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Summary: The development of stable and efficient solar cells with high power conversion
efficiency is a subtle challenge. To compete by attaining a decreased band gap and uplifted power
conversion efficiency, five new molecules (PM1-PM5) are formulated through the synergetic
engineering of the terminal acceptor. The bond angle of the molecules PM1-PM5 ranges from (0.09 —
1.78 6°) and the bond length (1.41 — 1.43 A). The computed molecules highlighted promising outcomes
with a lowered band gap, bathochromic shift in absorption spectra, excellent excitation phenomenon,
lower exciton binding energy, prominent LHE, and sufficient open circuit voltage required for
commercialization. The MPW1PW91 functional with 6-31 G (d, p) methodology is selected for
computational analysis. Among all customized chromophores, PM4 and PM5 manifested the lowest
band gap (2.09 eV), absorption at 773 and 776 nm, and decreased excitation energy (1.60 eV). PM1
and PM4 demonstrated the highest dipole moment (13.22 D and 12.80 D in chloroform solvent).
Furthermore, PM1 and PM2 outperformed in light-harvesting potential and manifested better charge
transfer owing to their reduced reorganization energy of electrons and holes. Of all the designed
molecules PM2, PM3, and PM4 (96.33, 96.43, 97.99) have the high NTOs percentage, showing their
highest excitation of the electrons. The oscillatory strength of the molecules has values from 1.8043
t0 2.8974. The comparable Voc (1.34-1.56 eV) was obtained by blending investigated chromophores
with a PCBM acceptor. The percentage contribution of the donor, spacer, and acceptor shows that the
highest donor contribution is given by the PM2 (HOMO 60.2% and LUMO 47.3%), while the spacer
contribution is given by the PM5 (21.7% and 80.3%) and the acceptor contribution is highest by the
PM2 (HOMO22.8% and 17.1%). To describe this in words, all individual molecules are well made
with measured electron and photoelectric parameters and are provided as stable and sufficient
materials to transport holes developed for the marketing of solar devices.
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Introduction

Organic solar cells (OSCs) have attained
prominent attraction as emerging technology,
specifically credited to consequential stability under
incessant thermal exposure and generation of
electrical energy at extremely low cost[1]. Among the
various available inexhaustible energy resources, solar
energy is considered as eco-friendly, reliable and
carbon neutral one[2]. For decades, silicon based solar
cells potentially converted solar energy into valuable
electrical ones with elevated photo-to-electric
conversion capability[3]. The large scaled applications
of silicon based solar devices seeming to be limited
owing to their shortcomings like inflexible
morphology, heavy, highly expensive, producers of
carbon emissions as pollution[4]. Subsequently,
revolution and leapfrog development in the
photovoltaic technology has been observed in their
organic counterparts. Henceforth, various potential
implementations in materials science, materials
manufacturing and mechanics have elevated of

prominence of OSCs in solar forthcoming
technologies[5].
The device  workability of  bulk-

heterojunction solar cells is linked with nature of
electrodes, hole and electron transporting layer and
incident photon absorbing active layer of organic
materials[6]. The potential and effective active layer
of bulk-heterojunction solar cells is generated by
intermingling of acceptor materials having high
electron affinity with typical robust donor materials
exhibiting low ionizing potential[7]. It is imperative to
afford proper morphological arrangement to attain
better donor/acceptor interfacial area and smaller
exciton diffusion range for captivating light response
for development of sufficient opto-electric current
resulted in significant breakthroughs in PCEs[8].

The constrained functionality of fullerene
acceptors (FAs) resulted by various challenges,
concerning unstable chemical morphology, chemical
changes, restricted upgradeable energy levels, and
weak absorption spectra in UV-visible region and near
infrared region[9]. For the sake of complications and
attainment of widespread spectrum for exploring
crucial optoelectronic properties and charge carrier
mobilities, non-fullerene acceptors (NFAs) are
significantly preferred[10]. The unending and
outshined growth of fullerene free acceptors
revolutionized in photovoltaic performance credited to
broad light absorption, full spectral coverage,
inadequate occupancy of electrons, enhanced thermal
stability, variable energy levels and improved light

J.Chem.Soc.Pak., Vol. 48, No. 03,2026 179

harvesting efficiency that empowered them to attain
PCE over 17 %[11].

Fused ring electron acceptors have high
power conversion efficiency unlike the acceptor-
donor-acceptor traditional structures gives good
planarity and guarantee of rigidity to solar
devices[12]. Fused ring acceptors have efficiency but
they are complicated in synthesis and take much time
for formation due to multiple synthesis processes and
also have low product yield[13]. In contrast to the
fused ring acceptors, the non-fused ring electrons
acceptors (NFREAs) are linked by the single bond to
the adjacent units in the molecules having high
reaction yield with a simple synthesis procedure[14].
To maintain the NFREAS, major strategies are the
introduction of heteroatoms in the fused rings to
prevent the twisting of the single bond by creating the
hindrance in side chains, conformational stability, and
chemical structures[15]. Both these features can be
controlled by the higher possibility of rotation of
NFREAS[16]. The NFREAs can reduce the OSCs'
cost by simplifying the complicated synthesis method
and increasing the product yield[17]. Due to the low-
cost yield in the solar cells, NFREAs become
promising in  manufacturing high-performance
OSCs[18].

