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KEYWORDS Abstract Star-shaped- triphenylamine-based (TPA) hole transporting materials (HTMs) are con-
Star-shaped materials; sidered an up-and-coming candidate for developing efficient organic solar cells (OSCs). Therefore,
Triphenylamine; we have designed partially oxygen bridged eight new novels (STRO1 — STROS) and three-armed
Solar cells; star-shaped HTMs with TPA core for the future development of efficient OSCs devices. Their pho-
Density functional theory tovoltaic, optical, and charge transport (CT) characteristics were studied and compared with the

reference molecule (R). These designed materials have been characterized theoretically using vari-
ous density functional theory (DFT) and time-dependent (TD-DFT) calculations. These planar
configurated star-shaped molecules exhibited a red-shifted absorption, deeper HOMO levels, and
improved extinction coefficients, enabling them to offer good phase separation morphology during
blend formation. Furthermore, the distribution behavior of frontier molecular orbitals (FMOs),
optical properties, open-circuit voltages, the density of states (DOS), transition density matrix
(TDM), and reorganization energies of holes and electrons of the designed star-shaped molecules
have been investigated. Besides, the complex study of STRO/PCs;BM revealed the charge shifting
process at the donor—acceptor interface. Therefore, our projected approach is a prerequisite in
designing small molecule (SM)-based desirable photovoltaic materials for efficient OSCs, and
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light-emitting diodes (LEDs), and afterwards, these materials are suggested to the experimentalist
for synthesis and to fabricate efficient photovoltaic devices.

© 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Organic photovoltaic materials have a great hidden potential to fulfill
future energy needs (Xiong et al., 2020) therefore, scientists are contin-
uously struggling to synthesize such efficient photovoltaic materials,
i.e., hole-transport or electron-transport materials (HTMs or ETMs)
(Ma et al., 2020). Such molecules prove useful while device fabrication
either organic or perovskite solar cells (OSCs or PSCs) to achieve
stable and improved device performances. Therefore, until now, the
advancement in these molecules has led the power conversion effi-
ciency (PCE) to over 18 % in OSCs and over 25 % in PSCs (Cui
et al., 2020; Gi-Hwan and Suk-Kim, 2021; Irshad et al., 2020;
Adnan et al., 2020; Adnan and Lee, 2020).

Amongst, the HTM plays a pivotal role in improving and stabiliz-
ing the performances of the devices due to their ability to extract the
photogenerated holes from the active layer and transfer these toward
the metal electrode. Moreover, this is also acting a barrier between
the active layer and the metal electrode. This process helps minimize
the threat of recombination and improves the device’s performance
(Changetal., 2012; Qin et al., 2019). Also, the HTMs have tremendous
importance in minimizing the threat of device degradation by blocking
the air moisture and the diffusion of the metal electrode into the active
layer. The chemical structure of any HTM is essential and is consid-
ered a backbone for fabricating efficient and stable SCs. Therefore,
various HTMs have been reported so far with numerous structures,
including; organic, inorganic, polymers, and small-molecule (SM)
based materials (Meng et al., 2018; Miao et al., 2020; Adnan et al.,
2017; Adnan and Lee, 2018; Irshad et al., 2022; Irshad et al., 2022).

Among these, triphenylamines (TPAs) based HTMs are the most
attractive and widely used materials in the solar cells field. To date,
the best performance HTM is the SpiroOMeTAD and PTAA, widely
used to prepare highly-efficient PSCs (Adnan et al., 2017). Though,
some of the reports show that these materials degrade the SC device
and limit the device stability as well (Yao et al., 2016). On the other
hand, TPA is considered a better electron donor unit due to its ability
to transform positive charges efficiently via radical cations and its capa-
bility to oxidize nitrogen centers (Bilal et al., 2020; Lv et al., 2020).
Therefore, these TPA-based molecules are essential in preparing effi-
cient SM-based organic and polymers materials (Adnan et al., 2021;
Riaz et al., 2022; Alvina et al., 2022).

Star-shaped molecules are a group of SM-based organic materials
having a central aromatic core attached to various functional groups
(Liao et al., 2022). These materials exhibited a unique structure and
are widely considered to have a characteristic of small organic and
polymer molecules. Moreover, these materials have good solubility,
better film formation properties, improved thermal stability, and can
merge numerous structures to improve their physical and chemical
characteristics (Adnan et al., 2017; Liao et al., 2022). Remarkably,
these materials have been used widely in organic light-emitting diode
(OLED) (Pathak et al., 2022), organic field effect transistors (OFET)
(Aimi et al., 2022), and OSCs. Due to this reason, many researchers
are interested in preparing such efficient HTMs having a heteroatom
with fused aromatic rings because of their rigidity and coplanarity
along with maximum overlap of m-orbitals for heads on m-stacking
supporting intermolecular charge transport (Yang et al., 2016; Lu
et al.,, 2022; Li et al., 2021; Zhang et al., 2022; Cui et al., 2022;
Zhang et al., 2022; Zhang et al., 2016; Peng et al., 2022; Lei et al.,
2022; He et al., 2022; Yu et al., 2020; Ren et al., 2022). Therefore,

due to its ability to accumulate the features of SM-based organic mate-
rials and polymers, extended investigations of the star-shaped HTMs
are an attractive area for research.

