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ABSTRACT

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 Mi 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 (E,) 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.

1. Introduction

Organic solar cells (OSCs) have garnered significant attention owing
to their inexpensive manufacturing process and the wide range of func-
tionalities offered by organic materials [1,2]. OSCs are not intended to
replace existing technologies but rather to complement them by adapt-
ing to market needs. However, OSCs present certain drawbacks that
limit their widespread use in the field of solar energy, such as low pho-
toconversion efficiency and limited lifetime compared with inorganic
cells [3,4]. These drawbacks necessitate improvements in achieving eco-
nomic reliability and large-scale industrial development. Accordingly,
research efforts have actively focused on enhancing these aspects and
streamlining material implementation. Over the past decade, conversion
efficiencies have doubled and significant progress has been made, partic-
ularly regarding material stability. The performance of an OSC is contin-
gent on the active layer architecture, which comprises a judiciously de-
signed blend of electron acceptor and electron donor materials. Electron
acceptors can be divided into two main categories. The first includes
fullerene 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
of non-fullerene alternatives such as ITIC [7], Y6 [8], and the polymer
PY-IT [9]. Semiconducting polymers [9,10] and small-molecule com-
pounds [11,12] have been extensively explored as donors. This donor-
acceptor (D-A) blend is strategically sandwiched between two electrodes
to form a bulk heterojunction (BHJ) structure. To achieve optimal per-
formance in OSCs, it is essential to use donors with excess electrons and
acceptors that lack electrons. Polymer- and small-molecule-based OSCs
have been intensively studied in recent years [13,14]. In addition to aim-
ing for maximum performance efficiency with polymer donor materials,
there has been significant emphasis on designing small molecule donors.
The conduction in these materials is ensured by the presence of the =
electron system or delocalized electrons throughout the macromolecule
skeleton, imparting unique properties compared to saturated systems
[15]. Consequently, electron delocalization induces rigidity and en-
hances the charge transport properties [16], thereby potentially improv-
ing the overall efficiency and stability of OSCs. Owing to their unique
properties, small-molecule donors [17-19] have generated significant
interest 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.

vantages, including increased hole mobility [21], optimized structural
morphology [22], higher open-circuit voltage (V) values [21], conve-
nient and cost-effective manufacturing processes, exceptional synthetic
repeatability leading to high purity, and well-defined low molar mass
[23]. This precise molecular structure translates into specific morpholo-
gies within the OSC film, promoting the efficient movement of charge
carriers—electrons and holes [24].

The design concept known as the “push-pull” strategy (D-A config-
uration), with electronic imbalances created by push and pull units,
enables efficient charge transfer and exciton separation in optoelec-
tronic devices [25,26]. Tailoring their molecular structure allows for
the optimization of optoelectronic properties, adjustment of the high-
est occupied molecular orbital(HOMO)/unoccupied molecular orbital
(LUMO) energy levels, and enhancement of charge transport through
extended conjugated bridges [27-29]. Overcoming the challenges asso-
ciated with developing new donor small molecules involves the imple-
mentation of favorable structural and molecular modifications within
the d-A small molecule process. This strategy forms the basis for con-
structing small molecule donors in a donor-acceptor-acceptor (D-A-A)
configuration [30,31], allowing for the downward adjustment of the
energy levels. Furthermore, the photon absorption and charge transfer
(exciton) mobility can be enhanced by modifying one or more parts,
either through substitution or replacement. Leveraging quantum chem-
istry in theoretical studies provides the most effective means of predict-
ing the impact of these modifications, offering a powerful approach for
predicting the performance of molecules in OSCs. This has led to cost-
effective synthesis, improved efficiency, tailored molecular design, and
accelerated discovery of novel materials [32,33]. In recent years, the
design and exploration of donor materials comprising both polymeric
and small-molecule compounds have relied heavily on density func-
tional theory (DFT) and time-dependent DFT (TD-DFT) methodologies
[34-38]. These computational approaches have proven invaluable in
elucidating structure-property relationships, predicting optoelectronic
characteristics, and guiding the rational design of donor materials with
tailored properties for organic photovoltaic applications.

