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1. Introduction

Computational assessment of the photovoltaic
potential in efficient donor—acceptor
non-fullerene molecules

Roman Azeem® and Muhammad Ramzan Saeed Ashraf Janjua (2 **°

For the advancement of organic solar cell (OSC) technology, it is essential to develop photovoltaic (PV)
materials with enhanced conduction band properties, optimized electrochemical behavior, and higher
power conversion efficiency (PCE). Quantum chemical modeling is a key component of the design of
high-performance organic photovoltaics (OPVs) and optoelectronics. The aim of this work is to
determine the most promising materials for OSCs by modeling and characterizing several unique non-
fullerene (NF) donor—acceptor complexes (AMF1-AMF6) formed from the R [Ph(T-IDIC),] phenylene
core with two T-IDIC arm molecules. The MPW1PW91/6-31G(d,p) basis set is used in this research to
assess the electrical properties, charge transport features, and molecular structures of these compounds
using density functional theory (DFT) and time-dependent DFT (TD-DFT). Important analyses include
studies of charge transfer, open-circuit voltage (V,.), density of states (DOS), transition density matrix
(TDM), molecular electrostatic potential (MEP), and natural bond orbital (NBO). Compared to the
reference molecule AMF (R), the results demonstrate a better Amax value of 689.22 nm in the solvent
phase (DCM), a lowered band gap (Eg) of 1.015 eV, and a binding energy (E,) of —0.251 eV. Additionally,
in comparison to the reference molecule, the developed molecules exhibit a high open-circuit voltage
(Vo) of 1.262 V and a fill factor (FF) of 90.20%. Furthermore, due to the higher exciton dissociation rate,
AMF6 exhibits the highest potential for solar energy applications among the studied systems. The results
from TDM and MEP analyses show that the tailored AMF6-based non-fullerene molecule outperforms
traditional fullerene-based systems, paving the way for more efficient and environmentally friendly
organic electronic devices. The results provide insightful guidance for improving the stability,
performance, and design of opto-electronics and solar energy conversion devices.

indacenodithiophene (IDT) and indacenodithienothiophene
(IDTT)-based structures have garnered a lot of interest

Because of their tunable optoelectronic features, mechanical
flexibility, light weight, and solution processability, organic
solar cells (OSCs) have become a viable next-generation
photovoltaic technology. Through logical molecular
design and donor-acceptor (D-A) interface optimization,
non-fullerene acceptors (NFAs) have recently revoluti-
onized OSC efficiency, achieving power conversion efficien-
cies (PCEs) above 19%.%° Because of their planar conju-
gated backbones, which support strong n-n stacking,
high charge mobility, and improved light absorption,

“ Department of Chemistry, Government College University
Faisalabad, Faisalabad 38000, Pakistan. E-mail: Janjua@gcuf-edu.pk,
Dr_Janjua2010@yahoo.com

b Research Center for Crystal Materials, CAS Key Laboratory of Functional
Materials and Devices for Special Environments, Xinjiang Technical Institute of
Physics and Chemistry, CAS, 40-1 South Beijing Road, Urumgi, 830011, P.R. China

© 2025 The Author(s). Published by the Royal Society of Chemistry

among NFAs.”’®

Exciton dissociation and charge carrier mobility are
improved when T-IDIC arms are added to the Ph(T-IDIC),
molecule because they stabilize the LUMO energy level and
improve the donor-acceptor interface. Furthermore, the planar
n-extended system facilitates efficient molecule packing and
intermolecular interactions, which are essential for enhancing
the active layer shape and charge transport properties in OSC
devices.” ™

Before synthesis, novel NFAs’ electrical, optical, and photo-
voltaic characteristics can be reliably predicted and correlated
using computational modeling utilizing density functional
theory (DFT).">"® Ph(T-IDIC),’s electronic delocalization, bor-
der orbital alignment, open-circuit voltage (V,.), and reorgani-
zation energy can all be thoroughly understood through
theoretical research, which also offers important information
about the materials’ suitability for photovoltaic applications.

Mater. Adv.


https://orcid.org/0000-0002-4323-1736
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma00925a&domain=pdf&date_stamp=2025-11-17
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00925a
https://pubs.rsc.org/en/journals/journal/MA

Open Access Article. Published on 04 November 2025. Downloaded on 12/24/2025 9:20:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

In this study, we concentrate on a recently developed molecule
called Ph(T-IDIC),, which is made up of two T-IDIC arms
(4,4,9,9-tetramethyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b']dithiophe-
ne-IDIC units) connected symmetrically to a para-phenylene (Ph)
linker. To fine-tune the border molecular orbitals and optical
bandgap, this structural configuration combines an extended r-
conjugated backbone with terminal 2-(3-oxo-2,3-dihydro-1H-
inden-1-ylidene)malononitrile (IC) moieties, which function as
potent electron-withdrawing groups. In order to facilitate intra-
molecular charge transfer (ICT) and preserve balanced charge
transport paths between donor and acceptor segments, the
phenylene core provides exceptional planarity and stiffness. All
things considered, this work offers a thorough theoretical inves-
tigation of Ph(T-IDIC), as a conjugated, planar, non-fullerene
acceptor, highlighting its structure-property correlations and
promise as a high-performance part of organic solar cells.