Herein, we designed and theoretically characterized ten new three-
armed star-shaped donors (STRO1-STROS), having a benzodithio-
phene (BDT) as the central-core unit, and modified end-capped units
with multiple efficient functional groups. These star-shaped molecules
have been designed to improve the materials’ electrical, photovoltaic,
and optoelectronic characteristics to ensure their best use in future
SCs devices. For this purpose, we have modified the reference molecule
(R) with different efficient end-capped units (Ma et al., 2021). The full
names of the incorporated end-capped and bridged core units can be
found in the supplementary section. In addition, the schematic device
architecture and energy level diagram of the designed (STROI-
STROB) series have been shown in Fig. 1.

1.1. Computational details

Gaussian 09 W software was used for calculations, and for graphical
studies Gauss View 5.0 program was used (Frisch et al., 2009; Atiq
et al., 2023). We initially optimized the reference molecule R with var-
ious DFT functionals before starting the theoretical characterization
of the designed star-shaped series (STROI1-STROS). The DFT func-
tionals used in this study are; B3LYP (Civalleri et al., 2008), cam-
B3LYP (Adamo and Barone, 1998), ®B97XD, (Yanai et al., 2004)
and MPWIPW91, (Chai and Head-Gordon, 2008). For absorption
properties, we have employed TD-DFT for B3LYP, cam-B3LYP,
®B97XD, and MPWIPWI1 along with 6-31G(d,p) basis sets in the
solvent phase (CHCI3) (Parr, 1980). The UV—vis absorption spectra
and LA™ values of the designed star-shaped series (STRO1-STROS)
and R (Ma et al., 2021) were compared, showing close agreement at
the CAM-B3LYP level of theory. Thus, the CAM-B3LYP level of the-
ory was used for further characterizations of the designed star-shaped
series (STRO1-STRO8) and R. Moreover, other vital characterizations
such as; FMO analysis, open-circuit voltage (V,.), excitation energies
(Ey), reorganization energies, oscillator strength (f), DOS, and TDM
analysis of the designed star-shaped series (STRO1-STRO8) and R
molecule were calculated at the CAM-B3LYP /6-31G(d,p) level of the-
ory. For data dissemination from Gaussian, origin 8.1 programs were
used, and for DOS analysis, PyMOlyze program. Numerous computa-
tions relating to hole/electron mobility, V., and fill factor (FF) have
been made to estimate the materials’ PCE. The exact DFT functionals
have been used to estimate reorganization energy, i.e., internal (Aj,)
and external (A ) energy. Moreover, because of the expected minor
role in managing the outer atmosphere, Ay is being overlooked. The
reorganization energy is estimated with the following Egs. (1) and
(2) (Adnan et al., 2017; Riaz et al., 2022)

Je = [Ey —E_] + [E2 — Eo] (1)

= [E ~E] + [£ - EJ @

Hence, neutral material optimization’s cationic and anionic ener-
gies are and, respectively. Moreover, are the anionic and cationic ener-
gies of cation and anion geometries optimization, respectively.
Moreover, define the energies of the neutral molecules optimized at
anionic and cationic states. E, is the neutral molecule energy at the
ground state geometry. The UV-vis spectrum was taken with Origin
8.1 software and the HOMO-LUMO with Multiwfn 3.7.
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2. Results and discussion

Fig. 2 shows the molecular structure of the R molecule used in
this study along with the used efficient end-capped units to
modify this molecule further to investigate its potential for effi-
cient OSCs devices. As shown in Fig. 3, initially, we did opti-
mization of the R molecule with four various DFT functionals
to find the best one for further characterizations of the
designed materials. These functional includes; B3LYP,
CAM-B3LYP, MPWIPW9I1, ®B97XD, and at 6-31G(d.p).
Subsequently, we carried out optical measurements of the R
to check its UV—vis response both in the gas and solvent phase.
Remarkably, the R molecule presented good values of absorp-
tion and is highly red-shifted among all of the employed DFT
functionals, such as; 485.20 nm (B3LYP), 388.97 nm (CAM-
B3LYP), 462.33 (MPWIPW91), and 379.01 nm (wB97XD),
as shown in Fig. 3.

The experimentally achieved UV-vis value of R is
419.00 nm and is relatively nearer to the theoretically calcu-
lated value of 388.97 at CAM-B3LYP/6-31G(d,p). Thus, we
have selected B3LYP/6-31G(d,p) functional for the following
measurements of this designed three-armed star-shaped series
(STROI1-STRO8) along with the R molecule. The chemical
structure of R and the used efficient end-capped units are
shown in Fig. 2, and the designed star-shaped series
(STRO1-STROS) structure can be found in Figure S1. The rel-
atively optimized structures of the designed star-shaped series
(STRO1-STROS) and R can be seen in Fig. 4.

