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Using the density functional theory (DFT), the influence of substitution of electron-donating (OCH; and OH) and electron-accepting
(F and Cl) groups on the peripheral thiophene units of DRTB-T donor molecule is studied. By optimizing the geometric structure,
HOMO and LUMO energies, reorganization energies, optical properties, and photovoltaic properties are simulated. It is found that
the ionization potential of the electron-donating derivatives (DRTB-4OCH, and DRTB-40H) reduces, but it increases for the
electron-accepting derivatives (DRTB-4F and DRTB-4Cl) in comparison with that of DRTB-T. It is also found that the absorption
spectra of the electron-donating derivatives (DRTB-4OCH; and DRTB-40H) get redshifted, but these get blue shifted for the
electron-accepting derivatives (DRTB-4F and DRTB-4Cl) in comparison with those of DRTB-T. These changes in the electronic
and optical properties of the modified structures result in higher PCE in BHJ OSCs with the blended active layer of DRTB-4F:
NITI, DRTB-4Cl: NITI in comparison with that of OSC with the active layer of DRTB-T: NITI and the highest being 15.0% in
DRTB-4Cl: NITI. Our results may be expected to provide valuable insights into design optimization, leading to the fabrication of
more efficient OSCs.

To enhance PCE through fabrication, the bulk hetero-
junction (BHJ) structure first introduced by Yu et al. [5]

Organic solar cells (OSCs) are regarded as carbon neutral
power generating devices which convert solar energy into
electricity [1]. This is because OSCs possess the advantages
of ease and low-cost fabrication with the potential of being
used for a broad range of applications due to their flexible
structure [2]. Notwithstanding these advantages, lower
power conversion efliciency (PCE) and stability are major
bottlenecks hindering their commercialisation [3]. Thus,
research focused on designing novel active layer materials,
and donor-acceptor blend configurations are aimed at
higher PCE and improved stability [4].

replaced the bilayer OSC structure with a single donor-
acceptor interface invented by Tang [6]. This modification
enhanced PCE from 1% to 2.9% [5]. Further improvements
in the choice of materials and fabrication of the BHJ struc-
ture, enhanced PCE of a BHJ] OSC to more than 11% [7].
A donor (D) material usually has energetically higher fron-
tier molecular orbitals, i.e., highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) in comparison with those of acceptor (A) mate-
rials. The energy offsets at the interfaces provide the needed
energy to dissociate excitons generated when a photon of
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energy E Eg is absorbed [8] within the blended active

layer. Here, E is the band gap energy of the donor or accep-

photon =

tor used within the blend, defined as E, = E; yp0 — Enomo

where E;yyo and Eyono are the energies of LUMO and
HOMO [9, 10], respectively. The excitons generated in OSCs
have high binding energy due to the low dielectric constant
of organic materials [11]. These excitons need to be
dissociated into free electrons and holes before an OSC can
generate any current. The dissociation of excitons occurs at
the D-A interfaces if the energy offsets between the donor
and acceptor HOMO and LUMO energies are higher than
the exciton binding energy [12]. This condition also helps
in choosing the donor and acceptor materials for the blend.
The free charge carriers generated after the dissociation of
excitons are subsequently drawn towards their respective
electrodes by the electric field created by the energy differ-
ence between the work functions of anode and cathodes:
holes towards anode and electrons towards cathode, and
thus, such extracted charge carriers generate current in
OSCs. Therefore, the availability of multiple D-A interfaces
in a BHJ structure enhances the generation of free charge
carriers leading to enhanced short circuit current (J,.) and
hence PCE. Accordingly, the search for new donor and
acceptor materials with the desired HOMO and LUMO
energy offsets becomes very critical in fabricating OSCs of
higher PCE, which is the focus of this paper [13]. An exper-
imental search for new materials can be expensive and time-
consuming which can be avoided by searching them first
through computational modelling [14-21].

