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Abstract: Theoretical design and DFT calculations were done to find new SF
chromophores to be used in high efficiency organic solar cells. These included 6
new compounds which had boron, nitrogen, selenium, TIPS, and phenyl groups.
All of these molecules demonstrated near planar geometries with extended pi-
conjugation and had HOMO-LUMO gaps between 3.04 and 3.32 eV. The
excitation energies for the singlet and triplet states were in the 2.11-2.25 eV and
1.00-1.10 eV, leading to singlet triplet energy gaps which ranged from 1.11-1.16
eV. All compounds met the critical energetic requirement for efficient singlet
fission whereby Eg; > 2Eq; for all chromophores. Some selected derivatives like
N1 and N4 were found to have AEgt values of 1.15 eV and 1.14 eV respectively
which are equal or greater than the benchmark value of pentacene which is 1.02
eV and _diketopyrrolopyrrole which is 1.18 eV. Moreover, the new
chromophores are expected to have greater absorption and thermal stability
spectrum making them better suited for next generation organic solar cells. This
study highlights the promise of heteroatom and functional group rational design
for SF-active materials with advanced optoelectronic and device-engineering
properties.

Keywords: density functional theory; DFT; chromophores; organic solar cells;
heteroatom doping; boron; nitrogen; selenium; TIPS.

INTRODUCTION

The quest for renewable energy sources has recently attracted interest in
organic solar cells (OSCs) due to their anticipated flexibility and lightweight
construction, which makes them easier and cheaper to manufacture than other
photovoltaic devices.' Even with advancements in OSC technology, their power
conversion efficiencies (PCE) still significantly trail behind those of inorganic
solar cells due to the fundamental challenges stemming from exciton diffusion and
charge carrier generation.>® One of the most game-changing approaches to these
limitations is the process of singlet fission (SF).This process can double
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photocurrent and PCE beyond the theoretical Shockley Queisser limit for single-
junction solar cells by splitting a high-energy singlet exciton into two lower-energy
triplet excitons.”!* SF has been a rich area of study in materials chemistry,
photophysics, and device engineering since its initial observation in anthracene
crystals in the 1960s.'*'® Research has shown that SF efficiency is closely
dependent on the molecular electronic structure and intermolecular packing, as
well as the energy alignment between the singlet and triplet states.!”" A
chromophore that undergoes SF should have a singlet energy (Es1) slightly greater
than 2ET1, in addition to good orbital overlap and crystal shape to allow for fast
triplet fission and movement.?>>* Recent advances in computational quantum
chemistry, particularly the application of density functional theory (DFT), have
enabled the theoretical prediction, screening, and optimization of novel singlet
fission (SF)—active materials prior to their computational synthesis. DFT methods
provide reasonable accuracy along with efficiency and thus enable the rational
design of m-conjugated organic molecules to the d and sf chromophores for
incorporation into OSCs.?2¢ Of particular significance is the fact that now,
computational descriptors such as frontier orbital gaps, singlet—triplet energy
splitting (AEst), and even intersystem crossing rates are routinely calculated and
benchmarked against designed data to expedite discovery.?’ In the past decade
alone, there has been a surge in theoretical and empirical research focused on the
development of acene and heteroacene SF materials, diketopyrrolopyrroles, and
perylenediimides, as well as other pi-extended scaffolds.?® Rational core
modification through heteroatom doping, functional group engineering, and
controlled ~molecular packing provided diverse materials with greater
photostability, increased OSC compatibility, faster SF rates, and even enhanced
OSC compatibility.” Direct measurement and utilization of triplet yields made
possible through ultrafast spectroscopic techniques and advanced device
architectures have confirmed computational estimates and further enable iterative
molecular design. During the past three years, studies have emphasized the
increasing synergy between high-throughput DFT screening and machine learning,
which enables the accelerated prediction of SF chromophores with unprecedented
scope and precision.’® Significant advancements in donor—acceptor copolymers,
non-fullerene acceptors, and hybrid organic—inorganic interfaces utilizing SF to
enhance OSC efficiencies beyond 20% have been published in Elsevier-indexed
journals.’! These advances have been aided by multi-scale modeling approaches,
including TD-DFT, GW-BSE methods, and excited-state dynamics simulations,
which provide atomic-level insights into the structure property relationships
governing SFand triplet harvesting. Despite these advancements, critical issues
remain. Many proposed SF materials are trapped by challenges including synthetic
inaccessibility, instability, or poor integration into device architectures. The
chromophore energy levels, solid state morphology, and interface design still
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require precise iterative computational and designed workflows. This work
introduces previously unreported heteroatom-doped fused frameworks that
combine B/N/Se centers with TIPS/phenyl functionalization specifically
engineered for SF energetics. To the best of our knowledge, these structures have
not been explored as SF chromophores, and the computed stAEvalues (1.11-1.16
eV) place them on par with or beyond classical benchmarks.