2.1. Frontier molecular orbitals (FMOs) analysis

The FMO analysis of R and the designed three-armed star-
shaped series (STRO1-STROS) are investigated intensively.
In these calculations, we checked the highest occupied molec-
ular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) at CAM-B3LYP/6-31G(d,p), as shown in Fig. 5.
Both the HOMO and LUMO Ilevels formations show their
specific electronic distribution patterns, positions, and energy
levels alignments which are pretty different from each other
just because of the presence of different end-capped units
attached over the base-core parts. These various energy level
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A) schematic device architecture, and b) energy level alignment of r and the designed star-shaped materials strol-stro8.

values also significantly influenced the bandgaps (E,) and the
optical and photovoltaic parameters of the designed star-
shaped series (STRO1-STROS8). The HOMO-LUMO values
of R and the designed star-shaped series (STRO1-STROS)
have been shown in Fig. 9b, and the corresponding values
are tabulated in Table 1.

The calculated HOMO and LUMO energies for R is —5.55
and —0.14, whereas, these values for the designed star-shaped

series (STRO1-STROS8) are; —5.48, —5.44, —5.99, —5.90,
—-5.72, =574, —-594, and - 594 eV for HOMO,
and — 0.06, —0.10, —0.61, —0.51, —1.24, —1.26, —1.42,

and — 1.05 eV for LUMO, respectively. These FMO analyses
revealed that the designed star-shaped series (STRO1-STROS)
have a distinctive distribution pattern and their energy levels
values are quite comparable with the R. On the other hand,
the obtained E, for the designed star-shaped series (STRO1-
STROS) is much lower than the R molecules, making them
more appropriate for photovoltaic applications because the
lower E, materials are highly desirable for photovoltaic appli-
cations. Furthermore, these lower E, values were obtained due
to the specific positioning of the efficient end-capped units,
various good conversions of the charges between the two orbi-
tals, and the existence of the different donor—acceptor (D-A)
units that dynamically took part during this charge transfor-
mation phenomenon.

Smaller E, materials are highly desirable for efficient solar
cells, and interestingly, our all-designed star-shaped series
shows much narrower E, values than the R molecule. As
shown in the Fig. 9, the E, of R is 5.41 eV, whereas the E, val-
ues for the designed star-shaped series are; 5.41 eV (STRO1),
5.34 eV (STRO2), 5.37 eV (STRO3), 5.39 eV (STRO4),
4.49 eV (STROS), 4.49 eV (STRO6), 4.52 eV (STRO7), and
4.88 eV (STROS) respectively. Among all designed star-
shaped series, the STRO8 shows a much lower E, than the
other molecules due to its efficient end-capped alterations,
whereas the E, values for other molecules (STRO1-STRO7)
are also very close to each other and much comparable with
the R, indicating our efficient designing strategy. The formu-
lated decreasing E, trend for all molecules is; R > STRO1 >
STRO4 > STRO3 > STRO2 > STROS > STRO7 >
STROS > STRO6.
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Fig. 2 Chemical structure of STRO (R) along-with eight newly proposed star-shaped molecules (STRO1-STROS).
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Fig. 3 The optimization of R molecule at four different DFT
functionals.

2.2. Optical properties

The optical parameters of the designed star-shaped series
(STRO1-STROS8) and R have been estimated by performing
UV-vis calculations at B3LYP/6-31G(d,p), both in the gas
and in the solvent phase. Moreover, we also calculated the
excitation energy (Ex), oscillator strength (f), and molecular
orbital assignments of the designed star-shaped series
(STROI1-STROS) and R, as shown in Table 2. The UV-vis (ex-
perimental) of R is 419.00 nm, which is a little bit higher than
the calculated UV-vis value of 388.97 nm.

Interestingly, it was found that both the experimental and
calculated UV-vis value is quite close to each other, ensuring
our efficient strategy to build and characterize the materials
with appropriate methods. This also ensures the suitability of
any new photovoltaic material to estimate its inner potential
before synthesizing it. The related UV-vis absorption spec-
trum of the designed star-shaped series (STRO1-STROS) and
R is shown in Fig. 6. Previously, it was reported that the mole-

cules with higher optical properties are necessary to prepare an
efficient SCs device ().