A similar class based on infrastructure of atomic clusters
known as carboranes are made up of boron and carbon atoms
that have their hydrogen atoms replaced. These atoms are
bound together by delocalized electrons in a three-center,
two-electron pattern known as “3-D aromaticity”."""> It has
also been shown on multiple occasions that emissive carborane
species are the photoactive element in organic light-emitting
diodes.’®>' Numerous conjugated polymers, whose emissive
qualities depend on the choice of carborane isomer and substi-
tuent site, as well as a certain tuneability based on the choice of
conjugated co-monomers, are other examples of emissive species
containing carborane.'**>** A variety of strategies have been
investigated for incorporating carborane into polymeric species.
These strategies include utilizing carborane in the backbone of
the polymer, fusing it into conjugated monomers, and connecting
it to side chains that solubilize the polymer."***® In order to
investigate further the possible uses of carborane-containing
conjugated materials, Anies et al. previously demonstrated that
they could be employed as the semiconductor layer in organic
field-effect transistors: polymers containing fused benzocarane
and benzocaranodithiophene monomers, as well as polythio-
phenes with pendant carboranes, demonstrated p-type behavior,
whereas P(NDI20OD-T2})-inspired polymers containing carborane
in the backbone displayed n-type behavior.”**”>*3° A phthalocya-
nine unit connected to a carborane moiety has also been used to
create devices similar to this one.”

Additionally, the polythiophene and NDI based polymers
mentioned represent the sole instances, to our current under-
standing, where carborane-containing compounds have been
incorporated into organic photovoltaic (OPV) devices.
Carborane-containing polythiophenes have demonstrated a
peak PCE of 2.0% when paired with PCBM as the acceptor
material, while carborane-containing NDI polymers achieved
1.8% PCE using PM6 as the donor material.>**° Other note-
worthy materials utilized in photovoltaic applications include
o-carborane derivatives serving as electron and hole transport
layers in perovskite solar cells, bis(dicarbollide) species acting
as redox shuttles in dye-sensitized solar cells (DSSCs), and o-
carborane linked phthalocyanines serving as photosensitizers
in DSSCs.*** Anies et al. (2023) delved deeper into the design
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approaches for incorporating carborane-containing materials
into organic photovoltaics (OPVs). Introducing a set of four
carborane-based conjugated small molecules, each featuring
one of the three icosahedral isomers alongside a fluorinated
variant, Anies et al., introduced the inaugural instances of
carborane-containing non-fullerene acceptors (NFAs). Analysis
of the device data validates this approach as promising for
carborane-containing OPV materials, notably with the fluori-
nated variant demonstrating PCE values surpassing 5% - a
significant improvement, more than doubling the previous
record for such materials. A comparative assessment of the
various NFAs underscores the substantial influence of the
carborane isomer selection on device performance, with o-
carborane emerging as the optimal performer.'*

In this research, we utilize the molecule [Ph(T-IDIC),] as a
reference (R)'* as Anies et al. disclosed all its properties and
PCE from all effective perspectives. In response to this refer-
ence molecule (R), we designed six novel molecules (AMF1-
AMF6) by substituting the end-capped groups for newly
designed acceptor molecules. All the developed compounds
(AMF1-AMF6) and the R molecule have geometrical analyses
like reorganization energy, DOS, and V,. theoretically com-
puted to examine the molecule’s functioning potential. By
altering the end-capped groups on the new compounds, we
suggested that they are completely more effective than the R
molecule at producing better PCE. Through these analyses, we
can determine that different types of NFAs need effective side-
chain groups in order to display outstanding morphology and a
more effective device. Electron acceptors with various chemical
configurations would thereby improve the PV and optoelectronic
characteristics of the solar cells. Six novel Ph(T-IDIC),-based
non-fullerene acceptors (AMF1-AMF6) were designed by modify-
ing the end groups. Theoretical analyses show improved charge
transport and photovoltaic properties, demonstrating that end-
group engineering effectively enhances device performance.

2. Computational methodology

All of the geometrical values were computed using the Gaussian
09%° program. Novel molecules were optimized using the Gauss
view program. The optimal values of the reference molecule
have been determined using the functionals B3LYP,*®
MPW1PW91,%” CAM-B3LYP,**”*° and ®B97XD*’ in conjunction
with the basic set 6-31G(d,p).>*® We also calculated UV absorp-
tion values for the reference molecule for each functional and
compared them in the form of a graph to determine which
function has a value that is near to the experimental absorption
value and has been utilized for additional calculations. The UV
values in the graph showed a level where significant absorption
has been taken into account out of all the levels. The conductor-
like polarizable continuum model (CPCM) with dichloro-
methane (DCM) as the solvent has been employed to account
for solvation effects. Each molecule’s value has been tuned at
the appropriate DFT functional. The optical, band gap energy,
natural bond order (NBO) analysis, fill factor (FF), FMO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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analysis, DOS, V,., TDM, and MEP investigation, as well as
the analysis of binding energy (E,) of reference R and
newly developed molecules have been examined using the
MPW1PW91/6-31G(d,p) level of DFT.