In this study, a series of small electron donor materials (SEDMs),
denoted as M1, M2, M3, and M4, along with the reference molecule
TPA-R based on a triphenylamine (TPA) core, were theoretically
developed to predict their performance for OSC applications. The
designed molecules Mi (i = 1-4) were obtained through system-
atic modifications of the reference compound TPA-R [39] given its
distinctive electron-donating effectiveness, exceptional capacity for
electron-hole transfer, and redshift of maximum absorption. These
materials were described as having a =n-conjugated d-A-A config-
uration. To accomplish this, we modified the first acceptor unit
of 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-
2-y1)-[1,2,5]thiadiazolo[3,4-c]pyridine (M3), and 5-(thiazol-2-yl)-7H-
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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 B3PW9I1
HOMO -5.43 -5.32 -4.7 —-6.93 -5.34
LUMO -3.35 -3.43 -3.86 -1.85 -3.54

silolo[3’,4’:5,6]naphtho[1,2-c][1,2,5]thiadiazole (M4). The modified
structures of the designed molecules are depicted in Fig. 1. Addition-
ally, optoelectronic parameters such as the frontier molecular orbitals
(FMOs), HOMO-LUMO energy gap (Eg), density of states (DOS), UV-
visible spectra, exciton binding energy (E;), V¢, electron-hole distri-
bution heatmap, and electron density difference (EDD) were analyzed.
Molecular dynamics (MD) simulations were performed to explore the
intramolecular interactions and examine the structural stability of the
system and its dynamic behavior [40]. These analyses aimed to illustrate
the impact of the modifications on the electronic, photophysical, and
photovoltaic properties of the designed molecules (M1-M4) in compar-
ison with the reference molecule TPA-R. This study is a comprehensive
extension of our previous research [41].

2. Computational formwork
2.1. Geometrical optimization

Throughout this study, all calculations were performed using the
Gaussian 09 Revision D.02 software package [42], and the obtained
results were visualized using Gauss View 6.0 [43]. Initially, geomet-
ric optimization of the reference TPA-R molecule was conducted using
four different functionals, B3LYP [44], PBEPBE [45], WB97XD [46], and
B3PWO91 [47], at the DFT level with the 6-31G basis set (Table 1). Sub-
sequently, the 3D structure was optimized using various basis sets such
as 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
accurate optimization of the molecular geometries. Consequently, it is
imperative to ascertain successful convergence of the geometry opti-
mization procedure before proceeding with further calculations. This
was achieved through frequency calculations, where the absence of
imaginary frequencies unequivocally confirmed the attainment of a
true energy minimum on the potential energy surface, thus validating
the effectiveness of the geometry optimization process. The errors in

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
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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.

the calculated HOMO values for TPA-R using the four aforementioned
functionals with the same basis set were 2.03%, 13.44%, —27.62%,
and 1.66%, respectively, compared to the experimental values. For the
LUMO values, the errors were —2.39%, —15.22%, 44.78%, and —5.67%,
respectively (as shown in Fig. 2(a)). These results indicate that B3LYP
is the most accurate functional. In an identical procedure, the estimated
errors between the experimental values of HOMO (-5.43 eV) and LUMO
(—3.35 eV) for each basis set under the same functional (B3LYP) demon-
strated that the def2-SVP basis set exhibits the lowest errors for HOMO
and LUMO, with values of —0.92% and —1.49%, respectively, as illus-
trated in Fig. 2(b). The calculated HOMO and LUMO energies for the ref-
erence molecule, TPA-R, at the B3LYP/def2-SVP level of theory were in
close agreement with the experimental values of the reference molecule.
Following the validation of the theoretical method, we employed the
B3LYP/def2-SVP level of theory to conduct further investigations on the
novel designed molecules, Mi (i = 1-4).

2.2. Excited states

The optical properties and excited states of the studied molecules
were obtained by TD-DFT calculations using the CAMB3LYP functional,
which incorporates a long-range correction to accurately describe the
excited states and transition energies [48]. Notably, in our previous
work [49], the CAM-B3LYP/6-31G(d,p) level of theory showed strong
agreement with the experimental results. This is further improved in this
study, with the attainment of a maximum absorption wavelength (4,,5)
value of 572.28 nm, which closely aligns with the experimental value of
575 nm, representing a very small percentage error (0.47%). Addition-
ally, the solvation mode within the TD-DFT framework was implicitly
considered by employing a polarizable continuum model (PCM) with
dichloromethane selected as the solvent. This choice was made to en-
sure the comparability between our theoretical and experimental results
for the reference TPA-R.