Thus, our all-designed star-shaped series (STRO1-STROS)
was found to be very red-shifted in absorption spectrum than
R. The calculated UV-vis of the designed star-shaped series
(STRO1-STROB) is; 371.34 nm for STROI, 371.61 nm for
STRO2, 376.30 nm for STRO3, 375.33 nm for STRO4,
377.57 nm for STROS, 378.22 nm for STRO6, 380.18 nm for
STRO7, and 370.59 nm for STROS. These investigations show
that our all-designed star-shaped series (STRO1-STROS) dis-
played a better absorption phenomenon than R. Among this
designed star-shaped series (STROI1-STROS), the highest
UV-vis value was seen for STRO7, which is quite comparable
with R. All other designed star-shaped materials also presented
an excellent UV value. All are very near to R. Therefore, after
these results, we can predict that these good UV values are just
because of efficient end-capped engineering of these molecules
with some efficient functional groups. Furthermore, the
decreased calculated absorption behavior of the designed
star-shaped  series (STROI-STRO8), and R is;
R > STRO7 > STRO6 > STROS5 > STRO3 > S-

TRO4 > STRO2 > STRO1 > STROS. This shows that our
designed star-shaped series (STROI1-STROS) is suitable for
efficient HTMs in OSCs.

The excitation energy (E,) is also considered a key factor
in estimating the hidden parameters of molecules used for
SCs. Therefore, it was reported that the lower values of E,
are good for the effective charge transformation from lower
HOMO to LUMO levels (Adnan et al., 2017; Zhang et al.,
2017; Li et al., 2017). This process is quite helpful in enhanc-
ing the efficiency of the molecules during device formation
(Bilal et al., 2020). So, these E, calculations have been per-
formed with the same method at TD-DFT- CAM-
B3LYP/6-31G(d,p). The derived Ex value of R is 3.19 eV,
while, for the designed star-shaped series (STRO1-STROS)
are; 3.34 eV for STROI, 3.34 eV for STRO2, 3.29 eV for
STRO3, 3.30 eV for STRO4, 3.28 eV for STROS, 3.28 eV
for STRO6, 3.26 ¢V for STRO7, and 3.35 eV for STROS.
In particular, the designed star-shaped series (STROI-
STROB8) showed quite lower E, than R. These lower energies
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Fig. 4 The optimized chemical structures of the designed STRO1-STROS8 and R molecules.

are due to the incorporation of efficient end-capped func-
tional units on the bridged core.

With the incorporation of these functional units, we can
achieve desirable characteristics from any molecule, and we
can design a molecule according to our requirements. Among
this designed star-shaped series (STRO1-STROS), STRO7
shows a much lower value of E, than R and the other designed
star-shaped series (Table 3). While, the other designed materi-
als also presented suitable and comparable values of E than
R. Therefore, with these analyses, it is revealed that our all-
designed star-shaped series (STRO1-STROS) has an excellent
potential to use in efficient SCs devices.

2.3. Density of state analysis (DOS)

The DOS analyses were performed for R and the designed
star-shaped series (STRO1-STROS8) to measure the working
potential of the designed materials (STRO1-STROS), i.e., their
bandgap alignments and the charge transfer properties (Adnan
et al., 2017; Adnan et al., 2021). For this, the partial and total
DOS (PDOS and TDOS) analyses have been carried out to
estimate the FMOs distribution alignments along with their
percentage contribution for R and the designed star-shaped
series (STRO1-STROS). This DOS analysis provides critical
information regarding various energy levels per unit incre-
ment. In particular, for any specific energy level, the possibility

of states estimated relative to their larger DOS values and vice
versa (Adnan et al., 2021).

Fig. 7 shows that the DOS analysis primarily checks donor
participation: acceptor units for forming HOMO-LUMO dis-
tributions and the molecules E,. In Fig. 4, the designed spaces
between the two high peaks (black lines) in the middle of the
spectrum represent the Eg of the material. While these black
lines correspond to the HOMO and LUMO levels of the mole-
cule. Furthermore, it is seen that the HOMO density open-out
over the core units of the molecule, whereas the LUMO den-
sity spreads on the acceptor region part of the molecule.
Because of the different charge density distributions, both
HOMO and LUMO densities get detached from each other
and show an individual distribution pattern related to the
specific characteristic of the molecule. Interestingly, a similar
distribution behavior has been seen for the designed star-
shaped series (STRO1-STROS), which is also very comparable
with R. This shows our efficient HTMs designing approach for
the efficient SCs devices.

2.4. Reorganization energy

The reorganization energy analysis has been performed to
identify the explicit nature of the designed star-shaped series
(STRO1-STRO8) along with R. These calculations have great
importance for any optical material to identify its nature,
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Table 1 The calculated HOMO, LUMO and their bandgap
for R and the designed star-shaped STRO1-STROS series.
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Fig. 5 The formation of HOMO and LUMO of the designed star-shaped series (STRO1-STROS) and R.

whether it would be an electron or a hole transport material
(Adnan et al., 2017; Adnan et al., 2021). These analyses also
confirm the selection of materials and the corresponding device