It is established that all fullerene acceptor-based BHJ
OSCs suffer from the low absorption and rigid molecular
structure of fullerene materials [22]. Scharber [23] has
reviewed PCE in OSCs and analysed that adverse energetics
and recombination processes may occur within the charge
transfer states (CTS) limiting their power conversion effi-
ciency (PCE) to approximately 13%. Currently, the efficiency
of only 10.4% has been attained from a BHJ structure with
the blend of PABT4T-20D:TC,,BM [24]. These problems
associated with the fullerene-based BHJ OSCs have led to
the exploration of numerous research opportunities in the
field of nonfullerene acceptor materials, which have made
a significant progress in achieving a PCE surpassing 17%
[15, 25]. Most of these alternative acceptor materials are
polymer-based, characterized by their flexible molecular
structures that facilitate easier chemical modifications to
enhance absorption capabilities. However, the low stability
and lack of reproducibility for the same batch of fabricated
devices using the polymer donor and polymer acceptors
are still the bottlenecks in achieving commercialisation of
such BHJ OSCs [15]. In contrast, organic solids comprised
of small molecules exhibit well-defined chemical structures
that can be readily and effectively modified, ensuring
minimal batch-to-batch variability in the production of
OSCs [26].

Novel active layer materials based on small molecules are
continually researched and developed. These molecules are
designed based on the A-D-A or D-A-D configurations.
These configurations create a pull-push effect within the
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molecule which increases the intramolecular charge trans-
port [27-29]. However, D or A used here is not to be con-
fused with the donor or acceptor molecule used in the
blended active layer of an OSC; instead, these are the frag-
ments within a molecule to create efficient intramolecular
charge transport. The chemical functionalisation of the
acceptor fragments in a A-D-A configuration has proven
useful in modifying the HOMO-LUMO energy levels and
absorption spectra of these molecules [19]. Most of these
researches are targeted at the development of acceptor mol-
ecules to be blended within the active layer of a BHJ OSC.
However, to the best of the authors’ knowledge, such research
developments on donor small molecules for blending within
the active layer have received little or no attention in the
literature. Therefore, the objective of this paper is to use the
density functional theory (DFT) and time-dependent DFT
(TD-DFT) to simulate five A-D-A type donor molecules for
fabricating OSCs and compare the photovoltaic and quantum
chemical properties of such five BHJ OSCs.

The contents of this paper are organized as follows. After
the introduction presented in Section 1, Section 2 describes
the theoretical details and computational procedures of sim-
ulating the photovoltaic and quantum chemical properties of
BHJ OSCs. Section 3 presents the results, Section 4 includes
discussions, and Section 5 draws conclusions.

2. Computational Procedures

We have chosen DRTB-T as the parent donor molecule,
which has then been modified to produce four additional
A-D-A configurations. These configurations involve the
incorporation of two halogen atoms (F and Cl) as electron
acceptors, as well as two electron-donating groups (OH
and OCH,). It is worth noting that DRTB-T, the parent
donor molecule, was synthesized by Yang et al. [30], and it
already possesses an A-D-A character. However, by
substituting the peripheral thiophene rings in DRTB-T with
F, Cl, OH, and OCHj, its A-D-A characteristics are further
enhanced.

We determine the optimal structure of the above five
molecules as well as that of NITI as the acceptor molecule
to be used in all five OSCs through a series of self-
consistent field calculations. The 2D representation of the
studied donor and acceptor molecules obtained using the
Molsketch program is presented in Figure 1. Initially, the
Avogadro software is used to obtain a rough geometric
approximation of each molecule. Next, energy minimization
is carried out by Avogadro software using the universal force
field (UFF) method to obtain a starting geometry for use in
the DFT calculations, and finally, an iteration process is
applied to obtain the optimal geometry of each molecule
using the quasi-Newton method as implemented in Orca
Program version 5.0.2 [31]. For achieving the optimal geom-
etry, the Perdew-Burke-Ernzerhof exchange-correlation
functional (PBEO) [32] is used to approximate the electron
exchange and correlation energy (EXC) of electron density
on each molecule. The electronic wave functions of all atoms
are represented using the split valence polarization with dif-
fuse function (def2-SVP) basis sets in combination with the
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Figure 1: Continued.
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FIGURE 1: Structure of five donor molecules: (a) DRTB-T, (b) DRTB-40CH3, (¢) DRTB-40OH, (d) DRTB-4F, (¢) DRTB-4Cl, and the

acceptor molecule (f) NITI obtained using the Molsketch software.

default RI-J auxiliary basis sets. Finally, the energies of equi-
librium, single point, and HOMO and LUMO are calculated
for the optimized structure of each molecule and used in the
evaluation of the photovoltaic and quantum chemical prop-
erties as described below.