2.3. Molecular dynamics simulations

MD simulations were conducted using Materials Studio (version 8.0)
[50] to investigate the equilibrium configuration of the small molecule
donors interacting with acceptor C70. Initially, a simulation box was
constructed using 80 molecules of C70 and 50 small molecules to
achieve a ratio of 1:1.6, which is consistent with the experimental sce-
nario. This construction was carried out using the Amorphous Cell mod-
ule, ensuring a density of 1 g/cm>. Subsequently, force-field-assigned
charges and the COMPASS force field [51,52] were applied during the
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dynamic simulation step by employing the NVT (constant particles num-
ber, volume, and temperature) ensemble to maintain optimum energy
conditions, constant temperature, and volume. Both van der Waals and
electrostatic interactions were accounted for using group-based summa-
tion methods.

3. Results and discussion
3.1. Frontier molecular orbitals analysis

FMO analysis reveals the energy gap (E; = Erymo — Enomo) be-
tween HOMO and LUMO. The energy gap signifies the facility at which
an electron can transition from HOMO to LUMO upon light absorp-
tion. This phenomenon occurs when the energy absorbed by the donor
material from the solar spectrum matches or exceeds its bandgap en-
ergy. A smaller E; translates into a lower energy for this electronic
jump, which improves light absorption and, potentially, photovoltaic
performance. The HOMO levels offer insight into the tendency of the
molecule to donate electrons, demonstrating the electron-donating abil-
ity of the nucleophiles. Conversely, the LUMO levels indicate the capac-
ity to accept electrons, demonstrating how electrophiles acquire elec-
trons from nucleophiles. This information is crucial for understanding
the charge transport within molecules, optical characteristics, electronic
transitions, and chemical stabilities of organic molecules [53]. By opti-
mizing the FMOs of organic molecules, materials that efficiently capture
light, readily transition electrons to higher-energy states, and efficiently
transport charges to generate electricity can be designed. Consequently,
the HOMO and LUMO energy values, along with Eg, were computed for
both the reference donor and hypothetical molecules to evaluate their
suitability for organic photovoltaic applications. The results are summa-
rized in Table 3.

Table 3
Energy of HOMOs, LUMOs, and E, as calculated for the studied molecules at
B3LYP/def2-SVP level of theory.

Molecules Eyomo (€V) Ejymo (€V) Eg (eV)
TPA-R —5.48 (-5.43) ! -3.41 (-3.35) ? 213
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.
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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.

Our comprehensive analysis revealed that detailed electronic prop-
erties of SEDM are essential for their potential application in OSCs.
Molecules Mi (i = 1-4) display Eyomo values ranging from —5.42 to
—5.26 eV and E; o values ranging from —3.86 to —3.61 eV. The cor-
responding E, values for these molecules range from 1.56 to 1.65 eV.
In comparison, the reference molecule TPA-R exhibits Eygyo and Epyyo
values of —5.48 and —3.41 eV, respectively, with an E; of 2.13 eV. Anal-
ysis of these values indicates that molecule M1 has the lowest Eygyo
value (-5.42 eV), suggesting greater stability compared to the other
molecules. Furthermore, the calculated Eg values for M2 (1.55 eV),
M1 (1.56 eV), and M3 (1.57 eV) were remarkably similar, with differ-
ences well within the expected computational uncertainty associated
with DFT-based methods. A smaller E, signifies a lower energy require-
ment for electron excitation, which facilitates electron transfer processes
within the material. Consequently, all molecules M1, M2, M3, and M4
molecules hold significant promise for efficient charge transport com-
pared with the reference TPA-R. Additionally, in Fig. 3, it is evident that
the HOMO distribution surface is predominantly localized on the donor
moiety (triphenylamine) across all molecules, with a minor contribution
from the first acceptor in M1 and M2. Conversely, the LUMO distribu-
tion surface was localized on the two acceptor parts of the molecules.