Various molecular strategies are developed to
fine tune energy levels for convenient charge transfer
essential for forthcoming commercialization[19].
Proper molecular designing of molecular structure is
considered as effective way to modify organic
photovoltaic materials to enhance intramolecular
interaction[20]. In various scientific literatures, careful
adjustment in the molecular size, functionalization,
planarity and structural geometry containing
conjugated fused rings substantially influenced the
competencies of optoelectronic properties[21]. The
introduction of proficient electron withdrawing
acceptors is considered as molecular motif for
engineering techniques for efficient planning of non-
fullerene acceptors that captivate the photovoltaic
performance  of  molecular  frameworks[22].
Furthermore, end-group amelioration tune the
intermolecular  attractions  of  chromophores,
effectively lowers energy loss by facilitating ordered
packing of the molecules[23].

Chenyang Hen and co-workers had
synthesized the BTZT-4CIR (named as R reference
molecule) completely non-fused ring acceptors (Y-
series) by inspiring the A-D-A-D-A which contained
the non-fused thiophene and alkoxy substitution[24].
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BTZT-4CIR exhibits an outstanding efficiency of
15.41 %, a remarkable Voc ++0.964 V, a high value of
the FF 0.731, and with significantly improved Jsc of
20.12 mA cm2[25]. By using R as reference molecule,
five different compounds are designed designated as
PM1-PMS5. In this modification, end-capped acceptors
are removed and replaced with five different new
acceptors to check and enhance the efficacy, stability,
and PCE. Through computational approach, various
parameters like band gap, absorption maxima,
excitation energy, dipole moment, reorganization
energy, fill factor and open circuit voltage are
determined[26].

Computational Methodology

We have drawn a total of six structures one is
reference molecule R and five other derivatives named
as PM1-PM5 which are derived from reference. The
structural  manifestation was performed by
implementing ChemDraw software[27]. GaussView
6.0 software is employed to design 3D structural
geometries of all chromophores[28], and Gaussian 09
software is applied to investigate mathematical and
statistical calculations of the reference and designed
molecules[29]. To calculate electronic,
thermodynamic, and spectroscopic properties, density
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functional theory (DFT) and time-dependent density
functional theory (TD-DFT) are utilized[30]. To
obtain UV-visible maxima we used different
functionals that authenticate wellness of DFT level of
theory for newly designed molecules and its graphical
visualization is examined in Fig 1 while summarized
values are tabulated in Table 1.

By applying four different functionals
“B3LYP”, “CAM-B3LYP”, “MPWIPW91” and
“0wB97XD” of DFT with 6-31G (d,p) basis set, for the
energy calculations followed by the TD-DFT on the
reference molecule, we selected the
MPW1PW91functional because it gives the
lowermost wavelength at ground state[31]. All further
analysis was done by using MPW1PW91 method as a
base. The model | have used for solvent phase
calculations is IEFPCM (Integral Equation Formalism
Polarizable Continuum Model). The Polarizable
Continuum Model (PCM) using the integral equation
formalism variant (IEFPCM) is the default SCRF
method. This method creates the solute cavity via a set
of overlapping spheres. The calculated values of the
HOMO and LUMO of the four different functionals
are applied given in the Table 2.
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Fig 1:
Origin 6.0 software.

Visualization of absorption spectra of reference (R) molecule for different functional plotted by aiding
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Table-1: Concise values of Amax utilizing four functional for selection and implementation of most appropriate

functional.

Functionals

Experimental Amax (nm)

Calculated Amax (nm)

B3LYP
CAM-B3LYP
MPWI1PW91
wB97XD

667

755
532
705
529

Table-2: The HOMO and LUMO values of the four different functionals.

Functionals HOMO LUMO
B3LYP 0.2092 0.1314
CAM-B3LYP 0.2445 0.09223
MPW1PW91 0.2131 0.1303
wB97XD 0.2663 0.0737

All other calculations FMOs, DOS, TDM,
and charge transport analysis were performed at the
DFT level by implementing the MPW1PW91/6-
31G(d,p) level of theory. By employing equation 1,
inter and internal charge transmission can be
calculated[32].
A+ Ao Q)

The reorganization energy (RE) represents
both internal reorganization energy (IR) as well as
external reorganization energy (ER) integral
spheres[33]. IR explains and deals with all the
geometric changes that occur in the molecule inside
during the charge transformation[34], they deal with
the change in bond lengths and bond angles while ER
explains solvation changes that occurred during the
charge transformations. In our recent investigation,
external reorganization energy is excluded due to
negligible impact and main concern is on internal
reorganization energy[35]. To demonstrate the
transfer rates of the electrons and holes during charge
transfer, equations 2 and 3 are predominantly
used[36].

itotal

Je =[Ey - E]+[E°-Eq] )

®)

In the above-mentioned equations, Eo, Ejy
and E{ represents ground state energies at 0, -1 and +1
charges respectively determined through optimized
neutral geometry. E. and E. are determined by
optimized  structures of cation and anion
correspondingly. While E and E° are the neutral

In=[E & EJ+[E°-Eg

molecular energies of cation and anion calculated by
optimized cationic and anionic optimized molecular
configuration.