3. Results

3.1. Geometry Optimization, HOMO and LUMO Energies,
and Electronic Density Maps. The optimized structures thus
obtained of the parent donor DRTB-T, its four derivatives
designed by the incorporation of OCH,, OH, F, and Cl, and
the acceptor NITT molecule are shown in Figures 2(a)-2(f),
respectively. Thus, the above five A-D-A type donor molecules
and one acceptor molecule of NITI are used to design the
active layer of five BHJ OSCs in this paper. The energies of
the HOMO and LUMO of all six optimized structures
obtained from the calculations are given in Table 1, along with
the corresponding experimental values for comparison. The
calculated HOMO and LUMO energies of DRTB-T and those
of acceptor NITT are found to be in reasonable agreement with
their known experimental values. The torsional angles for all
donor molecules are nearly 180 degrees, indicating high
planarity. Figure 3 shows the torsional angles only for the
parent donor molecule DRTB-T, but other molecules are also
found to have similar torsional angles.

The electronic density maps of HOMO and LUMO of
the five donor molecules, DRTB-T, DRTB-4OCH; DRTB-
40H, DRTB-4Cl, and DRTB-4F, and those of the acceptor
molecule NITI obtained by the DFT/PBE0 method with
the def2-SVP basis set are shown in Figure 4.

3.2. Chemical Reactivity and Reorganization Energies. Using
the calculated energies of HOMO and LUMO given in
Table 1, the bandgap (E g), ionization potential (IP), electron
affinity (EA), chemical potential (CP), electronegativity (),
softness (S), and hardness (#) are obtained as [34]

E; = E ymo ~ Enomos (1)
IP = —Eyomo» (2)
EA = _ELUMO’ (3)
_ Enomo + Erumo (4)

2 b

(IP + EA)

X:T’ (5)
_ Erumo ~ Eromo _ ﬂ
2 2’
6
| (6)
S=-—.
n

The charge transport capability of a molecule is measured
in terms of its reorganization energy (RE) given by [28].

RE = RE, + RE,, (7)

where RE, and RE,are the reorganization energies of
electrons (e) and holes (h), respectively, and these are given by

RE, = (E, - E_) + (E° - EY), (8)

RE, = (Ej - E}) + (E) - EY), )

where E] is the single point energy (SPE) of a molecule, E; is
SPE of the corresponding anion state. E~ is SPE of anionic
state of an anion molecule, E° is SPE of an anion, E{ is SPE
of a cation, E7 is SPE of the corresponding cation state, and
EY is SPE a cation. All the above energies are calculated for
the optimized geometries shown in Figure 2.

3.3. Optical Properties. The absorption spectra of all six
molecules and corresponding oscillator strength (f) are also
simulated using the TD-DFT method at the PBE0/def2-SVP
level of theory. The light harvesting efficiency (LHE) of mol-
ecules is then computed as [35].

LHE=1-10". (10)

The calculated absorption spectra of all the molecules
plotted as a function of the spectral wavelength (1) are
shown in Figure 5, which illustrates that the absorption
mainly occurs in two regions of the spectral wavelengths.
The first is a weaker absorption region found in the higher
energy violet-to-blue region of the solar spectrum, and the
second, relatively much stronger absorption, is in the lower
energy range and falls within the green-to-red region. The
calculated percentage of contribution to the absorption from
the transition from HOMO (H) to LUMO (L), correspond-
ing transition energy or absorption energy, the maximum
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F1GURE 2: DFT-optimized geometries of the five donor molecules: (a) DRTB-T, (b) DRTB-40CH;, (c) DRTB-40H, (d) DRTB-4F,

(e) DRTB-4Cl, and (f) acceptor molecule of NITIL

TaBLE 1: The energies of HOMO and LUMO of all six molecules and the corresponding energy gap E, calculated by DFT at PBEO level of

theory for the optimized structures shown in Figure 2.