Analysis of the HOMO and LUMO levels was extended to SEDM:C70
systems to gain deeper insight into the separation of electron-hole pairs
at the d-A interface. C70 was selected as the acceptor material to main-
tain consistency with the experimental conditions. The results depicted
in Fig. 4 reveal a clear separation of the HOMO and LUMO wavefunc-
tions, where the HOMOs are localized on the triphenyl-based small
molecule donors, whereas the LUMOs are predominantly concentrated
on the C70 acceptors, illustrating the effectiveness of intermolecular
charge transfer across the d-A interface.

3.2. Density of state analysis

This section provides information on the orbitals, their importance
to chemical bonding, and a detailed analysis of the electronic structure
of Mi (i = 1-4) and TP-R using DOS plots (Fig. 5). A high DOS indicates
the presence of several states at a particular energy level. Additionally,
the positive DOS values were confirmed through a bonding interaction,
whereas an anti-bonding interaction suggested that negative values and
non-binding interactions resulted in values near zero. In essence, the
DOS provides insight into the total available space for the electronic
states [54].

Our investigation focused on donor units in line with the d-A-A con-
figuration, which significantly contributed to the frontier molecular or-
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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.

bital across all studied molecules. Green represents the HOMO and red
represents the LUMO. The density of localized states has a dramatically
rising tendency to arise in the —7 to —15 eV range. The plots depict the
orbital properties in the various energy ranges.

The heteroatoms present in the small molecules (S in M1 and M2, Se
in M3, and additional N in M4) are expected to significantly influence
the LUMO, stabilizing the negative charge and contributing to better
electron mobility. Sulfur and selenium, which are softer atoms, pro-
mote charge delocalization and enhance the orbital overlap, which is
crucial for charge transfer efficiency [55]. In M1 and M2, the sulfur
atoms are expected to play a dominant role in the LUMO, facilitating
electron transfer. M3, with selenium instead of sulfur, may exhibit a
broader and more delocalized contribution to the LUMO, because sele-
nium has a larger atomic radius and lower electronegativity. M4, which
features an additional nitrogen atom in the acceptor group, can further
stabilize the LUMO, leading to a narrower bandgap and improved elec-
tronic properties. Additionally, this finding is supported by the HOMO
and LUMO energies, confirming the proximity of the frontier molecular
orbitals in M1, M2, M3, and M4. Notably, modification of the refer-
ence molecule TPA-R enhanced the properties of the semiconductor Mi
(i = 1-4), as evidenced by the reduced Eg.

3.3. Molecular electrostatic potentials

Molecular electrostatic potentials (MEPs) are useful tools for visu-
alizing and understanding the distribution of electrostatic potentials
around molecules. MEPs provide insight into the regions of a molecule
that are favorable for electrophilic or nucleophilic attack, hydrogen
bonding interactions, and reactivity [56]. The MEP maps (Fig. 6) are
often colored according to a color scale, where the red regions repre-
sent areas with a high concentration of electrons, indicating potential
sites for nucleophilic reactions. Nucleophiles, which are electron-rich
species, are naturally drawn to these regions, where they can form new
chemical bonds. In contrast, the blue regions indicate areas with lower
electron densities, suggesting potential sites for electrophilic reactions.
Electrophiles, which are electron-deficient species, are attracted to these
regions, where they can bond with electron-rich species. The white re-
gions represent areas of low or neutral potential. The interpretation of
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Fig. 7. Simulated absorption spectra of M1-M4 TPA-R at CAM-B3LYP/6-
31G(d,p) level.
MEP maps enables the identification of probable sites for nucleophilic
and electrophilic reactions within molecules, thereby assisting in the

prediction of their reactivity across diverse chemical environments. tion of photons, organic materials generate excitons, which are bound to

electron-hole pairs. These properties were estimated at the theoretical

3.4. Optical proprieties level of TD-CAM-B3LYP/6-31G(d,p), and the corresponding results are
summarized in Table 4.

The optical properties of organic materials play a pivotal role in The results obtained at the TD-CAM-B3LYP/6-31G(d,p) level of the-
determining the efficiencies and functionalities of OSCs. First, these ory closely matched the experimental UV-vis spectrum of the reference
materials must effectively absorb sunlight across the visible and near- molecule TPA-R. The theoretical analysis revealed that the maximum
infrared spectra to initiate energy conversion. Second, upon the absorp- absorption A,,, of TPA-R in dichloromethane using CPCM mode of sol-
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Table 4