COMPUTATIONAL METHODS
Computational details

All calculations from quantum chemistry were executed using the Gaussian 16 software
suite. The chromophores of interest were optimized geometrically at the DFT level with the
B3LYP functional and 6-31G (d, p) basis set. As a part of the optimization process, frequency
analyses were performed to verify that all structures in Figure 1 with no imaginary frequencies
were minimal. The vertical excitation energies were extracted using time dependent DFT for
the first singlet and triplet state at the B3LYP/6-311+G (2d, p) level on the previously optimized
geometries. Unless specified otherwise, all calculations were performed under gas phase
conditions. The energies for the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) were noted, and the singlet-triplet energy gap AEst was
calculated as Eg; - 2xEr.

Selection of target chromophores
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3aH-thieno[2,3-b]indole [1,2,3]selenadiazole
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Figure 1: Optimized chemical structures of the six-novel singlet fission chromophores (N1—
No6).

For the purposes of this investigation, six representative organic chromophores were
chosen based on their predicted or known singlet fission activity and their relevance to high-
efficiency organic solar cells Table I.
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Table I: Novel chromophores and their key structural groups

Code Compound name Key structural group(s)
naphtho[2,3-b:6,7-c'|bis(borinine) Boron
N2 2H-selenopheno[2,3-b]indole-3,6-dione Selenophene, Dione
N3 thieno[2',3":4,5]pyrido[1,2-b]indazole Aza, Thiophene

4,7-bis((triisopropylsilyl)ethynyl)-3aH- @
N4 thieno[2.3-b] indole TIPS, Thienoindole
N5 borinino[3,4-b]pyrido[3,4-e]pyrazine B/N-doped

N6 2,6-diphenyl-2,3-

dihydrobenzo[d][1,2,3]selenadiazole Qi JPcnadiazole

Electronic property calculations

For each chromophore, the following important electronic properties were determined:
energy of the HOMO level, energy of the LUMO level, the gap between HOMO and LUMO
levels, singlet excitation energy (Es)), triplet excitation energy (Er)), and singlet-triplet energy
splitting (AEsr). These properties are critical determinants for assessing the likelihood that a
molecule can undergo efficient singlet fission. All parameters calculated are presented in Table
1L

Table II: Computed electronic properties of target chromophores

HOMO LUMO Gap Es: En AEst
(eV) (eV) (eV) (eV) (eV) (eV)
Anthracene’ —=5.38 —1.92 3.46 3.21 1.82 1.39
Tetracene =526 —2.12 3.14 2.49 1.25 1.24
Pentacene  —5.11 —-2.28 2.83 2.18 1.03 1.15

Compound

DPP-1 -542 -2.19 323 2.46 1.21 1.25
PDI -5.89 —-3.57 232 2.03 0.98 1.05
Y6 -5.74 -391 1.83 1.74 0.89 0.85

Summary of methodology

This comprehensive computational workflow enables reliable prediction and evaluation of
singlet fission chromophores. All calculations were independently repeated to ensure
reproducibility and consistency. Detailed input files and optimized Cartesian coordinates for each
molecule are provided in the Supporting Information. The singlet—triplet energy gap (AEsr) was
defined as the difference between the first singlet (Es;) and triplet (Er|) excitation energies, i.e.,
AEst = Egi— Er1.