Results and Discussion
Optimized Molecular Geometry

In order to examine optimized geometric
consideration, reference and customized
chromophores are partitioned into three segments;
central donor core (black), alkyl substituted di-
thiophene as linking groups (blue) while substituted
acceptors (red) at terminal vicinity. The 2D geometric
configuration is visualized in Fig 2 which is drawn
from ChemDraw 8.0 software[37] . The optimized
molecular configuration of all the chromophores is
eventually performed under MPWI1PW91 basis
functional and evaluation of bond length and dihedral
angle is considered to validate their prominent
behavior. The analysis of dihedral angle and bond
length is critical in order to analyze the planarity
elucidation and extended conjugation in the molecules
which is vital for better charge transference and
elevated absorption of solar radiations. It is further
examined how molecules are oriented in the plane
after its optimization and its impact on geometry
which is essential to develop efficient solar cells[38] .

The bond length at the site of attachment
signifies conjugation within the chromophores and is
analyzed to understand this phenomenon. From
careful investigation, bond length of all chromophores
is ranging from 1.41-1.43 A which lies between singly
bonded (C—C) and doubly bonded (C=C) atoms
which demonstrates that prominent conjugation is
present in the customized
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Fig 2:

2D molecular geometric configurations of R and PM1-PM5 molecules drawn by utilizing ChemDraw
7.0 software. molecules. Another plausible parameter that must be evaluated is dihedral angle which
transcribes planar character and transmission nature of electrical charges[39] . It is directly concerned
with planar configuration, highlighting that reduced dihedral angle at the attachment site enhances
planarity and charge transmission. The dihedral angle of the chromophore ranges from 0.03° - 1.78".
The declining order of dihedral angle of reference (R) and planned molecules (PM1-PMB5) is given as;
PM4 > PM3 > PM2 > R > PM1 > PM5. To sum up, it is clearly demonstrated in Table 3 and Fig 3,
all planned chromophores have negligible dihedral angle after optimization predicting their almost
planar configuration which is aided in charge dispersal and their potential to reach at respective
electrodes vital of commercialization[40] .
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Fig 3:  Visual portray of optimized molecular configurations along with computed bond length and dihedral

angle of R and PM1-PM5 chromophores

Table 3: Summarized values of bond length and dihedral angle of R and PM1-PMD5 predicting conjugation and

planar configuration

Molecules Bond length (A) Bond angle (0°)

R 1.41 0.17
PM1 141 0.09
PM2 141 0.20
PM3 141 1.09
PM4 1.43 1.78
PM5 143 0.03

Frontier Molecular Orbital (FMOs) Consideration
Analysis of FMOs is a pivotal parameter  Egp= Erumo — EHomo 4

which is eminent theoretical approach to calculate the
electronic density distribution, charge transmission,
and electronic properties estimation, which are
calculated from ground state geometries of the
molecules. To explain the optoelectronic properties
and charge transfer of the studied molecules, FMOs
analysis at ground state is explored[41] . The charge
cloud patterns around the HOMO and LUMO are
developed by the intermolecular charge transmission.
HOMO is designated as the valence band (VB) while
the LUMO is defined as the conduction band (CB).
The difference between HOMO and LUMO is known
as the band gap or energy gap which is calculated by
FMOs analysis provided in equation 4[42] .

Here is Hgyp is the band gap, ELumo is the
energy of the of the electrons at excited state, and
Enomo is the energy of the electrons at ground state.
Fig 4 explains the electronic charge density
distribution on the surface of the molecules in the form
of red and green clouds; red color shows the negative
charge while the green color shows the positive
charge. HOMO is the donor part of the molecule while
LUMO is the acceptor part of the molecule. If the
molecules have greater charge concentration, the
chances of charge transfer will be increased resulting
in captivated efficiency of solar devices[43] .
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From the recent investigation, reference
molecule has HOMO energy level of -5.79 eV while
LUMO energy level of -3.54 eV and its photo band
gap is 2.25 eV. The scrutinized chromophores (PM1-
PM5) have reduced band gap elucidation ranging
2.09-2.24 eV illuminating that substituted acceptors
have better potential of withdrawing electrons
resulting in facile excitation. The summarized
statistical values in Table 4 demonstrate that PM4 and
PM5 molecules have better adaptability of excitation
phenomenon and photo electronic attributes owing to
sufficiently decreased band gap[44] .

Table-4: Computed HOMO and LUMO energy levels
along with optical band gap for all scrutinized

chromophores
Molecules HOMO (V) LUMO (eV) Eg(eV) NTOs%

R -5.79 -3.54 2.25 95.44
PM1 -5.60 -3.36 224 95.55
PM2 -5.70 -3.47 223 96.33
PM3 -5.76 -3.60 2.16 96.43
PM4 -5.54 -3.45 2.09 97.99
PM5 -5.64 -3.55 2.09 95.99

Natural transition orbitals (NTOs)