3. Results and discussion

3.1. Selection of the DFT functional and molecular design

The para-substituted carbazole-based compound incorporating
indacenodithienothiophene acceptor units, [p-Cb(T-IDIC),],
was synthesized experimentally. To minimize computational
cost, it was modified to [Ph(T-IDIC),], which served as the
reference (R) molecule in this study.'* Six novel compounds
(AMF1-AMF6) have been created by modifying the molecule’s
end-capped groups. We have modified these six molecules to
enhance the end-capped R molecule’s photophysical and optoe-
lectronic properties. Firstly, we estimated the A, in the gas
phase for the R (AMF) molecule with four different functionals
that include B3LYP, CAM-B3LYP, MPW1PW91, and B97XD
using the 6-31G(d,p) basic set implemented in DFT. 785.21,
518.69, 712.48, and 496.80 nm were the results of 1,.x values
that were attained theoretically in the gas phase. The literature
states that the experimental A,.x value for R is 640 nm. The R
molecule optimization at different DFT functionals has been
displayed in Fig. 1. Among these, the experimental value of R
and the Ay values derived from MPW1PW91/6-31G(d,p) are
rather close to it. Because of this, we have chosen the
MPW1PW91/6-31G(d,p) level of DFT to characterize this
planned series (AMF1-AMF6) in more detail. Furthermore,
the IDIC units in the reference system are conjugated, which
require a functional that can accurately describe the electronic
delocalization. The MPW1PW91 functional performs well for
conjugated systems.”” So, the MPW1PW91 functional is com-
putationally more efficient than the pure post-Hartree-Fock
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Fig.1 UV-visible bar chart of the R molecule calculated using four
functionals at the 6-31G(d,p) DFT level.
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methods,*"** making it suitable for larger systems like p-Cb(T-
IDIC) and Ph(T-IDIC). The R (AMF) molecule and the newly
proposed structures of AMF1-AMF6 have been displayed in
Fig. 2.

The current study describes how end-capped moieties were
used to modify the end-capping of a reference molecule like
2-(2-methylene-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononi-
trile (R), 2-(5,6-dichloro-2-methylene-3-ox0-2,3-dihydro-1H-inden-1-
ylidene)malononitrile (AMF1), 2-(5,6-difluoro-2-methylene-3-oxo-
2,3-dihydro-1H-inden-1-ylidene)malononitrile (AMF2), 1-(dicyano-
methylene)-2-methylene-3-oxo-2,3-dihydro-1H-indene-5,6-dicarbonit-
rile (AMF3), 2-(2-methylene-5,6-dinitro-3-oxo-2,3-dihydro-1H-inden-1-
ylidene)malononitrile (AMF4), 6-cyano-1-(dicyanomethylene)-2-
methylene-3-oxo0-2,3-dihydro-1H-inden-5-yl acetate compound with
methane (1:1) (AMF5), and 1-(dicyanomethylene)-2-methylene-3-
0x0-2,3-dihydro-1H-indene-5,6-diyl diacetate (AMF6), In this way, we
have designed six new molecules (AMF1-AMF6).

3.2. Frontier molecular orbital (FMO) analysis

Each molecule’s chemical structure (R and AMF1-AMF6) has
been examined in this study as shown in Fig. 2. For R and
customized molecules (AMF1-AMF6), we have employed the
DFT level of theory by using MPW1PW91/6-31G(d,p) and the
optimized structure has been given in Fig. 3. Frontier molecular
orbitals (FMOs), which have an impact on the charge transfer
shown in Fig. 3, display the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO). The
energy difference between the molecule’s LUMO and HOMO,
which function as valence and conduction bands, respectively,
indicates a bandgap.”*** A molecule’s efficiency is indicated by
its bandgap; a lower bandgap indicates higher performance, and
vice versa as shown in Fig. 4. Additionally, Table 1 displays the
outcomes of the FMO of R and the customized molecules (AMF1-
AMF6). The theoretical values of the reference molecule’s Exopmo,
Erumo and Eg, (—7.670 eV, —6.209 eV, and 1.461 eV) have been
shown in this table. The customized molecules (AMF1-AMF6)
have the following Eyomo values: —7.539, —7.530, —7.543, —7.542
to 7.408, and —7.255, in that order. Individually, these molecules
have the following Ejymo values: —6.174, —6.175, —6.2925,
—6.237, —6.234, and —6.240 €V. The customized molecules’
bandgaps have been measured and found to be in that order
(1.364, 1.355, 1.251, 1.304, 1.173, and 1.015 €V). These results led
to the conclusion that all the modified molecules have smaller
bandgaps than the reference molecule (R).