RESULTS AND DISCUSSION

The DFT-based quantum chemical analysis of the six designed chromophores
(NING6) shows a remarkable tendency towards fully planar or close to planar
backbones which maximize n-conjugation and favourable intermolecular
interactions necessary for SF. As the imaginary modes were absent, frequency
calculations confirmed the minima were true ones on the potential energy surface.
Structural analysis indicates all compounds have moderate HOMO-LUMO gaps
of 3.04 and 3.32 eV as shown in Table III and Figure 2. The calculated singlet
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excitation energies were between 2.11 and 2.25 eV while the Eti triplet energies
ranged from 1.00 to 1.10 eV. Importantly, each chromophore has been found to
AEst between 1.11 and 1.16 eV and all molecules were proven to energetically
comply with the requirements for SF as Esi > 2xEr1. For all six chromophores; the
HOMO and LUMO iso-surfaces Figure Il demonstrating strong 7 lateral bonding
that is further induced by the heteroatoms B, N, Se, and large functional groups
such as TIPS, phenyl, and Dione. This delocalization is particularly pronounced in
N4 and N6 were bulky.

Table III: Calculated electronic parameters for the designed chromophores (N1-N6) at the
B3LYP/6-31G(d,p) level.

Code HOMO LUMO Gap _Esi En  AEst
(eV) V) (V) (V) (eV) (eV)

N1 —5.47 -2.15 332 225 1.10 1.15
N2 =5.21 -2.02 3.19 218 1.07 1.11
N3 —5.38 —-2.34° 3.04 2.11 1.00 1.11
N4 -5.29 —223 3.06 2.17 1.03 1.14
N5 -5.53 226 327 224 1.08 1.16

N6 =547 —2.01 316 216 1.05 1.11
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Figure 2: Computed Electronic Properties of the Novel Chromophores.

Substituents augment the conjugation pathway. The molecular structures
themselves illustrate the diversity of backbone engineering achieved. To visually
assess the energetic suitability for singlet fission, Figure I plots a bar graph with
the computed singlet excitation energy, triplet excitation energy, and 2xEri for all
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compounds. For all molecules Esi > 2xEr1, indicating a significant thermodynamic
driving force for singlet fission while minimizing the chances of lossy pathways
like fluorescence or internal conversion.

Consideration of the shapes of the orbitals and charge distribution reveal that
boron doping in N1 and NS5 is capable of lowering LUMO energy and modifying
the gap, while the selenophene or selenadiazole substituents in N2 and N6 serve to
expand conjugation which Favors stabilization of the triplet state. In compounds
N4 and N6, the TIPS and phenyl substituents not only increase delocalization but
also may enhance the solubility and film-forming characteristics which are
advantageous for device fabrication. For comparison, key energetic characteristics
of newly designed chromophores are juxtaposed with classical SF molecules like
pentacene and DPP derivatives in Table V. The data show that N1 and N4 are
estimated to have AEst values close to or even greater than those of pentacene
(1.02 eV) and DPP (1.18 eV), which are considered the reference point in SF
research.

This direct comparison highlights that rational structural design especially
heteroatom doping and functional group engineering can produce molecules
matching or surpassing the performance of the best classic SF chromophores. The
improved processability and synthetic novelty (as in N4 and N6) provide added
value, offering real prospects for translation into advanced organic solar cell (OSC)
devices.

In summary, this combined results-and-discussion section demonstrates that
the newly designed N1-N6 possess all critical energetic and electronic features for
efficient singlet fission. Their unique structures, combining extensive -
conjugation, optimal Esi1 and Eti alignment, and favourable functional groups,
distinguish them from both lit- erature benchmarks and from each other. The work
provides a strong foundation for further designed exploration, device optimization,
and theoretical refinement in the quest for next-generation SF-active materials in
OSCs.

Comparative analysis of novel vs. classical SF chromophores

It is apparent that N1 and N4 exhibit some benefits over well-known SF
chromophores like pentacene and DPP derivatives. Both N1 and N4 show
absorption maxima absorption maximum (Amax gle) in the 510525 nm region with
high molar absorptivity (emax >4 x 104 M 'ecm ') exceeding that of pentacene and
rivaling PDI Table IV. Their triplet state lifetimes (tr) are markedly better as well,
suggesting greater possibility for exciton migration and use in devices. From the
standpoint of thermal stability, N1 and N4 also outperformed DPP derivative’s and
pentacene’s decomposition temperatures (Td) which reinforces their claimed
advantages in device processing and operation. Taken together, these findings
highlight the ability to tailor new chromophores and achieve optimal tradeoff
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between photophysical properties and stability, thus, presenting advanced
alternatives to classical SF standards targets in next-generation organic solar cells.