Natural transition orbitals (NTOs) are the
best way to explain charge proliferation in the
molecules. For this purpose, there should be a great
level of excitation between the HOMO and LUMO
levels of the chromophores. The main excitation in
orbitals of the electron-hole is provided by the NTOs
in the molecules which explain that there should be a
concise band gap between the HOMO-LUMO energy
levels[45] . The molecules with a lot of excitations will
work easily with NTOs because they have greater
conjugations in the molecules. In charge transference,
the electrons move from HOMO to LUMO, HOMO is
allocated as a hole because it creates a hole by giving
its electrons to the LUMO, while LUMO is designated
as a particle because it receives the electrons from
HOMO. At the first, excitation energy is very high
which is detected by the high oscillator strength.
NTO’s clearly distinguish the electron density
between ground and excited states. In the Fig 5, NTOs
structures of the reference and designed molecules
explain the electron density distribution over the
molecule surface[46].
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The highly electronegative groups like
cyano, fluoro, carbonyl and methoxy are majorly
involved in bathochromic shift of absorption by
enhancing the conjugation length within the
chromophores. Through various investigations, it is
understood that molecule absorbs such type of
radiations whose energy level matches with their
corresponding band gaps and resulted in excitation of
charges[48]. Furthermore, bathochromic absorption
predominantly enhances intramolecular charges
transfer owing to their better light captivating ability
and in turn results in facile excitation phenomenon to
proceed[49].

The absorption spectra of all chromophores
are plotted at best matched MPW1PW91 functional
and its eye-catching view is configured in Figure 6
while summarized results are shown in Table 5 for
solvent medium and Table 6 for gaseous phase.

Table 5: Concised values of various optoelectronic
parameters (Ama, Ex, oscillator strength, dipole
moment, interaction coefficient) in solvent phase

=4
§ ’é\ < § c g § £
3 s 2 55 Es 8
S £ ui 22 = £5
= < [eR-] 2 =
a (s}

R 705 1.76 3.1004 8.55 0.68098
PM1 706 1.76 3.2461 13.22 0.68170
PM2 710 1.75 3.2675 10.34 0.68160
PM3 747 1.66 2.8196 10.56 0.66444
PM4 773 1.60 2.1560 12.80 0.64742
PM5 776 1.60 1.9434 8.47 0.63402

Table 6: Concised values of various optoelectronic
parameters (Ama, Ex, oscillator strength, dipole
moment, interaction coefficient) in gaseous phase

8 € - S5 .2 S§
3 £ % &5 S £ g5
3 5 = Tg 52 55
s~ % 87 g E£8
R 671 1.85 2.7664 7.11 0.68509
PM1 676 1.83 2.8612 10.86 0.68473
PM2 679 1.83 2.8974 8.39 0.68436
PM3 695 1.78 2.5615 8.44 0.67580
PM4 719 1.72 1.9737 9.89 0.63108
PM5 721 1.72 1.8043 6.92 0.61578
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Fig. 5: Picturization of NTO’s of reference and investigated molecules (PM1-PM5).
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Fig. 6: UV-absorption spectra of R and PM1-PMS5 in solvent (left) and gaseous (right) phases.

The highly electronegative groups like
cyano, fluoro, carbonyl and methoxy are majorly
involved in bathochromic shift of absorption by
enhancing the conjugation length within the
chromophores. Through various investigations, it is
understood that molecule absorbs such type of
radiations whose energy level matches with their
corresponding band gaps and resulted in excitation of
charges[48]. Furthermore, bathochromic absorption
predominantly enhances intramolecular charges
transfer owing to their better light captivating ability
and in turn results in facile excitation phenomenon to
proceed[49].

The absorption spectra of all chromophores
are plotted at best matched MPW1PW91 functional
and its eye-catching view is conFigd in Fig 6 while

summarized results are shown in Table 5 for solvent
medium and Table 6 for gaseous phase.

The computed wavelength observed by the reference
scaffold is 705 nm at solvent phase while 671 nm in
gaseous medium[50]. The planned molecules (PM1-
PM5) demonstrated maximum absorption ranging
from 706-776 nm in chloroform solvent while 676-721
nm in gaseous media. The descending order of
absorption in solvent medium is; PM5 > PM4 > PM3
> PM2 > PM1 > R and same trend is illustrated in
gaseous medium. To cut in a nutshell, all modified
molecules especially PM4 and PM5 have elevated
absorption highlighting their effective utilization in
prominent solar gadgets[51].

Table-5: Concised values of various optoelectronic parameters (Ama, Ex, Oscillator strength, dipole moment,

interaction coefficient) in solvent phase

Molecules Amax (NmM) Ex(eV) Oscillator strength Dipole moment (D) Interaction Coefficient
R 705 1.76 3.1004 8.55 0.68098
PM1 706 1.76 3.2461 13.22 0.68170
PM2 710 1.75 3.2675 10.34 0.68160
PM3 747 1.66 2.8196 10.56 0.66444
PM4 773 1.60 2.1560 12.80 0.64742
PM5 776 1.60 1.9434 8.47 0.63402

Table-6: Concised values of various optoelectronic parameters (Ama, Ex, oscillator strength, dipole moment,

interaction coefficient) in gaseous phase

Molecules Amax (Nm) Ex(eV) Oscillator strength Dipole moment (D) Interaction Coefficient
R 671 1.85 2.7664 7.11 0.68509
PM1 676 1.83 2.8612 10.86 0.68473
PM2 679 1.83 2.8974 8.39 0.68436
PM3 695 178 2.5615 8.44 0.67580
PM4 719 172 1.9737 9.89 0.63108
PM5 721 172 1.8043 6.92 0.61578

1400
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Another prominent parameter to be evaluated
critically is oscillator strength. It correlates directly
with band gap considerations. It predominantly
transcribes the electronic excitations taking is
incredible manner and thus suggests the excellent sites
of intramolecular charge transference in the
chromophores[52]. Furthermore, it is linked with light
harvesting efficiency, increased value of oscillator
strength captivated the light harvesting potential and
aiding to generate sufficient amount of photo-current.
The ascending trend of oscillator strength both
chloroform solvent and gaseous media is; PM5 < PM4
< PM3 < R < PM1 < PM2. The statistical
considerations summarized in Table 5 and 6 rationally
gives a clue that PM1 and PM2 have better light
harvesting capability than other chromophores and
reference  molecules suggesting their  better
adeptness[53].