The 1.46 eV difference seen in the R molecule indicates that
the acceptor’s endcap is essential for enhancing the band gap
reduction from R. The suggested molecule AMF1 has an E,
value of 1.364 eV because its end-capped units contain the
electron-withdrawing group Cl. The 1.355 eV band gap in the
proposed molecule AMF2 is demonstrated by the effect of F
groups at the acceptor’s end. The electronic gap of the molecule
AMF3 shows a sufficient and significant difference of 1.251 eV
since the acceptor’s end-capped molecules have CN groups on
both arms. The molecule AMF6’s smallest electronic gap (E,),
1.015 eV, showed that COOCH; linked to the terminal ends
of both arms of the acceptor molecule has a larger band

Mater. Adv.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00925a

Open Access Article. Published on 04 November 2025. Downloaded on 12/24/2025 9:20:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Materials Advances

NC cN NC CN

H;COCO CN

Fig. 2 Optimized chemical structures of AMF1-AMF6 and the reference molecule R.

gap-closing capacity than the R molecule and all other generated
molecules. By improving the molecule’s ability to remove elec-
trons, these methyl ester functions stabilize the LUMO level and
make it easier for the LUMO and HOMO energy levels to separate
more clearly. The generated molecules AMF5-AMF6 have methyl
ester groups on their end-capped acceptor. In order to maximize
the electrical characteristics of NFA in OPVs, the electronic gap
must be significantly reduced as a result of the stabilization.
Thus, of all the modified molecules, AMF6 exhibits the lowest
bandgap (1.015 eV), suggesting that it has effective photovoltaic
properties. Because AMF6 has an appropriate end-capped accep-
tor like -COOCHj, its gap is lower than that of the reference
molecule. This is because by lowering the LUMO energy more
significantly than the HOMO energy, a narrower gap increases
the light absorption range, enabling the absorption of lower-
energy photons and enhancing photocurrent generation. The
energy-gap (E,) has been computed using eqn (1).>>*?

Mater. Adv.

Eg = (Enomo — Erumo) (1)

where E, is the molecules’ energy gap, Erymo is the LUMO
energy, and Eyomo is the HOMO energy in eqn (1). The HOMO
and LUMO energies at the MPW1PWO91 functional level with
the 6-31G(d,p) basis-set of all molecules are given in Table 1. All
the molecules, including the reference one, have the following
descending order of E;: R > AMF1 > AMF2 > AMF4 > AMF3
> AMF5 > AMF6. Additionally, AMF6 has the highest PCE due
to its lowest energy gap. Using the same computational method
MPW1PW91 and the 6-31G(d,p) basic set of DFT, we have
drawn the results of FMO and DOS.*®

3.3. Density of state (DOS) analysis

The DOS analysis for the R molecule and the newly designed
AMF1-AMF6 has been estimated, and it gives details on the
energy level increments per unit energy level (Fig. 5). At a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 HOMO-LUMO distribution behavior of R and the designed molecules (AMF1-AMF6).

particular energy level, the DOS mainly shows the amount of any quantity of energy when the state’s density is zero. Three
energy that is not being used for occupation. This is also used different color types are available in the DOS graphs that are
to look at how chemicals are distributed. There is no room for red, green, and black. In this graph, the green lines reflect the

© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.
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Fig. 4 HOMO-LUMO energies of R and AMF1-AMF6 calculated at the
MPW1PW91/6-31G(d,p) level.

Table 1 The Epomo. ELumo. and band gap energy (Ey) values of the
reference and designed molecules

Molecules Enomo (€V) Erumo (eV) E, (eV)
R —7.670 —6.209 1.461
AMF1 —7.539 —6.174 1.364
AMF2 —7.530 —6.175 1.355
AMF3 —7.543 —6.292 1.251
AMF4 —7.542 —6.237 1.304
AMF5 —7.408 —6.234 1.173
AMF6 —7.255 —6.240 1.015

Enomo (donor), whereas the red lines represent the Ejumo
(acceptor). In the DOS graphical representation, the distance
between the colored lines indicates the energy differential. The
functional level MPW1PW91/6-31G(d,p) was utilized to com-
pute the DOS plots for the reference R and acceptor compounds
(AMF1-AMF6). According to quantum physics, a molecule’s
DOS is a system of energy distribution between its energy
levels. Examining DOS revealed the function of FMO. Subse-
quent FMO and electron charge density supply calculations
revealed that the charge dispersion of electrons on molecular
orbitals (MOs) has been changed by acceptor parts with differ-
ent degrees of withdrawing groups.*” Crucially, the DOS occu-
pied MOs of all the newly formed compounds (AMF1-AMF6)
were found to be comparable, suggesting that occupied MOs
are spreading via the acceptor component of the molecule.*®
Moreover, the DOS plots show that the HOMOs originate in the
donor region of the molecules and exist throughout as the
behavior of the electron was analyzed as a result of excitations
at different energy levels. The DOS of unoccupied orbitals in
novel compounds (AMF1-AMF6) has been compared, and it has
been found that they all follow the same pattern. The DOS
graphs, which show the energy levels surrounding the donor
component, are shown in Fig. 5 where the green line on the
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graph indicates that the electrons occupy the energy levels
surrounded by the donor section, while the red line represents
the acceptor’s electron density. The amount of energy required
to activate the electrons is represented by DOS space between
the acceptor and donor.*® In all the newly formed molecules,
the smallest amount of energy is needed to raise the electrons
between the donor and acceptor sections.