Calculated wavelength (4,,,), oscillator strength (f), excitation energies (E,,),
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 Aoy (M) f(au) E, (eV) ETP D (Debye)
TPA-R 572.28 (570)" 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

! The experimental value of 4,,,, measured in dichloromethane (10> M).

vation is 572.28 nm, which is highly consistent with its experimen-
tal value of 570 nm, with a minimal error value of 0.4% [54]. This
close agreement validated the appropriateness of the theoretical meth-
ods employed. Consequently, we employed this method (CAM-B3LYP/6-
31G(d,p)) to investigate the optical properties of M1-M4 simultane-
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ously. In the high-energy region (300-450 nm), the designed molecules
exhibit secondary absorption peaks attributed to locally excited (LE)
transitions. These transitions are primarily confined to specific molec-
ular fragments such as the donor moieties or n-bridges units and typ-
ically involve n-n* transitions. These transitions exhibit lower oscilla-
tor strengths and limited charge-transfer characteristics. Their presence
has been widely reported in d-n-A systems and reflects the multichro-
mophoric and electronically rich architecture of the molecules [57,58].
In contrast, the dominant absorption bands observed in the lower-energy
region (570-726 nm) were ascribed to ICT transitions characterized by
a spatial shift in electron density from the donor to acceptor fragments.
The simulated A.,, for M1-M4, calculated at the TD-CAM-B3LYP/6-
31G(d,p) level using the CPCM solvation model, range from 595 to
726 nm (Fig. 7). Compared to TPA-R (4, = 572 nm), all designed
compounds exhibit red-shifted and more intense ICT bands, reflecting
enhanced d-A interaction and extended n-conjugation. Notably, M2 ex-
hibited the most significant bathochromic shift, which was consistent
with its lower excitation energy. Overall, the spectra of M1-M4 appear
sharper and more intense than those of TPA-R, suggesting improved
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charge-transfer efficiency and better light-harvesting potential. The os-
cillator strengths of the designed materials exhibit a notable increase,
reaching a maximum value of 1.42 for M3. The f values for M1, M2, and
M3 were 1.16, 1.33, and 1.42, respectively, all of which were higher
than that of TPA-R (f = 0.93), indicating an enhanced light absorption
capability. The electron transition percentage (ETP) associated with the
HOMO-LUMO excitation ranges from 61% to 82% for the designed
molecules. A higher ETP reflects a more dominant and well-defined or-
bital transition, which is generally correlated with efficient photoexci-
tation [59]. Although all designed molecules (M1-M4) exhibit slightly
lower ETP values than TPA-R (87%), their high oscillator strengths indi-
cated that the excitations remained efficient, highlighting the effective-
ness of the molecular design.

3.5. Dipole moments

The dipole moments of TPA-R and its modified versions Mi revealed
how structural modifications influence the overall polarity and charge
distribution of the molecules, which are key factors in their electronic
performance [60,61]. TPA-R, consists of a triphenylamine donor, a
phenyl-first acceptor, and a benzothiadiazole-dicyanovinylene second
acceptor, creating a balanced d-A-A system that results in a moder-
ate dipole moment (13.008 D). M1 (14.836 D) showed an increased
dipole moment, likely due to the replacement of benzothiadiazole with
a thiadiazole-pyridine unit in the acceptor, enhancing the electron-
withdrawing capability without major changes to the molecular geome-
try. This leads to a stronger charge separation. M2 (18.358 D) exhibited
the highest dipole moment among the series, reflecting the strongest
intramolecular charge transfer. This is attributed to the introduction
of an additional thiophene ring in the first acceptor and a tetrazine
unit in the second acceptor, which significantly amplifies the electron-
withdrawing effect and facilitates charge delocalization through ex-
tended rn-conjugation. In contrast, M3 (11.827 D) and M4 (11.336 D)
exhibited lower dipole moments than TPA-R. For M3, replacement of
the dicyanovinylene group with a less electron-withdrawing moiety
likely resulted in a more balanced charge distribution. Similarly, M4
is a fused-ring system in the acceptor unit that may distribute the elec-
tron density more uniformly across the molecule despite the presence
of electron-withdrawing groups. The consistent use of a triphenylamine
donor across all the molecules ensures a stable electron-rich region,
whereas variations in the first and second acceptor units fine-tune the
electronic properties of the molecules. The phenyl bridge in TPA-R and
M1 maintained planarity; however, the introduction of a thiophene ring
in M2-M4 causes slight twisting, which could impact conjugation and
charge transfer.