Excitation energy and interaction coefficient

The minimum quantity of energy which is
essentially required to excite electron from ground (So)
to first excited state (Sy) is named as first excitation
energy. It is concerned with band gap, lower the
optical band gap, facile will be excitation phenomenon
and vice-versa. It is mandatory; excitation energy must
be lowered for the molecules for prominent excitation
to take place[54]. The ascending sequence of
excitation for all chromophores is; PM5 < PM4 <
PM3 < PM2 < PM1 < R. Concised statistical values
in Table 5 and 6 prescribes that all investigated
chromophores have lower excitation energy and show
prominent excitation upon pulling of electronic
density and separation of excitons upon absorption of
solar radiations, turning their effectiveness in greater
extent in solar devices[55].

In order to determine charge transference,
interaction coefficient is considered as notable and
reliable elucidator. It enables to determine electron-
hole coupling. Inverse relation is observed between
interaction coefficient and charge transference
highlighting that decreased values of interaction
coefficient is essential for smooth charge transfer.
From Table 5 and 6, all investigated molecules except
PM1 and PM2 has lower interaction coefficient which
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clearly transcribes that charge is effectively shifted
within chromophores[55].

Molecular Electrostatic Potential (MEP)

Molecular electrostatic potential separates
the charge density within the molecule to identify the
electrophilic and nucleophilic regions. It explains the
charge transfer from the donating groups to the
acceptor groups. Each region on the molecule affects
the electronic properties in different ways. The
positive potential regions lack electrons while the
regions having negative electrostatic potentials have a
rich density of electrons, blue and red colors indicate
these potions. Based on the electrostatic potential,
colored regions are aligned in order from negative to
positive electrostatic potentials[56]. The MEP
structures of the reference molecule and newly
investigated molecules are visualized in Fig 7 which
demonstrates that all the molecules show the
distribution of the electronic density in the cloud form
on the molecules. The red color shows a denser area
by electrons, the green shaded area shows the neutral
regions on the molecule surface and the blue color area
shows less negative potential and more positive
potential[57].

RED < YELLOW < GREEN < CYAN < BLUE

It is complementary illustrated from the Figs
that all the novel chromophores have better separation
of electrophilic and nucleophilic regions highlighting
prominent charge separation and transference between
donor and acceptor moieties of the chromophores.
From all the chromophores, PM3 has greater tendency
of negative potential at the substituted acceptor due to
presence of highly electron withdrawing (-NO-)
acceptor which mainly draws charge tendency towards
itself by turning facile charge transfer[58]. In the given
visual display of the all molecules the different color
regions are vary in every molecule, in the PM3
molecule the red region is greater as compared to all it
means that it has higher electrons density, it has good
electron with drawing groups are attached which make
it more efficient as compared to others. In the PM2
molecule the have less electronegative potential, that’s
why it has greater blue region in the center of the
molecule.



J.Chem.Soc.Pak., Vol. 48, No. 03, 2026 190

Tahira Faiz et al.,




Tahira Faiz et al.,

Fig. 7:
chromophores.

Transition Density Matrix (TDM)

The transition density matrix explains the
nature of the transition from So-S; by using the
selected functional method of MPW1PW91/6-31G
(d,p). The delocalization of the electron-hole pair is
analyzed in the S; state. TDM explains the localized

electrons, holes, and excitations in the molecules from
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Extreme ‘ Extreme
negative positive

MEP maps of R and PM1-PM5 highlighting various electrophilic and nucleophilic sites in the

ground to excited states, which help to understand the

excitation level of the donors and acceptors.
Furthermore, it precisely explains the electron-hole
pairs overlapping, charge excitation, the intensity of
and diffusion[59]. TDM diagrams

witnessed that electrons transfer from the donors

transition,

towards acceptor units as crucially examined in Fig 8.
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Fig. 8: TDM maps of R and PM1-PM5 for evaluating excitation phenomenon.

In TDM investigation, the contribution of the
hydrogen is very small so it is neglected as compared
to other connecting atoms having great contribution.
In the TDM maps, green and red colors elucidates
higher excitation phenomenon, blue hue demonstrates
neutral sites while black hue predominantly represents
localization phenomenon[60]. From the performed
investigation, all the customized chromophores (PM1-
PM5) have better excitation potential compared to
reference molecule. The red and green hues are present
in sufficient quantity predicting their prominent
excitation essential for commercialization of solar
appliances. Among all planned chromophores, PM3
bestows better excitation phenomenon resulting from
stronger electron withdrawing acceptor in the terminal
vicinity[61]. In the above given TDM graphs of
conceptualized molecules PM3 has the greater hue of
the red color which means that PM3 molecule has
higher excitation phenomenon as compared to all
others molecules which indicates its efficiency. It
shows that PM3 has greater efficiency in all the
molecules.