3.4. Optical properties (UV-visible analysis)

Another important component in estimating the operational
efficiency of OSCs is a molecule’s optical characteristics.>*> At
the MPW1PW91/6-31G(d,p) level of computation, the optical
properties of the reference and new molecules (AMF1-AMF6) in
the solvent (DCM) phase were examined. Table 2 presents the
results of the measurement and analysis of various optical
properties in the solvent (dichloromethane) phase, including
oscillator strength, the excitation-energy (E,) of the newly
designed and R molecule, and the experimentally calculated
absorption maxima (Amax)- The redshift happens in the case of
designed molecules with an effective end-capped acceptor
group, which increases the light harvesting capability. The
conjugation plays a crucial part in the red-shifting (4max) value.
In the solvent (DCM), the A.x values of the reference (R) and
tailored molecules (AMF1, AMF2, AMF3, AMF4, AMF5, and
AMF6) are 708.31 nm, 714.99 nm, 732.07 nm, 805.92 nm,
796.83 nm, 715.68 nm and 689.22 nm respectively. As com-
pared to other developed and reference molecules, AMF6 dis-
played a bathochromic shift, with a maximum A, value
moving toward the red, and this is due to the end-capped
acceptor molecules.”®** All the maximum absorption (Amax)
values in the solvent (DCM) phase are listed in descending
order: AMF3 >AMF4 > AMF2 > AMF5 > AMF1 > R > AMF6.
Fig. 6 displays the UV-Vis absorption spectra in a solvent (DCM)
phase. The E,-values in the solvent phase of the reference (R)
and tailored molecules (AMF1-AMF6) are as follows: 1.7504 eV,
1.7341 eV, 1.6936 eV, 1.5384 eV, 1.5560 eV, 1.7324 eV and
1.7989 eV respectively. Based on these results, each designed
molecule exhibits performance comparable to the reference
compound. Furthermore, among the designed molecules AMF6
is a suitable molecule for better solar cell performance due to
least energy of excitation.

3.5. Natural bond order analysis

The D-A molecule’s charge carrier affinity has been measured
using the natural bond orbital (NBO)>® charge analysis. The
computed electronic charges (Q) carried by the molecules are
shown in Table 3. Differences in the electrical behavior of the
molecules have a major effect on their reactivity.>® Therefore,
the quantum mechanical reactivity descriptors,”” which com-
prise chemical potential (), softness (¢), and hardness (), have
been used to analyze the chemical reactivity of the compounds.
The results have been displayed in Table 3. Reactivity and n, or
resistance to deformation, are inversely correlated.® A molecu-
le’s chemical reactivity decreases as its hardness increases.”®®°
Compounds with a significant electron, such as R, AMF1, and
AMF2, have 5 values of 0.730, 0.682, and 0.677 €V, and for other

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 DOS plots of R and AMF1-AMF6 molecules computed at the MPW1PW91/6-31G(d,p) DFT level.

designed molecules (AMF3-AMF6), the values fall between that it is more chemically reactive than R and other designed
0.507 to 0.652. In contrast to other compounds, the AMF6 molecules. Both positive and negative NBO charge levels can be
molecule exhibits the lowest chemical potentials, suggesting maintained via the acceptor’s end caps. As a result, the

© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.
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Table 2 The absorption maxima (Amax), €xcitation energy (E,), oscillator strength (f,s) and molecular orbital (MO) assignments were analyzed to illustrate
the transition nature of the designed (AMF1-AMF6) and reference (R) molecules in the solvent (DCM) phase

Molecules Jmax. (nm) Jmax (nm) calculated E, (eV) Jos Major MO assignment

R 640 708.31 1.7504 3.5080 HOMO — LUMO (87.22%)
AMF1 714.99 1.7341 3.2242 HOMO — LUMO (86.97%)
AMF2 732.07 1.6936 3.1417 HOMO — LUMO (86.73%)
AMF3 805.92 1.5384 2.3616 HOMO — LUMO (85.04%)
AMF4 796.83 1.5560 1.7913 HOMO — LUMO (87.53%)
AMF5 715.68 1.7324 2.9979 HOMO — LUMO (90.80%)
AMF6 689.22 1.7989 2.9374 HOMO — LUMO (93.23%)

¢ Experimental value was taken from ref. 14.
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Fig. 6 UV absorption spectrum in the solvent (DCM) phase of R and the
designed molecules (AMF1-AMF6).

molecules’ electrical behavior and chemical reactivity are in
good agreement. Therefore, Table 3 also displayed the electro-
nic properties derived from NBO analysis for the R molecule
and its derivative molecules (AMF1-AMF6).