Molecules HOMO (eV) LUMO (eV) HOMO (exp) (eV) LUMO (exp) (eV) E, (eV)
DRTB-T -5.64 -3.01 -5.51 -3.34 [30] 2.63
DRTB-40CH3 -5.43 -2.97 — — 2.46
DRTB-40H -5.56 -3.00 — — 2.56
DRTB-4F -5.85 -3.14 — — 2.71
DRTB-4Cl -5.86 -3.20 2.66
NITI -6.00 -4.52 -5.68 -3.84 [33] 1.48

absorption wavelength (A,,.), LHE, and f of each molecule
are given in Table 2 along with the experimental value of
Aoy known for DRTB-T and NITI for comparison. Both
calculated and experimental values agree quite well.

3.4. Photovoltaic Properties. According to the absorption
spectra of the five donors shown in Figure 4, the dominant
absorption occurs within the wavelength of 530nm and
560nm, and the absorption in the acceptor occurs at
640 nm. Thus, five BHJ OSCs can be designed with the active
layer of five blends: (1) DRTB-T: NITI, (2) DRTB-40CH,:
NITL (3) DRTB-OH: NITI, (4) DRTB-4F: NITI, and (5)
DRTB -4Cl: NITI. Using Table 1, the energy diagrams of
active layers in these five BHJ OSCs are sketched in
Figure 6. The energy offsets at the D-A interfaces within
the active layer of an OSC affect both V. and ], and hence
PCE. As it is well known that V _ is related with the energy

separation between the acceptor LUMO (Ej};,,0) and donor
HOMO (E5 o) as [37]

Voc= (|E£‘UMO_EEOMO|) -0.3. (11)

= | =

In Equation (11), an increase in the separation increases
Ve At the same time, however, for eflicient dissociation of
the charge transfer (CT) excitons formed at the interfaces,
the energy differences in the HOMO and LUMO of the
donor and acceptor at the interfaces, AE; o = |Ebomo —
Efymol and AEyono = |Efomo — Efiomol> are required to
be greater or equal to the binding energy of CT excitons
(Ep) as [10]

AE; ymo OF AEgomo = Ep- (12)
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Torsional angles

F1GURE 3: Calculated torsional angles between the donor and acceptor fragments in DRTB-T molecule.

Therefore, to satisfy both Equation (11) and Equation
(12), one may have to compromise with obtaining both
higher V. and eflicient dissociation of excitons generating
higher J,.. This is consistent with the results obtained for
the five OSCs in Table 3, which shows that the highest
AE o for the OSC (2) in Figure 6 does not give the
highest PCE because it produces the lowest V.. Finally,
PCE of each OSC is calculated as [38]

PCE — ]SCVOCFF
P >

in

(13)

where FF is the fill factor given by [39].

qV o /KT —1In ((qV,/KgT) +0.72)

FF =
(qQVo/KpT) +1

(14)

J» Voo FE, and PCE are thus calculated for all five
OSCs and are given in Table 3. J,. given in Equation
(13) was calculated for each molecular blend using the
procedures described by Alharbi et al. [40]. According to
the absorption spectra shown in Figure 5, no significant
overlap is found between any of the donor-acceptor pairs
studied in this paper, and hence, no effect of overlapping
is accounted for in calculating J..

Accordingly, the OSC of DRTB-OH: NITT is found to
have the lowest PCE of 9.0% and that of DRTB-4Cl: NITI
has the highest PCE = 15.0%.

4. Discussions

4.1. Geometry Optimization and HOMO and LUMO
Energies. The ionization potential (IP) and electron affinity
(EA) of a molecule are the key parameters for determining
its reactivity. Both IP and EA are directly related to HOMO
and LUMO of a molecule, as IP represents the energy
required to remove an electron from HOMO and EA is the
amount of energy released when an electron is added to
LUMO of a molecule. The calculated IP and EA of each mol-
ecule are given in Table 4, which shows that the parent
donor molecule of DRTB-T has an IP =5.64eV and EA =