Moleculess HOMO LUMO E; = Erumo - architecture regarding the nature of the molecule. We got two
(Enomo) (Erumo) Enomo types of data from these analyses, i.e., the energy of electrons
(eV) (V) (V) and holes. Both of these energies have their role in determining
Reference —5.55 —0.14 5.41 the performance of any materials and have various charge
STRO1 548 —0.06 5.41 transfer rates. In particular, the smaller the reorganization
STRO2  —5.44 —0.10 5.34 energy, the higher the charge transfer rate for that particular
STRO3 5.9 —0.61 5.37 molecule. During these analyses, we observe different charge
2;38‘5‘ :g 32 :(1);11 i 4313 mobility values for the designed star-shaped series (STROI1-
) i ’ STROS) and for R, which significantly affects the performance

STRO6 —5.74 —1.26 4.49 .
STRO7T  —5.94 14 450 of t.hese materlal.s w.hen t.hgse are employf—:d ‘Fo prepare SCs
STRO8  —5.94 ~1.05 4.88 devices. Thus, scientists divide the reorganization energy into

two various types; external (A.y;) and internal (A;,,) reorganiza-
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Table 2 The UV-vis absorption (A™*¥), excitation energy (E,), oscillator strength (f), and mainly contributed MO assignments for R

and the designed star-shaped STRO1-STROS series.

Molecule DFT Calculated A™* nm) Experimental A™* nm) E, Jos Major MO Assignment
(eV)

Reference 388.97 419 3.19 2.47 HOMO->LUMO (69 %)
STRO1 371.34 3.34 1.90 HOMO->LUMO (79 %)
STRO2 371.61 3.34 1.93 HOMO->LUMO (78 %)
STRO3 376.30 3.29 1.60 HOMO->LUMO (75 %)
STRO4 375.33 3.30 1.93 HOMO->LUMO (76 %)
STROS 377.57 3.28 2.38 HOMO->LUMO (73 %)
STRO6 378.22 3.28 2.28 HOMO->LUMO (71 %)
STRO7 380.18 3.26 2.95 HOMO->LUMO (72 %)
STROS8 370.59 3.35 1.70 HOMO->LUMO (77 %)

Fig. 6 The UV-Visible absorption of the designed star-shaped
series (STRO1-STROS8) and R.

Table 3 The bandgap energy (Ep.p), first transition energy
(Eopy), and binding energy of R and the designed star-shaped
STRO1-STROS series.

Molecules Enomo-Lumo Eopt Ep

Reference 5.41 3.19 2.22
STRO1 5.41 3.34 2.07
STRO2 5.34 3.34 2.00
STRO3 5.37 3.29 2.08
STRO4 5.39 3.30 2.09
STROS5 4.49 3.28 1.21
STRO6 4.49 3.28 1.21
STRO7 4.52 3.26 1.26
STROS8 4.88 3.35 1.53

tion energy. The A;,, provides information regarding internal
molecular changes due to the polarization factor, while Ay,
is associated with the instant external transformation of the
molecules (Adnan et al., 2017). The estimated RE values for
hole and electrons are shown in Table 4.

Importantly, in these calculations, there is no Aext role
observed; thus, we have ignored this factor. While we dealt
extensively with the molecules’ internal charge transformation,
we have characterized our all-designed star-shaped series
(STRO1-STROS) and R at CAM-B3LYP/6-31G(d,p) to calcu-
late the relative energy of electrons and holes. Fig. 8 shows the

graphical representation of the obtained reorganization energy
values; the corresponding obtained energy values have been
summarized in Table 4.

2.5. Open circuit voltages

The performance of any photovoltaic device is calculated with
current density (J.), Vo, and a fill factor. Therefore, the V.
have great importance and role in determining the perfor-
mance of any photovoltaic material when they are used to pre-
pare a device (Adnan et al., 2021; Riaz et al., 2022). To this
end, we have calculated the V. for the designed star-shaped
series (STRO1-STROS8) and R at CAM-B3LYP/6-31G(d.p).
The V. is considered to have the value of the total current
extracted from the device. It is also influenced by the saturated
as well as by the photo-generated current of the device (Adnan
et al., 2021). The most crucial factor in obtaining high voltage
values from the device is to have the good energy levels align-
ments of the used materials (Riaz et al., 2022).

Therefore, we have estimated the V.. values from the
energy level alignments after establishing the donor:acceptor
complex. These analyses revealed that the well-matched energy
levels could produce the maximum voltage value we can obtain
from the device. Therefore, a well-matched energy levels align-
ment of the used materials for fabricating a device is consid-
ered the backbone for higher device performance.