3.6. Electron-hole analysis

The 3D isosurfaces depicting holes and electrons, along with the
distribution heat map, were generated using the methodology intro-
duced by Chen et al., with the Multiwfn wavefunction analyzer [62].
Figs. 8(a)(b) show the isosurfaces representing the special localization
of holes and electrons, with holes depicted in green and electrons de-
picted in blue. The corresponding distribution heatmaps of the electron-
hole pairs are presented in Fig. 8(c), where the x-axis of the heat map
corresponds to the number of atoms associated with each atom in the
Gaussian09 Z matrix. The color scale on the right indicates the degree of
contribution. The holes were predominantly localized in the donor part
of the molecules, whereas electrons were prominently observed in ac-
ceptors 1 and 2. The D index provides a comprehensive assessment of the
distance between the centroid of the electron and hole within the molec-
ular system. A higher D value indicates a longer distance over which the
charges can be effectively transferred. In our analysis, molecules M1,
M2, M3, and M4 demonstrate significantly higher D values of 11.168,
6.114, 11.405, and 9.073 A, respectively, compared to the reference
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Table 5
Electron-hole separation indexes (D, t, Ar) and E, for the first singlet excited
state (S;) of the SEDMs.

Molecule D (A) t(A) Ar (A) E, (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

molecule TPA-R (4.052 }o\) (Table 5). The t index [63] serves as an ad-
ditional metric for assessing the electron-hole separation. A positive t
value indicates a distinct separation between the two charge carriers.
The results presented in Table 5 indicate that all Mi (i = 1-4) exhibit
larger t values (8.303, 4.651, 7.566, and 5.827 10\, respectively) than
the TPA-R molecule, indicating a clearer separation of charge carriers
within these molecules. The Ar index [64], another metric of charge
transfers molecular excitations, provides a quantitative measure of an
electron excitation mode, with a higher value (Ar > 2.0 f\) indicating a
greater likelihood of the excitation being associated with a delocalized
state. States with Ar index below 2.0 A are typically classified as locally
excited states. Table 5 shows the Ar index for TPA-R, M1, M2, M3, and
M4, with values of 5.782, 8.096, 5.995, 7.963, and 6.601 [o\, respectively,
which are in good agreement with previous indices (D, t). This indicates
that all molecules have a Ar index higher than 2.0 A, suggesting effective
charge transfer between the donor and acceptor fragments.

3.7. Hole-electron coulomb attractive energy

The efficiency of OSCs and the rate of charge separation depend on
E,,, which is the energy required to separate an electron from a hole in an
excitonic system [65]. These energies are crucial as they determine how
effectively excitons, which are bound electron-hole pairs, can be disso-
ciated into free charges for electrical conduction (Eq. (1)). The electron-
hole interaction energy can be calculated using a simple Coulomb equa-
tion:

v

where E, denotes the Coulomb interaction energy within a physical sys-
tem. In this equation, p"*'¢(r,) signifies the charge density attributed to a

(€]

———dr; dr, ,

phole ("1 )pele (r2)
[ri =12

TPA-R: C70

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.
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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.

hole positioned at (). Conversely, p¢(r,) represents the charge density
corresponding to an electron located at (r,). The term |r; — r,| symbol-
izes the distance-separating positions r; and r,. The reduced electron-
hole Coulomb attractive force leads to a decrease in the exciton binding
energies. As shown in Table 5