3.01eV, and then IP of the donor molecules obtained by
substitution of OH and OCH, decreases to 5.56eV and
5.43 eV, respectively, and the corresponding EA also decreases
to 3.00 and 2.97eV. Thus, the incorporation of electron-
donating groups of OCH, and OH enhances the electron-
donating ability of the parent DRTB-T molecule. That means
the donor molecules substituted with OH and OCH, can be
regarded to become a better donor than the parent donor mol-
ecule of DRTB-T. Conversely, the incorporation of electron-
accepting groups like F and Cl increases in DRTB-T and IP
to 5.85eV and 5.86eV, respectively, and the corresponding
EA to 3.10eV and 3.20eV. Accordingly, although the donors
obtained from incorporating the electron-donating groups
act like donors in the blended active layer of an OSC, the
derivatives obtained from the electron-accepting groups act
relatively as a better donor. In comparison, NITT molecule
has a higher IP of 6.00eV as well as a higher EA of 4.52¢V,
which makes it a very compatible acceptor with all the five
donor molecules.

The chemical potential (y) and electronegativity (),
calculated from Equation (4) and Equation (5), respectively,
are given in Table 4 for each molecule. The chemical poten-
tial p is a measure of the free energy available to do work by
an atom or molecule [41]. In Equation (5), u=-y, and
hence, the electronegativity becomes a measure of an
atom’s/molecule’s ability to attract electrons towards itself
when it forms a chemical bond with another atom/molecule.
According to Table 4, y values of all five donor molecules are
higher than that of the acceptor NITI molecule. This means
that the acceptor NITT has the lowest free energy compared
to all donor molecules, and hence, electrons will easily
escape from each donor to NITI when both molecules are
close together. This is what is expected to occur within the
active layer of any efficient BHJ OSC, i.e., efficient charge
separation and collection.

The next property calculated for all the molecules is the
chemical hardness 7, given in Table 4, which is a measure of
the molecule’s ability to resist participation in a chemical reac-
tion, including reaction with the ambient and moisture.
Therefore, an organic semiconductor with a higher # can offer
better stability and decreased reactivity to external agents such
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F1GURE 4: Electronic density maps of the HOMOs and LUMOs of donor molecules: DRTB-T (a, b), DRTB-40CH,; (c, d), DRTB-40H (e, £),
DRTB-F (g, h), DRTB-4Cl (h, j), and acceptor molecule NITT (k, 1) obtained by the DFT/PBE0 method with the def2-SVP basis set.

as oxygen or water and hence should be preferably chosen for
the active layer of a BHJ OSC for better stability. According to
Table 4, the calculated value of # for NITT is the lowest,
indicating that it is the most susceptible molecule to chemical
attack. The chemical hardness of the donors given in Table 4
implies that modifying the parent donor molecule with
electron-donating groups reduces the chemical hardness and
hence reduces the stability, but adding electron-withdrawing

groups increases chemical hardness and hence increases
stability.

4.2. Reorganization Energies. Reorganization energies (RE) of
a molecule are critical in determining the mobility of charge
carriers in organic semiconductors. A lower value of RE gener-
ally leads to a faster charge transfer rate (Kp) and higher
charge carrier mobility (4) in organic semiconductors [42].
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Absorption (a.u.)

Wavelength (nm)

—e— DRTB-4CI
—— DRTB-4F
—«— DRTB-40CHj;

—+— DRTB-40H
—=— DRTB-T
—— NITI

F1GURE 5: TD-DFT-calculated absorption of the optimized structures (shown in Figure 2) of the five donor molecules, DRTB-4Cl, DRTB-4F,
DRTB-40CH3, DRTB-40H, and DRTB-T, and the acceptor molecule of NITI.

TaBLE 2: The calculated percentage of contribution to the absorption from the transition from HOMO (H) to LUMO (L), corresponding

transition energy or absorption energy from HOMO to LUMO, and the maximum absorption wavelength (A

), LHE, and f of each

max

molecule.

Molecules H-L trans. Trans. energy (eV) Experiment A, (nm) Calculated A, (nm) f LHE
DRTB-T H—L 92% 2.23 545 [36] 558 2.90 0.99
DRTB-40CH3 H—L 90% 2.15 — 576 2.65 0.99
DRTB-40H H—L 92% 2.19 — 567 2.45 0.99
DRTB-4F H—L 97% 2.55 — 534 2.80 0.99
DRTB-4Cl H—L 95% 2.30 — 543. 2.70 0.99
NITI H—L 94% 1.83 719 [33] 642 2.18 0.99

However, the relationship between RE and y is not always
linear and can be influenced by other factors such as disorder
or energetic barriers to charge carrier motion [43]. RE
influences the degree of localization of the charge carriers. A
large reorganization energy means that the charge carriers
are more localized, leading to lower mobility. Conversely, a
small reorganization energy promotes delocalization, which
leads to higher mobility [44].