The properties, which include electron affinity (EA), ioniza-
tion potential (IP), and related indices, reveal details about the
electrical structure and reactivity of the molecules. Small varia-
tions in EA and IP indicate the differences in the electron-
donating and electron-withdrawing capabilities of the mole-
cules. Two essential parameters in electronic characteristics
that characterize the affinities of charge transfer are IP and
EA.®' High EA values have been seen in compounds composed
of electron-accepting molecules.®> AMF3 and AMF6, for

Table 3

instance, have the greatest EA value of any designed molecule.
This is because the AMF3 and AMF6 molecules stabilize the
HOMO concentrations and higher negative energies, which
facilitates electron transport, in contrast to other electron-
deficient molecules. R and the developed molecules have EA
values lower than the AMF3 and AMF6 molecules, ranging from
6.174 to 6.240 eV.** Similarly, electron addition has been made
easier in molecules with methyl ester end-capped acceptor
molecules due to the reduced computed ionization energy
and electron affinity. Recombination rates and mobility are
higher in AMF6 due to softness (o), which affects how well
charge carriers can separate and move. The ability of a mole-
cule to receive electrons is measured by its electrophilicity
().** In order to maximize charge transfer and reduce energy
losses, electrophilicity can be used to forecast when the energy
levels of D-A materials will align. AMF6 has the ability to
generate more photocurrent since it can absorb more photons
and accept more electrons. Band gap alignment, mobility of
charge carriers, and charge transport efficiency all are signifi-
cantly influenced by electronegativity (x).*> When combined,
these factors help to maximize PV cells’ performance, effi-
ciency, and design. Due to AMF6 having the lowest chemical
hardness (y = 0.507) and maximum EA, which indicates the
enhanced capacity to attract electrons, AMF6 stands out as a
highly active molecule among the series. The electrophilicity
index (w) and chemical softness (¢) further emphasize AMF6’s
unique electrical properties. With its high softness (1.968) and
electrophilicity index (w) value (1.015), AMF6’s high electro-
negativity (y = 6.747) and very negative chemical potential
(u = —6.747) are compatible. With these characteristics, AMF6
is the most electrophilic and electron-deficient molecule, which
makes it ideal for applications in organic electronics that
demand high electron-accepting capacity. These descriptors’

lonization potential (IP), electron affinity (EA), chemical hardness (1), chemical softness (g), chemical potential (u), electronegativity (y), and

electrophilicity index (w) of the designed (AMF1-AMF6) and reference (R) molecules

Chemical Chemical Chemical Electronegativity Electrophilicity
Molecules P EA hardness (1) softness (o) potential (1) 1= —n index (w)
R 7.670 6.209 0.730 1.368 —6.940 6.940 1.461
AMF1 7.539 6.174 0.682 1.465 —6.856 6.856 1.364
AMF2 7.530 6.175 0.677 1.475 —6.852 6.852 1.355
AMF3 7.543 6.292 0.625 1.598 —6.918 6.918 1.251
AMF4 7.542 6.237 0.652 1.532 —6.889 6.889 1.304
AMF5 7.408 6.234 0.586 1.704 —6.821 6.821 1.173
AMF6 7.255 6.240 0.507 1.968 —6.747 6.747 1.015
Mater. Adv. © 2025 The Author(s). Published by the Royal Society of Chemistry
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recurrent patterns show how substituent changes alter a mole-
cule’s electrical characteristics and reactivity.

3.6. Open circuit voltage (V,.) analysis

Voe (Open circuit voltage), which is crucial to comprehending
how OSCs work, is used to quantify the PCE of these devices. It
is the total current extracted from any given device. It is the
maximum voltage that can be extracted, particularly from solar
devices when they are in the null current state.®® Both (i)
photogenerated current and (ii) saturation voltage, which are
crucial in solar devices, are the two main current types that
influence V.. The V,. calculation pattern at the MPW1PW91/6-
31G(d,p) basis set for R and the AMF1-AMF6 molecules has
been displayed in Fig. 7. The V,. reading has been used to
gauge OSC performance evaluation. Outstanding new mole-
cules are typically created under the best conditions, which
have large V, values and a minimized HOMO-LUMO (E,) gap.
Here, the value of V,. has been determined using the Scharber
equation.®”

Voe = [EEOMO] - [E?IOMO] - 0.3 (2)

where Efomo is the HOMO energy of the donor, Efiomo is the
LUMO energy of the acceptor molecule and 0.3 eV accounts for
the empirical energy loss in eqn (2). Table 4 depicts the
computed values of V..

In this work, the donor polymer PBDB-T (LUMO = —3.44 eV,
HOMO = —5.33 €V)°® has been used as a standard to satisfy the
requirements of this eqn (3). The HOMO of the polymer has
been compared to the LUMO levels of the acceptor molecules
(R) and (AMF1-AMF6). Eqn (2)’s results have been depicted in
Fig. 7. The V,, values of the suggested molecules (AMF1-AMF6)
are 1.144, 1.145, 1.262, 1.207, 1.204, and 1.210 V, respectively,
while the reference (R) molecule has a V,. value of 1.179 V.
Ultimately, with a V,. value of 1.262 V, AMF3 had the highest
Voc Of all the compounds examined. This is because, in contrast
to other compounds under investigation, the AMF3 molecule’s
extended conjugation and effective end-capped group raise the
Voo value.®® Additionally, the typical polymer PBDB-T has a

Energy (eV)