Moreover, based on the nature of our designed star-shaped
series (STRO1-STRO8) and R, we have selected a well-known
polymer acceptor material (PC61BM) for establishing D:A
blend to calculate the voltage values of the designed star-
shaped series (STRO1-STROS) and R, respectively. Fig. 11
shows the arrangement of the D:A for blend formation to
extract their V..(see Fig. 10)

From these analyses, the theoretically estimated V. for R is
1.85 V, while for the designed star-shaped series (STROI-
STROS), these are; 1.78 V, 1.74 V, 229 V, 22 V, 2.02 V,
2.04 V,2.24 V, and 2.24 V, respectively. Among this designed
star-shaped series (STRO1-STROS), STRO7 presented the
highest value of V.. of 2.24 eV, and the lowest noted value
for this designed material is for STRO2, which 1.74 eV, while
this value for R is 1.85 eV, respectively. Remarkably, it was
revealed that all of our designed materials (STRO1-STROS)
showed a good value of V,.. Among them, some of the mole-
cules, such as STROL1 (1.78 eV) and STRO2 (1.74 eV), pre-
sented very comparable values with R, whereas STRO3 to
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Fig. 7 The density of states graphs of the designed STRO1-STROS and R molecules.
Table 4 The reorganization energy of holes and electrons (A, Ae) of R and the designed star-shaped STRO1-STROS series.
Molecules )uh j4e telectron th0|e
Reference 0.0055 0.0097 0.04 0.17
STRO1 0.0052 0.0059 0.05 0.30
STRO2 0.0049 0.0062 0.05 0.30
STRO3 0.0034 0.0048 0.03 0.44
STRO4 0.0034 0.0049 0.38 0.43
STROS5 0.0066 0.0057 0.00 0.22
STRO6 0.0064 0.0074 0.00 0.20
STRO7 0,0039 0.0049 0.00 0.42
STROS8 0.0040 0.0060 0.00 0.56

STRO8 presented higher V. values than R. And these values
are in the range of 2.29 eV, 2.2 eV, 2.02 eV, 2.04 eV, 2.24 eV,
and 2.21 eV, respectively. Hence, these analyses also revealed
our efficient design for building efficient photovoltaic materials
for the next-generation solar cells devices.

2.6. Transition density matrix (TDM )

The TDM is a conventional concept in quantum chemistry and
a non-local visualization tool to estimate the electron-hole pair
coherences and excitonic effects of molecular excitations (Riaz
et al., 2022; Adnan et al., 2021). It could be defined as the den-

sity matrix linking the ground state (GS) molecular excitations
with a specifically excited state excitation (Adnan et al., 2017;
Riaz et al., 2022; Adnan et al., 2021). Therefore, we have esti-
mated TDM analyses at B3LYP/6-31G(d,p). These TDM
maps have estimated the particular position of electrons, holes,
and electron-holes pair coupling within the molecule. Further-
more, these TDM analyses also provide information regarding
different excited state transitions (Adnan et al., 2021). To get
better insights from the TDM plots, we have split the TDM
maps into various parts per the nature of that particular mole-
cule, i.e., acceptor, donor, and bridge core unit (Alvina et al.,
2022; Adnan et al., 2021). Among these analyses, there is also a
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Fig. 8 The reorganization energy of holes and electron for the designed STRO1-STRO8 and R molecules.

Fig.9 a) The calculated binding energy, first-principle excitation
energy, and HOMO-LUMO E,, and b) the HOMO, LUMO and
the E, for the designed STRO1-STROS8 and R molecule.

possibility of hydrogen effects, so we have passed over this
effect throughout all our analyses due to its non-contributing
charge transitions. The obtained TDM maps are shown in
Fig. 12.

After these analyses, we noticed that the electronic charge
density specifically covers the bridge-core and end-capped

functional units. Moreover, it was also investigated that all
of our designed star-shaped series (STRO1-STROS8) involved
efficient charge transportation from the D to A region, and
the bridging units in between them facilitate this process with-
out interruption. This process of an efficient charge transfor-
mation was realized because of the modulation of the
molecule by attaching various efficient functional end-capped
units on the R molecule and not disturbing the bridged-core
unit. The used end-capped units tend to extract the electronic
charge density, and the bridged part facilitates this charge den-
sity distribution process. Therefore, the charge density trans-
formation process continues in the molecules, ensuring
improved optical and electronic characteristics. Hence, this
active intra-molecular charge transformation coherence
among R and the designed star-shaped series (STROI-
STROS) showed our efficient modeling strategy to build up a
required characteristic photo-voltaic molecule. The hole/elec-
trons overlap heat maps of STRO (R) along-with eight newly
proposed star-shaped molecules (STRO1-STROS8) are shown
in Figure S2.