Using Equation (7), the reorganization energy (RE) is
calculated and given in Table 4 for all the molecules. The
incorporation of electron-donating (-OCH, and -OH) or
electron-accepting (-F and -ClI) functional groups in
DRTB-T can significantly affect RE [45] as shown in
Table 4. Accordingly, the calculated RE of DRTB-40CH,
and DRTB-40H is found to be lower and that of DRTB-4F
and DRTB-4Cl is higher than RE of DRTB-T, the parent

molecule, due to the incorporation of the electron-
donating functional groups -OCH, and -OH. In contrast,
the RE of the electron-donating molecules DRTB-4F and
DRTB-4Cl are 167.4meV and 113.4meV, respectively, due
to their reduced electron density resulting from the presence
of electron-accepting groups F and Cl. Thus, a higher degree
of localization is experienced by the charge carriers in
DRTB-4F and DRTB-4Cl in comparison with that in
DRTB-40CH; and DRTB-40H. The calculated RE of the
acceptor NITI is lower than that of DRTB-T, DRTB-4F,
and DRTB-4Cl, indicating the acceptor has better charge
transfer but higher than the calculated RE of DRTB-OH
and DRTB-OCH, which indicates these donors have better
charge transfer. The obtained results on the effect of
electron-donating and accepting groups on RE are consis-
tent with a recent research result [46]. However, a contrary
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F1GURE 6: Energy level diagram of HOMO and LUMO and corresponding D-A energy offsets AE| ;o and AEyqq for each of the five BHJ

OSCs.

TaBLE 3: Calculated |
studied in this paper.

V. FF, and PCE of the five BHJ OSCs

sc>

Molecular blend Jo (mA/cm®) V.. (V) FF% PCE %
DRTB-T: NITI 16.3 0.82 86 11.5
DRTB-40CH3: NITI 17.7 0.61 83 9.0
DRTB-40H: NITI 16.9 0.74 88 10.7
DRTB-4F: NITI 15.8 1.03 89 14.4
DRTB-4Cl: NITI 16.1 1.04 89 15.0

observation is also made by another research [45] suggesting
that electron-withdrawing groups tend to lower the electron
reorganization energy. These contrary findings suggest the
complex nature of the reorganization energy and thus
should motivate further research into the reorganization
energy calculations for organic semiconductors prior to
using in the fabrication of an OSC.

4.3. Optical Properties. The calculated absorption spectra of
all six molecules in the gas phase shown in Figure 5 reveal
two sets of absorption bands, one in the wavelength range
of 400 to 470nm and second in the wavelength range of
525 to 680nm. The first absorption band in the higher
energy range occurs due to intraband transitions (HOMO
to HOMO or within the valence band) and hence does not
contribute to the exciton generation, which requires transi-
tions from HOMO to LUMO [47, 48]. Only the second
absorption band in the lower energy range occurs due to

transitions from HOMO to LUMO of each molecule and
hence contributes to the photoexcitation of excitons which
contribute to the charge generation and hence to the opera-
tion of an OSC fabricated from these materials.

According to Figure 5 and Table 2, the HOMO to
LUMO absorption in the parent molecule of DRTB-T occurs
at 558 nm. The substitution of OH and OCH, in DRTB-T
causes a red shift in the absorption spectra to 567 nm and
576 nm, respectively, as illustrated in Figure 5. According
to Table 1, this shift can be associated with the upward shift
in the HOMO and LUMO energies of both the derivatives
substituted with OH and OCH, groups. However, the red
shift is slightly larger with the substitution OCH, than with
OH (see Figure 5) and is a result of the increased electron
density donated by OCH, than by OH which may be
attributed to the resonance electron-donating effect in the
methoxy group [49]. It may be noted that the effect of
substitution of OCH3 on both the HOMO and LUMO
energies is consistent with that observed experimentally by
Li et al. [49].

