oderate diffusion coefficients of 1.3928 and 1.4806 Å/ps, respectively,
hich are close to that of TPA-R (1.3816 Å/ps). The structural modifi-

ations of these molecules did not significantly alter their interactions
ith C70. However, the presence of a cyano substituent (–CN) in M1
nd M2 may have contributed to a slight increase in mobility, probably
ecause of a minor reduction in the intermolecular bond strength. The
eliability of the diffusion coefficients was confirmed by analyzing the
oefficient of determination ( R2 ), which reflects the linearity of the MSD
urves. All the molecules studied had R2 values greater than 0.97, which
uaranteed that the extracted diffusion coefficients accurately represent
heir mobility behaviors. These diffusion characteristics have direct im-
lications for charge transport in OSCs, where an optimal balance be-
ween the molecular mobility and d-A interactions is essential. Although
 high diffusion coefficient, such as that of M4, can enhance charge
ransport, excessive mobility can lead to inefficient charge separation.
onversely, a lower diffusion coefficient, as in the case of M3, can im-
rove charge separation but limits charge carrier mobility. The interme-
iate diffusivities of M1 and M2 suggest that these molecules achieved
 balanced compromise between charge separation and transport
fficiency. 

.10. Comparative evaluation of key properties 

To consolidate and clarify the selection of M1 and M2 as the most
romising donor materials, a comparative heat map ( Fig. 12 ) was con-
tructed to summarize the normalized values of several key descriptors
nfluencing the performance of OSCs . These include Eg , 𝜆max , 𝒇 , Eex ,

b , Δr , dipole moment, and the maximum value of the g(r), which re-
ects the strength of d-A interactions. For the parameters in which lower
alues were favorable ( Eg , Eex , and Eb ), the scale was inverted before
ormalization. For any given parameter x , the normalized value xnorm 

as calculated using the following formula: 

norm =
𝑥 − 𝑥min 

𝑥max − 𝑥min 
. (2) 

As shown in Fig. 12 , M1 and M2 consistently achieved the high-
st normalized values across multiple parameters, indicating a well-
alanced combination of desirable characteristics. M1 stands out with
igh f , low Eb , and excellent charge separation metrics ( Δr and D ), lead-
ng to a strong overall performance profile. M2, exhibited the best per-
ormance in light absorption ( 𝜆max ), dipole moment, and charge sepa-
ation, with a slight trade-off in exciton binding energy. Both molecules
aintained relatively high scores for interaction strength g(r), suggest-

ng efficient electron transfer with the C70 acceptor. 
In contrast, M3 achieved high d-A interaction strength but lower nor-

alized values in Eb and Δr , which may hinder its overall charge trans-
ort efficiency. M4 displayed moderate performance across most crite-
ia; however, it lacked standout features in key areas, such as absorption
ntensity and exciton dissociation. The reference molecule TPA-R regis-
ered the lowest cumulative normalized scores, particularly in terms of
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Fig. 12. Comparative heatmap of key properties for TPA-R and M1–M4. Dark blue indicates the most favorable performance (values close to 1), while light yellow 

represents the least favorable (values close to 0). 
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harge separation and exciton binding energy, reinforcing its role as a
aseline rather than a high-performance candidate. 

. Conclusion 

In this study, four small donor materials with promising properties
ere successfully designed by modifying the acceptor moiety of the

eference molecule TPA-R through the incorporation of four different
ragments containing sulfur heterocycles, selenophene, and thiadiazole.
nalysis of the HOMO and LUMO levels demonstrated that our com-
utational approach, employing the DFT method at the B3LYP/def2-
VP level of theory, was highly accurate and in good agreement with
he experimental data, exhibiting a minimum error. Furthermore, these
odifications led to a considerable reduction in Eg , demonstrating their

ffectiveness for applications in OSCs. DOS and MEP were used to ana-
yze the electronic distribution and morphology of the designed materi-
ls. Furthermore, the UV-visible spectra predicted using the TD-CAM-
3LYP/6-31G(d,p) approach were found to be highly accurate with
he experimental 𝜆max value, and the designed donor materials M1-M4
howed red-shifted absorption compared to the reference molecule TPA-
. Moreover, the electron-hole transfer mechanism from the donor to the
cceptor unit was elucidated. The results of the polarity indices indicate
hat all molecules M1–M4 exhibit higher mobility of the electron-hole
air, facilitating their separation. The interaction between the donor
olecule SEDM and the fullerene acceptor C70 was investigated using
D simulations and RDF-MSD analyses to assess the intermolecular in-

eractions and molecular mobility. The results indicate that M1 and M2
xhibit a moderate balance between interaction strength and mobility,
uggesting that these molecules maintain stable d-A interactions while
llowing sufficient diffusion for effective charge transport. Notably, M1
nd M2 were found to be suitable for applications in organic photo-
oltaics owing to their favorable optoelectronic properties and potential
or efficient charge transfer processes. 
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