View Article Online
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Table 4 Energy of the HOMO (donor), energy of the LUMO (acceptor)
and open circuit voltage (Vo) of R and all the proposed molecules

S. no. Efomo (eV) Eftomo (eV) Voc (V)
R —5.33 —6.209 1.179
AMFO01 —5.33 —6.174 1.144
AMFO02 —5.33 —6.175 1.145
AMF03 —5.33 —6.292 1.262
AMF04 —5.33 —6.237 1.207
AMFO05 —5.33 —6.234 1.204
AMF06 —5.33 —6.240 1.210

Table 5 Computed values of V., fill factor (FF), and FF % of all the studied
molecules

S. no. Voe (V) FF FF%
R 1.179 0.8967 89.67
AMF1 1.144 0.8943 89.43
AMF2 1.145 0.8944 89.44
AMF3 1.262 0.9021 90.20
AMF4 1.207 0.8986 89.86
AMF5 1.204 0.8984 89.84
AMF6 1.210 0.8988 89.88

higher HOMO level than the molecules R and AMF1-AMF6
under investigation, which leads to increased conduction
power between the donor-acceptor units. Altogether, the
designed AMF3 has the highest V. value. Because of its super-
ior photophysical, electrical, and photovoltaic properties, AMF3
can be considered for solar cell applications.

3.7. Fill factor (FF) and power conversion efficiency (PCE)

The FF is essential for evaluating the performance of OSCs. The
efficiency of converting light into unstable current is indicated
by the FF measurement. A higher FF results in a higher electric
output relative to the theoretical value. V,, FF, and short-circuit
current density ( Js.) in photovoltaics (solar cells) are the three
primary factors that a photovoltaic device employs to calculate
its output potential. In the current work, the FF has been

Fig. 7 Values of Vi for AMF1-AMF6 and R molecules with the standard PBDB-T donor.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 MEP plots of R and each of the customized (AMF1-AMF6) molecules.

calculated by using eqn (3).*°

v,
Z =—In <ZVT + 0.72>
Fill factor (FF) = =———p2=2 (3)
oc +1

kgT

The variables in eqn (3) are the temperature (7), which is
equal to 298 K, the elementary charge “e” which is equal to 1,
and the Boltzmann constant, kg, for which the experimental
value is 8.617 x 107> eV per kelvin. For AMF3, the calculated FF
is 0.9021. Because its V,. value is higher than those of the R
molecule and other created molecules, the AMF3 molecule has

Mater. Adv.

a higher FF than other designed and R molecules. Eqn (4) has
been used to find the PCE for each of the proposed compounds
(AMF1-AMF6).

Jse X FF x Vi

PCE =
P input

(4)

Pinpue provides the external light source power. The designed
molecules (AMF1, AMF2, AMF4, AMF5, and AMF6) and R
molecule have a lower PCE than the AMF3 molecule, according
to all theoretical calculations. Table 5 represents the computed
results for V., FF, and FF%.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Calculated results of E, of R and the designed compounds
(AMF1-AMF6)

Molecules Eu1 (eV) Eopt (V) Ep, (eV)
R (AMF) 1.461 1.750 —0.289
AMF1 1.364 1.734 —0.369
AMF2 1.355 1.693 —0.338
AMF3 1.251 1.538 —0.287
AMF4 1.304 1.556 —0.251
AMF5 1.173 1.732 —0.559
AMF6 1.0157493 1.7989 —0.773

3.8. MEP analysis

Molecular electrostatic potential (MEP) investigation provides
an important rationale for the presence of charge separation
and dynamic charging site fluctuations inside molecules.”
Since the combination of charging sites and charge positions
varies from molecule to molecule, each molecule has a unique
set of data that represents each charge site. The molecular
efficiency is significantly influenced by its constituent parts.”*
MEP analysis has been performed on R and the proposed
compounds (AMF1-AMF6). Fig. 8 displays the findings from
the MEP study. The molecule’s neutral region is represented by
the light green portion, its electropositive region by the blue
portion, and its negative portions by the red portion. According
to the MEP analysis, all the suggested molecules (AMF1-AMF6)
have shown the exact location of the charges. Compared to the
R molecule, the MEP study indicates that the suggested com-
pounds (AMF1-AMF6) have the potential to improve photo-
physical qualities.

3.9. Transition density matrix (TDM)

The main purpose of the TDM analysis is to measure the degree
of transition between NFAs and their original state. TDM
analysis has been used to examine and investigate the electron
transition process in OSCs. Three-dimensional maps known as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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TDMs are useful for identifying the donor and acceptor regions
of a molecule while it is in an excited state. Together with the R
molecule, TDM transitions were estimated and computed for
every molecule.”> The examination of the customized mole-
cules (AMF1-AMF6) with the reference one was calculated with
Multiwfn software, the MPW1PW91/6-31G(d,p) basis set, and n
states = 6. In Fig. 9, the 3D TDM spectrum of AFM6 has been
displayed. Other molecules have a similar TDM spectrum of
electronic transition from donor to acceptor. The low relevance
of hydrogen atoms means that they are not automatically
included in TDM displays. All the studied molecules are made
up of three parts: acceptor, donor, and acceptor (A-D-A). The
TDM is used to estimate electron excitation, the delocalization
and localization of electron and hole pairs, and the interaction
between the donor and acceptor sections of a molecule. As
shown in Fig. 9, the AMF 6 molecule has a high degree of
electron coherence on its acceptor side and a low degree on its
donor side. Another beneficial factor that is crucial for deter-
mining the materials’ working potential in a solar cell is
binding energy (Ey), which is a noteworthy and well established
fact.”> When assessing the electrical and optical characteristics
of OSCs as well as their exciting separation potential, the E},
remains a helpful factor.