2.7. Electrostatic potential (ESP)

The ESP analyses were carried out to investigate the R’s three-
dimensionally charge distribution (x,y,z) and the designed star-
shaped series (STRO1-STROS). These analyses gave us some
valuable information regarding charge distribution visualiza-
tion and the other charge-related characteristics of the materi-
als (Adnan et al., 2021). Moreover, they also provide
information related to the shape and size of the molecules.
Therefore, these analyses are considered highly desirable for
predicting the behavior of organic molecules (Riaz et al.,
2022). In our study, we used these analyses to investigate the
presence of different active charging sites and their specific dis-
tribution within the molecules. Usually, the molecules have
various types of charging sites that present molecules and
every specific site is related to a specific fundamental property
of that molecule and considerably influences the performance
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Fig. 10 A) the calculated light harvesting efficiency and oscillator strength, while, b) the estimated open-circuit voltages and fill factor

for the designed strol-stro8 and r molecule.

of the materials. Fig. 13 shows the representation of ESP plots
calculated at CAM-B3LYP/6-31G(d,p) for R and the designed
star-shaped series (STROI-STROS8). These ESP plots pre-
sented the different color patterns within the molecule, which
are considered to have a specific property for that molecule
for their electrostatic potential. For instance, the soft green
color for the neutral region, the blue color represents the elec-
tropositive region, and the red color is for the negative region
of that particular molecule.

Remarkably, our designed star-shaped series (STROI-
STROR) exhibited a comparable color pattern to the R mole-
cule, ensuring our efficient modeling strategy. Furthermore,
due to their possible employment in the next-generation photo-
voltaic device, the molecules are made highly valuable by the
exitance of such a combination of features. Therefore, these
ESP plots greatly help estimate the inner hidden potential of
any organic material for SCs devices and can save our time

and cost if we use this technique before synthesizing and par-
ticulate photovoltaic material. Furthermore, after these ESP
analyses, we successfully estimated the electrostatic character-
istics for our designed star-shaped series (STRO1-STROS) and
R molecule and found that these designed star-shaped series
(STROI1-STROS8) have a similar electrostatic potential as R,
and thus, ensuring our efficient modeling approach to build
up improved characteristics photovoltaic materials.

2.8. Light harvesting efficiency (LHE)

The LHE is the specific capability of any molecule to generate
charge carriers after exposure to light (Alvina et al., 2022).
Furthermore, it is also highly related to the Jsc production
from any photovoltaic material during the fabrication process,
and it is estimated by the following Eq. (3).
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Fig. 11  The optimized open-circuit voltages of the designed STRO1-STRO8 and R molecules.
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Where ¢;,; represents the efficacy of electronic injection,
and Mcopeer Shows the specific efficiency of charge collection.
The LHE process has been estimated with Eq. (4), and
obtained values are tabulated in Table 5.

LHE=1-107 (4)

Here, fis the oscillator strength, and its corresponding val-
ues are shown in Table 5 for R and the designed star-shaped
series (STRO1-STROS). These (f°) values have been calculated
in the solvent phase and are used to determine the LHE. More-
over, we can use gaseous phase values using the same form for
this measurement. Remarkably, all of our newly designed star-
shaped series (STRO1-STROS) showed a higher value of LHE
than R (Table 5), ensuring the higher ability to generate higher
Jsc values among SCs devices. Furthermore, the designed mole-
cule STROS presented the highest possible value of LHE
(99.58 %), which is also an indication of higher Jsc for these
molecules when employed as next-generation photovoltaic
devices. While all other designed star-shaped molecules pre-
sented a good value of LHE, and all are very close to each
other and higher than the R molecule. Therefore, these results
also support our efficient design strategy to build efficient pho-
tovoltaic materials.

2.9. Fill factor (FF)

The working potential of any photovoltaic device is estimated
mainly by the three key factors; V,.. Ji., and FF. To this end,
we have also estimated V,. and FF for the designed star-
shaped series (STRO1-STROS) and for R. The representative
FF values can be seen in Table 5. Equation (6) was used to esti-
mate the FF of the designed star-shaped series (STROI-
STROS) and for R.

Here, ;‘;"; = V,. signifies the stabilized V,. and “e” is the
elementary charge that is fix at 1. The V,,. of the molecules is
assessed using equation (5), Kp is Boltzmann constant
8.61733034x107 electron volts/kelvin, and “T” is the tempera-
ture set at 300 K. (Parr, 1980; Lu et al., 2022) The estimated
V,. and FF have been shown in Table 5. Among these, the
modified STRO3 to STRO8 molecules presented a much-
improved value of FF in contrast to other modified molecules
(STROI and STRO?2), and the FF percentage is quite compa-
rable with the R. The calculated FF of STRO7 and STRO8
shows a theoretical FF value of 0.9306, at the same time, the
R has 0.917, whereas the observed FF for STRO3 to STRO6
are also improved than R molecule, whereas SRO1 and
STRO2 have very closer FF values than R. These great values
of FF for our all designed molecules (STRO1-STROS),
showed our efficient designing approach to design efficient
photovoltaic molecules for SCs applications. Furthermore,
based on the afor-mentioned calculated V.. and FF values, a
decent approximation of PCE could be invented for all the
newly designed three-armed star-shaped series (STROI-
STROS), by using Eq. (6).