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

3.8. Molecular dynamics simulations

MD simulation is a computational technique used to study the behav-
ior and interactions of molecules over time [66]. MD simulations pro-
vide a comprehensive understanding of molecular dynamics and rely
heavily on the intricate interplay between various factors such as ve-
locity, force fields, and types of molecular interactions. Velocity is a
fundamental parameter representing the speed and direction of molec-
ular motion in simulations. It plays a crucial role in determining the
trajectory of molecules over time and influences their behavior and in-
teractions. Force fields, on the other hand, are mathematical models
used to describe the potential energy of a system as a function of atomic
coordinates [67]. They encompass both bonded interactions, such as the
stretching 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.

bonded interactions, including electrostatic and van der Waals forces be-
tween atoms or molecules. The molecule-C70 system was meticulously
constructed at a 1:1.6 ratio, ensuring that the molecular interactions
and spatial arrangements in the simulation closely mirrored those ob-
served in the experimental setup. The equilibrium configuration of the
small donor molecules and their interaction with the acceptor C70 can
be depicted through visualization within the simulation boxes (Fig. 9).

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

The RDF profiles of M1:C70 and M3:C70 showed similar general
shapes and peak distributions, suggesting interaction characteristics
comparable to those of TPA-R:C70. This resemblance can be attributed
to the structural similarity of M1, M3, and TPA-R, particularly in their
d-A frameworks. Similarly, M2:C70 and M4:C70 showed similar RDF
profiles, reflecting parallel interaction behaviors, probably owing to
their common molecular design features (Fig. 10). However, signifi-
cant differences were observed in the intensity and shape of the first
RDF peak, which corresponded to the strongest short-range interac-
tions. M3 showed the highest and sharpest first peak, suggesting that
it had the most localized and intense interaction with C70. TPA-R and
M2 showed slightly reduced peak intensities, whereas M4 exhibited the
lowest and broadest first peaks, indicating weaker localized interac-
tions. These variations correlated with structural modifications in the
acceptor groups of the molecules. Secondary peaks observed between
1.5-4 A across all the systems indicate the presence of additional in-
teraction shells. The consistent donor group likely contributes to sim-
ilar overall RDF patterns, whereas differences in the acceptor groups
appear to modulate the interaction strength. These findings suggest
that while all molecules interact effectively with C70, the structural
modifications in M1-M4 subtly alter the nature and strength of these
interactions, potentially affecting their performance in optoelectronic
applications.

3.9. Mean squared displacement and diffusion analysis

Mean square displacement (MSD) analysis provides a quantitative
assessment of the diffusion behavior of d-A-A molecules M1-M4 in the
presence of the C70 fullerene acceptor, offering an overview of the
molecular mobility, intermolecular interactions, and their potential im-
plications for charge transport in OSCs. As shown in Fig. 11, different

79

ChemPhysMater 5 (2026) 71-82

diffusion trends were observed for the studied molecules. The excep-
tional mobility of M4 is attributed to the steric effect induced by the
SiH, group. This group disrupts the non-covalent interactions between
the molecule and the C,, fullerene by reducing the possibility of close
n—-n stacking. As a result, M4 exhibited faster diffusion, confirmed by
the highest diffusion coefficient (D = 9.6392 ;\z/ps), which suggests a
weaker interaction with the fullerene cage. While higher mobility can
facilitate charge carrier transport, excessive diffusivity can perturb d-A
interactions, potentially compromising the charge separation efficiency.
Conversely, M3 had the lowest diffusion coefficient (0.8590 A2/ps), sug-
gesting a stronger interaction with C70, which aligns with the finding
in RDF results. This behavior may be associated with the Se-containing
acceptor unit, which increases the molecular rigidity and limits diffu-
sion. Although a stronger d-A interaction could improve charge separa-
tion, reduced molecular mobility could hinder charge carrier transport,
which could limit the photovoltaic performance. M1 and M2 exhibited
moderate diffusion coefficients of 1.3928 and 1.4806 A/ps, respectively,
which are close to that of TPA-R (1.3816 f\/ps). The structural modifi-
cations of these molecules did not significantly alter their interactions
with C70. However, the presence of a cyano substituent (~CN) in M1
and M2 may have contributed to a slight increase in mobility, probably
because of a minor reduction in the intermolecular bond strength. The
reliability of the diffusion coefficients was confirmed by analyzing the
coefficient of determination (R%), which reflects the linearity of the MSD
curves. All the molecules studied had R? values greater than 0.97, which
guaranteed that the extracted diffusion coefficients accurately represent
their mobility behaviors. These diffusion characteristics have direct im-
plications for charge transport in OSCs, where an optimal balance be-
tween the molecular mobility and d-A interactions is essential. Although
a high diffusion coefficient, such as that of M4, can enhance charge
transport, excessive mobility can lead to inefficient charge separation.
Conversely, a lower diffusion coefficient, as in the case of M3, can im-
prove charge separation but limits charge carrier mobility. The interme-
diate diffusivities of M1 and M2 suggest that these molecules achieved
a balanced compromise between charge separation and transport
efficiency.