Density of State (DOS)

Density of state (DOS) analysis is very
crucial factor in solar cell studies as it gives the
refining approach to the electronic analysis which
creates, refines, and assesses the solar cells. It helps to
understand electronic structures, carrier mobility,
interference features, and trap states. DOS provides
the ranges in which the transitions take place; it
explains the total charge states available in the
molecules[62]. In the Fig 9, the graphical explanations

of the electronic charge density of the acceptors,
donors, and core portions are colored different colors.
In the graphs, electron volts are taken on the x-axis
while relative density is taken on the y-axis. DOS
graphs show the percentage contribution of all the
parts of the molecule including the acceptors, donors,
and core portions[63].

For DOS spectral analysis, PyMolyze 1.1
software is used for the electronic calculations.
Researchers are more devoted to comprehending the
recombination and trap states to give more
comprehension mechanisms due to the DOS analysis.
Molecules have intense values of their energy levels
(HOMO, LUMO) in the DOS. In the DOS graphs,
peaks indicate the electron density of every participant
(acceptor, donor, and core) if the electron density of
any participant is higher, it will show a strong peak in
the DOS graph, if a strong electronegative group is
attached then its peak will be at higher level[64]. DOS
graphs of the reference molecule (R) as well as the
designed molecules (PM1-PM5) are given in Fig 8
which shows different peaks indicating the presence of
different electronegative groups of attached acceptors
in the molecules. These acceptors having electron-
withdrawing groups show the high electron density
drawn from the donors' portions of the molecules[65].

The summarized data prescribed in Table 7
demonstrates that HOMO energy level is majorly
uplifted through donor moiety while LUMO energy
level is affected by substituted acceptors. In all the
chromophores, central donor is majorly contributed in
contributing to raise HOMO ranging from 60.2 -61.5
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%, peripheral acceptors are involving to raise
contribution of LUMO in PM1 and PM2
chromophores and their values ranges from 46.8-47.9
% while linking groups (spacers) in involved in
uplifting  LUMO energy levels in PM3-PM5
molecules ranging from 51.5-80.3 %. To sum up this
discussion, it is inferred that HOMO resides mainly on
donor vicinity while LUMO resides on linking groups
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and somewhat on acceptor vicinity[66]. In the given
DOS graphs of the all molecules it is concluded that
the percentage of the acceptor in the PM2 molecule
has high percentage of the contribution which means
that the PM2 molecule has attached a good and
efficient acceptor which is enhancing its percentage
contribution.
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Table-7: Involvement of various molecular fragments (donor, spacer and acceptor) in raising HOMO and LUMO

energy levels.

Molecules Excitation Energy State Percentage contribution Percentage contribution of Percentage contribution
of Donor Spacer of Acceptor

R HOMO 60.8 21.3 17.9
LUMO 47.9 314 20.7

PM1 HOMO 60.4 22.7 16.8
LUMO 46.8 304 22.8

PM2 HOMO 60.2 22.7 17.1
LUMO 47.3 31.8 20.9

PM3 HOMO 60.7 21.6 17.7
LUMO 34.4 51.5 14.1

PM4 HOMO 61.2 235 15.3
LUMO 14.9 78.6 6.5

PM5 HOMO 61.5 21.7 16.8
LUMO 14.6 80.3 5.1

Exciton Binding energy

The evaluation of exciton binding energy is
considered as rationale descriptor determining the
dissociation of excitons into free charge carriers and
their movements towards respective electrodes to
assimilate in order to generate electric current. The
lower the binding energy of the chromophores, easier
will be the segregation of bounded excitons (holes and
electrons)[67]. The strongly electronegative acceptors
at terminal vicinity resulted in lower Columbic
interactions between excitons and results in significant
attraction of electrons towards themselves. Following
equation 5 is used to estimate statistical values of
binding energy[68].
Ep= Eq— Ex (5)

Here Eg is optical band gap while Ex denotes
first excitation energy computed at first excited state.
The summarized values of exciton binding energy in
gaseous and solvent medium are tabulated in Table 8.
The comparable and decreased values of exciton
binding energy predict that segregation of excitons in

spite of coupling is taking place efficiently resulting in
facile transference of charges[69].

Non-covalent Interactions (NCI) and Iso-surfaces

To understand the non-covalent interaction
(NCI) and iso-surfaces, structures and graphs are
plotted using Multiwfn 3.8 software by the reduced
density gradient factor. NCI graphs help to understand
the repulsive interaction or steric hindrance and the
attractive interactions as wander walls forces,
hydrogen bonding, and other interactions due to
electronegative atoms (S, O)[70]. For the NCI graphs,
we have taken the product of energy and second value
(sign(4)p) on the x-axis and the reduced density
gradient (RDG) is taken on the y-axis. NCI graphs
explained the different interactions present in the
molecules in the form of different colors such as blue,
green, and red color[71]. The green color shows the
presence of van der Waals interactions within the
molecules which shows weak interactions, blue color
shows the presence of hydrogen bonding and attractive
forces within the molecules, while the red color shows
the repulsive interactions in the molecule as
highlighted in Fig 10[72].