However, the substitution of Cl and F in DRTB-T causes
a blue shift in the absorption spectra to 543 nm and 534 nm,
respectively (see Figure 5). The above-calculated spectral
shifts resulting from such substitutions are apparently
expected as such shifts have also been reported in other
organic molecules and polymers [50, 51]. In comparison,
the absorption in NITI occurs at much higher wavelength
of 642 nm (see Figure 5) as required for it to be an acceptor
material when blended with any of the five donor molecules.
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TaBLE 4: The calculated ionization potential (IP) for (Equation (2)), electron affinity (EA) (Equation (3), chemical potential (1) (Equation
(4)), electronegativity () (Equation (5), chemical hardness () (Equation (6)), electron reorganization energy (RE,) (Equation (8)), and hole

reorganization energy (RE;) (Equation (9)).

Molecules 1P (eV) EA (eV) 1 (eV) p=-x(V) RE, (meV) RE;, (meV) RE (meV)
DRTB-T 5.64 3.01 1.32 -4.33 85.3 14.1 99.4
DRTB-40CH, 5.43 2.97 1.23 -4.20 35.0 10.1 45.1
DRTB-40H 5.56 3.00 1.28 -4.28 25.5 13.1 38.6
DRTB-4F 5.85 3.14 1.36 -4.50 135 324 167.4
DRTB-4Cl 5.86 3.20 1.33 -4.530 90.3 23.1 1134
NITI 6.00 4.52 0.74 -5.26 20.0 60.0 80.0

It is to be noted that all the main absorption bands shown in
Figure 5 have high oscillator strengths in the range of
2.18-2.90 (see also Table 2). The calculated light harvesting
efficiency (LHE) from Equation (10) and given in Table 2 is
0.99, close to unity for all the molecules, which implies that
the absorption spectra of all the six molecules (Figure 5)
result from the optimal absorption [52, 53].

4.4. Photovoltaic Properties. According to Table 3, among
the simulated BHJ] OSCs from the five blends of DRTB-T:
NITI, DRTB-40CH5: NITI, DRTB-40H: NITI, DRTB-4F:
NITI, and DRTB-4Cl: NITI, PCE of DRTB-4Cl: NITT is
the highest at 15.0%. This is because both V. and FF of
DRTB-4CI-NITI are relatively higher, and hence, in
Equation (13), it gives the highest PCE. The calculated
higher values of ] found in DRTB-4O0CH;: NITI and
DRTB-40H: NITI may be attributed to the increased gradi-
ent in electron density on the molecular blend resulting a
better intramolecular charge carrier transport in these
blends. Likewise, the lower J . observed in the DRTB-4F:
NITI and DRTB-4Cl: NITI may be interpreted as the result
of the lower gradient of electron density on these molecular
blends due to the electron-accepting nature of the substitu-
ent groups.

It may be noted that FF given in Equation (14) is appli-
cable for an ideal OSC with no series and shunt resistances.
However, in a practical solar cell, these resistances are not
zero, and hence, a fabricated OSC may show lower FF. This
will subsequently affect the overall performance of the solar
cell device. The results presented here indicate that the
choice of a molecular blend for fabrication impacts the per-
formance of OSCs significantly and hence may provide guid-
ance in the selection of materials prior to fabrication.

5. Conclusions

This research paper presents the quantum chemical and
photovoltaic properties of DRTB-T, a wide band gap donor
molecule, and its four derivatives obtained by the substitu-
tion of electron-donating (-OCH, and -OH) and electron-
accepting (-F and -Cl) groups at the peripheral thiophene
units of DRTB-T. The findings reveal that incorporating
electron-donating or electron-accepting groups influences
the electron-donating ability or electron-withdrawing nature
of molecules. The evaluation of geometry optimization,
HOMO and LUMO energies, and reorganization energies

demonstrates the importance of these substitutions in charge
transfer and carrier mobility. The analysis of optical proper-
ties shows spectral shifts resulting from substitutions, affect-
ing the absorption properties of the materials. Furthermore,
the photovoltaic properties highlight the significance of the
molecular blend, with the DRTB-4Cl: NITT blend achieving
the highest power conversion efficiency of 15.0%. The
research results of this paper may be expected to provide
valuable insights into optimizing the design and perfor-
mance of organic solar cells.
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