3.10. Comparative evaluation of key properties

To consolidate and clarify the selection of M1 and M2 as the most
promising donor materials, a comparative heat map (Fig. 12) was con-
structed to summarize the normalized values of several key descriptors
influencing the performance of OSCs . These include Eg, Amax, f; Eex,
E;, Ar, dipole moment, and the maximum value of the g(r), which re-
flects the strength of d-A interactions. For the parameters in which lower
values were favorable (E,, E, and Ey), the scale was inverted before
normalization. For any given parameter x, the normalized value x,.,
was calculated using the following formula:

X X~ Xmin 2)

norm —
X

max ~ Xmin

As shown in Fig. 12, M1 and M2 consistently achieved the high-
est normalized values across multiple parameters, indicating a well-
balanced combination of desirable characteristics. M1 stands out with
high f, low E;, and excellent charge separation metrics (Ar and D), lead-
ing to a strong overall performance profile. M2, exhibited the best per-
formance in light absorption (4p,y), dipole moment, and charge sepa-
ration, with a slight trade-off in exciton binding energy. Both molecules
maintained relatively high scores for interaction strength g(r), suggest-
ing efficient electron transfer with the C70 acceptor.

In contrast, M3 achieved high d-A interaction strength but lower nor-
malized values in E;, and Ar, which may hinder its overall charge trans-
port efficiency. M4 displayed moderate performance across most crite-
ria; however, it lacked standout features in key areas, such as absorption
intensity and exciton dissociation. The reference molecule TPA-R regis-

tered the lowest cumulative normalized scores, particularly in terms of
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charge separation and exciton binding energy, reinforcing its role as a
baseline rather than a high-performance candidate.

4. Conclusion

In this study, four small donor materials with promising properties
were successfully designed by modifying the acceptor moiety of the
reference molecule TPA-R through the incorporation of four different
fragments containing sulfur heterocycles, selenophene, and thiadiazole.
Analysis of the HOMO and LUMO levels demonstrated that our com-
putational approach, employing the DFT method at the B3LYP/def2-
SVP level of theory, was highly accurate and in good agreement with
the experimental data, exhibiting a minimum error. Furthermore, these
modifications led to a considerable reduction in E,, demonstrating their
effectiveness for applications in OSCs. DOS and MEP were used to ana-
lyze the electronic distribution and morphology of the designed materi-
als. Furthermore, the UV-visible spectra predicted using the TD-CAM-
B3LYP/6-31G(d,p) approach were found to be highly accurate with
the experimental 4., value, and the designed donor materials M1-M4
showed red-shifted absorption compared to the reference molecule TPA-
R. Moreover, the electron-hole transfer mechanism from the donor to the
acceptor unit was elucidated. The results of the polarity indices indicate
that all molecules M1-M4 exhibit higher mobility of the electron-hole
pair, facilitating their separation. The interaction between the donor
molecule SEDM and the fullerene acceptor C70 was investigated using
MD simulations and RDF-MSD analyses to assess the intermolecular in-
teractions and molecular mobility. The results indicate that M1 and M2
exhibit a moderate balance between interaction strength and mobility,
suggesting that these molecules maintain stable d-A interactions while
allowing sufficient diffusion for effective charge transport. Notably, M1
and M2 were found to be suitable for applications in organic photo-
voltaics owing to their favorable optoelectronic properties and potential
for efficient charge transfer processes.
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