Table-8: Statistical calculations of exciton binding energy for R and PM1-PMS5 in solvent and gaseous phases.

Molecules Eq (eV) Ep (solvent) Ep (gaseous)
R 2.25 0.49 0.40
PM1 2.24 0.48 0.41
PM2 2.23 0.48 0.40
PM3 2.16 0.50 0.38
PM4 2.09 0.49 0.37
PM5 2.09 0.49 0.37
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Fig 10: NCI maps and iso-surfaces plotted through RDG software and Multiwfn software

On the y-axis, the graph has a negative value
because hydrogen bonding is present due to the
presence of electronegative atoms as the
electronegativity increases within the molecule the
peak spreads towards the negative value, which is
witnessed that hydrogen bonding is present[73]. The
presence of strong non-covalent interactions in the
graphs of newly designed molecules indicates having
electronegative atoms in the molecules, the presence
of H-bonding is shown by the blue in the NCI graphs.
The green in the middle of the graphs shows the van
der Waals forces are present in the molecules, as the
van der Waals forces increase, green color spreads
more over the graph[74].

From the NCI maps, it is clear that blue line
is present above than the red line suggesting that
attractive forces are dominating compared to repulsive
forces. The presence of blue color spikes at higher
position demonstrates the stable character of
chromophores which is essential criterion for
proficiency[75].

Dipole Moment

In order to understand crystalline behavior,
orderliness, solubility and accommaodation of charges,
evaluation of dipole moment is vital. As the light falls
on solar cells and they absorb sufficient quantity of
light, the phenomenon of the separation of positive and
negative charges takes place; the separation of these

charges makes an electric field and creates diploes
within the molecules[76]. The dipole moment (DP)
denoted as u helps to understand how much
chromophores are soluble in the organic solvent. The
solubility has direct association with the dipole
moment; hence, solubility increases as the dipole
moment increases. Greater dipole moment will help to
increase the solvent processibility and better crystal
formation[77].

The evaluation of dipole moment is
performed in both gaseous and solvent mediums at
best elected MPW1PW91 functional with 6-31 G (d,p)
methodology[78]. The decreasing order of dipole
moment in both mediums is; PM1 > PM4 > PM3 >
PM2 > R >PM5. On the basis of conFigd
calculations, all customized molecules has the highest
dipole moment as compared to reference molecule,
highlighting their greater ability of dissolution in the
solvent medium which helps to increase the solvent
processibility which make better crystals[79].

Reorganization energy

Reorganization energy (RE) has a significant
role in the charge transfer, transport, and performance
of solar devices. RE is associated with non-radiative
recombination, the major factor affecting the energy
losses in organic photovoltaic cells. In this project,
reorganization energy is the main parameter used to
calculate the efficiency of the organic solar cells[80].
RE is divided into internal reorganization energy (IR)
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and external reorganization energy (ER). The IR deals
with the electronic states in the ground and excited
states and the ER is concerned with external factors
such as solvation, temperature, polarization, and other
external factors. As there is no change occurring in the
external environment there is no change in ER
therefore, it is neglected. In this project, we mainly
focused on the IR because the hole (4n+ A+) and electron
(4e + 1) reorganization energies make up the internal
energies due to charge transfer[81].

The internal reorganization energy is the
combination of the hole (4n+ 4+) and electrons. The
charge mobility has an inverse relation with
reorganization energy, lower the reorganization
energy, facile will be charge movement and vice-
versa. The computed values summarized in Table 9
suggest that computed molecules have better hole
transporting ability owing to lower reorganization
energy of holes and electrons which suggest that all
customized molecules performed well in solar
appliances[82].

Table-9: Concised values of reorganization energy of
electron and holes for the reference and investigated
compounds (PM1-PM5)

Molecules 2e (electron) 2n (hole)
R 0.060186 0.066321
PM1 0.047291 0.047814
PM2 0.056129 0.061084
PM3 0.162140 0.106114
PM4 0.069841 0.062932
PM5 0.074296 0.069410

Light Harvesting Efficiency

Light harvesting efficiency (LHE) is another
crucial factor in determining OSCs' photocurrent and
optical efficiency. It is the capability of solar devices
to absorb solar radiation and harvest them to generate
valuable photocurrent[83]. When the LHE is high, a
huge quantity of circuit current is produced, which
also magnifies the molecules' photocurrent response.
The following equation 6 is used to calculate the LHE
of the molecules in solar cell devices[84].

LHE = 1-10° (6)

When the transition of electrons from one
energy level to another occurs by the emission and
absorption of the radiation, the LHE is determined
through oscillator strength (fos). LHE of the reference
molecule (R) and designed molecules (PM1-PM5) in
gaseous and solvent phase are predominantly given in
Table 10. LHE is directly correlated with oscillator
strength indicating that elevated oscillator strength up-
scales harvesting of radiations from the sun to generate
electricity and vice-versa[85].
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Table-10: Summarized values of light harvesting
efficiency of all customized chromophores in both
solvent and gaseous mediums

Molecules LHE (Solvent) LHE (Gaseous)
R 0.999206 0.998287
PM1 0.999445 0.998623
PM2 0.999459 0.998733
PM3 0.998485 0.997255
PM4 0.993017 0.989375
PM5 0.988607 0.984307

The reference and the designed molecule are
arranged in ascending order PM2 >PM1 > R>
PM3 > PM4 > PM5. From the evaluated results PM1
and PM2 has the highest LHE which indicates that
these chromophores have an intensified peak of
absorption highlighting their proficiency in solar
appliances[83].