FF x V. x J)
P input

PCE = ( (6)

Herein, Pj,p, represents the power generated from the light
source. It is familiar that the J,. mainly depends on the charge
mobility rates, bandgap, and LHE of materials. Thus, we have
calculated all these properties theoretically and found that all
newly modeled three-armed star-shaped materials (STROI1-
STROS) showed an improved value than R. Furthermore, they
also have pretty comparable FF and V. values, which encour-
age us to present these materials (STRO1-STROS) for the
future development of efficient SCs devices. Among these,
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Fig. 12 The transition density matrix spectrums of the designed STRO1-STROS8 and R molecules.

STRO3-STRO8 presented much higher V. and FF values in
contrast to R, whereas STRO1 and STRO2 showed much clo-
ser Vo and FF values relative to R, ensuring their capability to
be used for the next-generation high-performance SCs devices.

2.10. Charge transfer analysis (CTA)

The complex study (D:A) has been performed to investigate
the CT process between the designed three-armed star-
shaped donor and a well-known acceptor martial (PC61BM).
To do so, we have used the best working designed material,
STRO6 among all, to realize the CT process of this complex,
as shown in Fig. 14. The STRO was chosen because of its
capacity to show red-shifting absorption, desirable hole-
electron reorganization energy, lower E,, E. and E,, Vi,
and a good value of V. and FF. It was seen that the CT is

mainly affected by LUMO of the acceptor and HOMO of
the donor, and the lower LUMO are valuable because of their
ability to induce better charge shifting, helping to boost the
optoelectronic properties of the molecules. While the obtained
Eg difference directly affects the PCE values of the fabricated
devices.

Moreover, the formed orientation of the D:A complex also
has a vital role in tuning the electronic transitions of the mole-
cules. Therefore, here both the D and the A molecules formed
the parallel geometry to ensure an efficient charge transport
phenomenon between them. Among this complex, we have
realized that the HOMO density covers the core region of
the molecule, whereas the LUMO density is on the acceptor
units only (Fig. 14b). Therefore, this phenomenon ensures
the shifting of charges from D to A parts. Moreover, the
devised MO diagram confirms the designated charge transfer
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Table 5 Open-circuit voltage (V), oscillator strength (f), fill factor (FF)and light harvesting efficiency (LHE) of R and the designed

star-shaped STRO1-STROS series.

Molecules Voo(V) Oscillator Strength Fill Factor LHE

Reference 1.55 2.47 0.9171 0.9666
STRO1 1.48 1.90 0.9140 0.9874
STRO2 1.44 1.93 0.9122 0.9883
STRO3 1.99 1.60 0.9320 0.9749
STRO4 1.90 1.93 0.9294 0.9883
STROS5 1.72 2.38 0.9236 0.9958
STRO6 1.74 2.28 0.9243 0.9948
STRO7 1.94 2.95 0.9306 0.9989
STROS8 1.94 1.70 0.9306 0.9800

(512002 |0

Fig. 13 The MEP plots for the designed STRO1-STRO8 and R molecule.

symmetry of D and A materials to assure the formation of an
efficient active layer. Moreover, the corresponding estimated
values for the possible energy loss during charge generation
process as well as energy loss while charge recombination are
shown in Table 6.

3. Conclusion

In conclusion, we have reported leoght novel three-armed star-
shaped SMs (STRO1-STROS) for O/PSCs. The core structure has
partially oxygen bridged TPA in the periphery. This newly designed
three-armed star-shaped (STRO1-STROS) series presented excellent
photovoltaic, optoelectronic, and charge transport characteristics
for applications in OSCs. Overall, all of the designed star-shaped
(STRO1-STROS) series presented good values of FF (ranges until
93 %) and Voc (ranges until 1.99 V) as compared with R, which
could be attributed to the improved and stable amorphous charac-
ter of the materials. Furthermore, our designed star-shaped materi-
als (STRO1-STROS) bear a lower symmetry and thus may play a
vital role in the formation and stabilization of amorphous films,
and their improved planarity could maintain a better hole-
transport character. Moreover, the designed series

(STRO1-STROS) showed a lower Eg and Ex and improved dipole
moment than R. Interestingly, the designed star-shaped series
(STRO1-STROS) presented superior photo-physical and optoelec-
tronic properties in-contrast to R. Amongst, STROS and STRO6
showed lowest bandgap (4.49 eV) than others and also with R
(5.41 eV). Moreover, the R molecule presented the observed UV—
vis absorption of 388.97 nm, while our designed STROI-STRO8
molecules also presented a much closer absorption phenomenon,
and the values are in the range of 371.34 nm to 380.18 nm, respec-
tively. Moreover, all the designed star-shaped series (STROI-
STROS) also showed a much lower Ex than R. Afterward, the
studied properties were successfully compared with R, and a cen-
tral coherence was found with improved characteristics. Hereafter,
the designed star-shaped materials (STRO1-STROS) are highly pro-
posed to the experimentalists for the next-generation, efficient, and
high-performance OSCs devices.
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