3.10. Exciton binding energy (E;,) analysis

A further important factor in determining the operational
performance of PV materials is the computation of binding
energy (Ep). The current density ( /) of the materials used to
make devices was found to have an inverse connection with Ey,
that is, the greater the J,., the smaller the Ey,. Furthermore, by
facilitating a higher hole-electron overlaying phenomenon to
speed up the charge conversion process on the interface region,
the lower E}, also has a major impact. As a result, as indicated in
Table 6, the calculated Ey, and E,p, for the R and the proposed
series (AMF1-AMF6) have been presented.

Eb = EH—L - Eopt (5)

Specifically, eqn (5) has been employed, where Ej, is the exciton
binding energy, the energy required to separate an electron-hole
pair (exciton) into free charge carriers, which reflects how strongly
the electron and hole are bound together after photoexcitation.
Eyyy, is the electronic band gap obtained from ground-state DFT
calculations and E, is the optical band gap, the energy corres-
ponding to the first electronic excitation. In this way, the E}, for R
is —0.289 eV, but the Ej, for the newly constructed series (AMF1-
AMF6) are, in that order, —0.369, —0.338, —0.287, —0.251, —0.559,
and —0.773 eV, respectively, as depicted in Table 6 and Fig. 10.
A negative binding energy for solar cell materials means that a
stable configuration is produced by an energetically beneficial
interaction between components, such as a donor-acceptor pair
or molecule-adsorbent combination. This implies that the mole-
cules work well together to create a complex that facilitates charge
transfer mechanisms that are essential for the operation of the
device. Stronger contact and improved electronic coupling are
generally implied by larger magnitude (more negative) binding
energy. These factors improve charge transport efficiency and

Mater. Adv.
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Fig. 10 Comparison between E,, Eoy, and E4 of R and the designed molecules (AMF1-AMF6).

exciton dissociation, two processes that are critical to increasing
solar cell performance. An ideal equilibrium is necessary because
too strong binding impedes charge separation. So, the Ey, value of
AMF6 is significantly lower than that of R and other developed
materials. This appealing value of Ej,, as opposed to R, demon-
strated an effective design strategy for creating a robust PV
material with the required properties. Consequently, the molecule
under study with an Ej, value below R also shows more dissocia-
tion, which raises the density of charge. Additionally, all the
molecules (R and AMF1-AMF6) exhibit reduced E;, which
improves the efficiency of exciton dissociation in the excited state
by more successfully illuminating the charge separation. There-
fore, all developed compounds can be used as acceptor molecules
in solar cell applications because their E}, values are lower and
comparable to reference molecule values. By lowering the E,,
changing terminal end caps of acceptors can effectively modify PV
properties, according to the present discussion. The obtained
computational results provide useful insights for developing
high-performance Ph(T-IDIC), derivatives analogous to p-Cb(T-
IDIC),, featuring improved optoelectronic characteristics.

4. Conclusion

In conclusion, the application of quantum chemical modeling to
non-fullerene donor and acceptor systems has played a crucial role
in the rational design of high-performance OPVs and advanced
optoelectronic materials. Computational methods that can predict
energy levels and molecular interactions have made it possible to
create compounds with better light absorption and effective charge
transport properties. In this work, six non-fullerene small molecule
acceptors (NFSMAs) have been designated as AMF1-AMF6 by
altering the end cap of the acceptor unit of the Ph(T-IDIC),
molecule. Their electronic structures, geometries, and photophysi-
cal properties have been investigated using density functional
theory (DFT) and time-dependent DFT (TD-DFT) methods utilizing
the MPW1PW91/6-31G(d,p) basis set. Compared to the R molecu-
le’s band gap (E, = 1.461 V), AMF1-AMF6 exhibited narrower band

Mater. Adv.

gaps (1.015-1.364 eV) with red-shifted absorption spectra that
enhance their light-harvesting capabilities. These molecules
demonstrated excellent optoelectronic properties and high exciton
dissociation efficiency with AMF6 emerging as the most promising
candidate due to its low band gap (1.015 eV) and strong electron-
withdrawing characteristics. Furthermore, the designed molecule
(AMF3) exhibited a high open-circuit voltage (V. = 1.262 V) and
better MEP and TDM properties as compared to the R molecule,
highlighting its potential for OSC applications. These results
demonstrate the successful incorporation of end-capped electron-
accepting units into high-performance OSC designs and offer a
valuable approach for the design and optimization of future
photoactive materials.
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