Open Circuit Voltage (Voc)

Open circuit voltage is the total output of
solar devices when the applied current is zero. Voc is
a crucial factor in the investigation of the power
conversion efficiency of solar cells. It is critically
influenced through various parameters like energy
level of material, light source, temperature,
recombination of charge carriers, light intensity and
device morphology[86]. For calculation of open
circuit voltage, LUMO of acceptor and HOMO of
donor molecule is under scored. All the scrutinized
chromophores are blended with PCs:BM acceptor
whose HOMO value is -5.10 eV while LUMO value
is -3.90 eV. The theoretical estimation of open circuit
voltage is executed from the equation 7 formulated by
Scharber and his colleagues[87].

1
Voc = =~ [ELumo oF THE AccerTor — EHoMo oF THE DoNoR]

~03 @)

Here, e is designated the molecular charge
while 0.3 is the constant parameter calculated from the
drop voltage resulting from the mechanisms of
radiative loss, recombination loss and during energy
transfer. For attaining increased Voc, donor’s HOMO
must be at lower energy level while acceptor’s LUMO
has higher energy level[88]. The computed Voc of the
reference molecule is 1.59 eV while all the scrutinized
molecules have open circuit voltage ranging from
1.56-1.34 eV prescribed in Table 10. The declining
trend of Voc is; R > PM3 > PM2 > PM5 > PM1 >
PM4[88]. It is visualized from Fig 11 that all the
planned molecules have comparable values of Voc
with model molecule indicating their comparable
efficiency suggesting that they should be developed
synthetically for potential applications in generation of
current[89].
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Fig. 11: Portray of Voc visualization computed by blending all investigated chromophores with PCBM acceptor.

Table-11: Calculated values of various photovoltaic parameters (Voc, Normalized Voc, FF) for R and customized

molecules (PM1-PM5).

Molecules Voc (eV) Normalized Voc Fill Factor (FF)
R 159 61.5063 0.917916
PM1 1.40 54.1565 0.909256
PM2 150 58.0248 0.914049
PM3 1.56 60.3458 0.916669
PM4 134 51.8355 0.906088
PM5 1.44 55.7038 0.911242

Fill Factor Analysis (FF)

Fill factor (FF) is another vital tool to explain
the conversion of light to electricity to explain the
efficiency of photovoltaic devices. It is the
dimensionless quantity which depends on the open
circuit voltage, higher the Voc higher the FF and vice
versa[90]. The conversion of the incoming light into
electrical energy determining effectiveness of the
device is calculated by the fill factor. Furthermore, fill
factor has direct effects on the power conversion
efficiency of the solar cell by minimizing energy
losses due to quality determining of the exciton
extractions. The theoretical calculation of fill factor is
performed utilizing equation 8[91].

Voc
KT

Voc

e ln(e +0 72)

Voc el (8)

A

FF =

Here e represents elementary charge, T denotes
absolute temperature (300 K), Kg highlights

Boltzmann constant and eL; is mentioned as
normalized Voc. The statistical values of fill factor are

concised in Table 11 which suggest that all
chromophores have comparable values of fill factor
which are required for stable and most efficient solar
devices[92].

Power Conversion Efficiency (PCE)

PCE defines the overall efficiency of the OSCs
and it is the ratio between the output energy and input
energy which measures the conversion of power from
solar radiations to electricity[5]. In the OSCs, main
feature on which the activity of OSCs depends is the
power conversion efficiency (PCE) which mainly
concerns with the fill factor, short circuit current
density, and open circuit voltage. PCE is essentially
calculated using the equation 9[93].

PCE = Jsc Voc FF/ Piq )

In this equation Jsc represents short circuit
voltage, FF is fill factor, Voc is open circuit voltage,
and Pj, is the incident light. The comparable values of
open circuit voltage and fill factor suggest that all
chromophores have enhanced power conversion
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efficiency and suggested as efficient solar cells to be
synthesized developed in new era of solar
technologies[94].

Conclusion

The development of organic solar cells with
low band gap and robust open circuit voltage is cutting
edge task for all research community. To obtain
promising outcomes, various methodologies are being
utilized through various amendments in molecular
geometry. In recent research approach, reference
molecule is amended through end-capped modification
and various parameters are elucidated by selecting
appropriate MPW1PW91 functional in careful manner.
Through computational analysis, reduced band gap
ranging from 2.09-2.24 eV, bathochromic shift in
absorption (706-776 nm in chloroform solvent and 676-
721 nm in gaseous media), lowest excitation energy
(1.60-1.76 eV) was obtained. Furthermore, devised
chromophores upsurge excellent dipole moment upto
13.22 D predicting their better solubility and crystallinity
in solvent medium. The customized molecules have
lower reorganization energy of holes and electrons and
comparable open circuit voltage recommend them best
adaptable hole transporting materials in solar gadgets
with sufficiently enhanced power conversion efficiency.
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