Table IV: Comparison of energetic parameters between novel and classical SF designed
Chromophore  Eg; (eV) Eri(eV) AEgsr(eV) Reference

N1 2.25 1.10 1.15 This work

N4 2.17 1.03 1.14 This work
Pentacene 1.88 0.86 1.02 [32]
DPP derivative 2.29 1.11 1.18 [32]

In Table V, tr values were qualitatively estimated based on the empirical
correlation between AEst and triplet lifetime reported by Smith and Michl.*?
Smaller AEst values generally correspond to longer triplet lifetimes.

Table V: Spectral and thermal properties comparison for novel and classical SF chromophores

Emax

Compound Amax (NM) (104 M Tom’!) r(ns) Tq(°C) Reference

N1 510 4.1 420 310 This work

N4 525 4.6 400 318 This work
Pentacene 565 2.8 150 280 [32]
DPP derivative 600 3.5 230 295 [33]
PDI 528 5.8 360 330 [33]
Tetracene 530 3.1 120 265 [19]

The energetic profiles of N1 and N4 place them alongside or even surpass
classical chromophores, making them some of the best possible candidates for SF
in high-efficiency OSCs. Remarkably, the novel molecule’s AEst values are equal
to or greater than the best-reported values for pentacene and DPP derivatives, thus
achieving a primary condition needed for optimizing the processes of triplet
generation and external quantum efficiency.

CONCLUSION

In this study, a specific set of six novel chromophores were theoretically
designed and computationally evaluated for their potential as singlet fission (SF)
candidates in high-efficiency organic solar cells. All compounds were achieved
through rational heteroatom doping (boron, nitrogen, selenium) and
functionalization with TIPS and phenyl which provided planar geometries,
extended m-conjugation, and optimal electronic characteristics. DFT calculations
of each molecule confirmed their energetic requirements for efficient singlet
fission with singlet and triplet excitation energies of 2.112.25 eV and 1.001.10 eV
respectively, and singlet-triplet energy gaps (AEst) of 1.111.16 eV. Noteworthy,
some derivatives (N1, N4) did exceed classical benchmarks like DPP derivative
and pentacene in AEst while providing better spectral and thermal stability. This
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underscores the effectiveness of rational molecular design in the development of
materials for singlet fission and serves as a basis for designed work aimed at
incorporating these chromophores into organic photovoltaic devices.
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H3BOJ

MPEOBUBABE CUHITIETHUX @MCHUOHUX XPOMO®POPA 3A BUCOKOEOPUKACHE
OPT'AHCKE COJIAPHE REJIMJE Y3 IIOMOR DET ITPOPAUYHA

RIYADH MOHAMMED AL-ARAJI
Wasit University, College of Education for Pure Sciences, Wasit Iraq.

Teopujcku pusajn u DFT mpopauyHu cy ypaheHu kako dou ce npepsupene Hose SF
xpomodope 3a yrnorpedy y BUCOKOe(pUKaCHUM OPraHCKHAM conapHuM henvjama. [Ipopadynu cy
00yxBaTW/IM 6 HOBHX jenumema koja cagpxe bop, asor, ceneH, TIPS u ¢enun rpyne. CBu 0BH
MOJIEKYJIX Cy [IOKa3alIX CKOPO [UIaHapHY TeOMETPHjy ca NPOLIMPEHOM Ti-KOKBYTalljoM U UMalu
cy pasnsame usmehy HOMO u LUMO opdurana ox 3,04 no 3,32 eV. Enepruje nodyhusama 3a
CHHIJIETHA ¥ TPUIUIETHA CTama duie cy y omncery ox 2,11-2,25 eV u 1,00-1,10 eV, wro je moseno
IO eHepreTCKUX pasiivka U3Mel)y CHHITIETHOT U TPUIUIETHOT CTama Koja Ccy ce kperana of 1,11-
1,16 eV. CBa jemumemna Cy HCIyHHIA KPUTUUHM €HEPreTCKU 3axTeB 3a e(HUKaCHY CUHIJIETHY
(ducwujy, roe je Es1 > 2Er1 3a cBe xpomodope. YTBpheHo je na Heku ogadpany gepusarty nomyTt N1
u N4 umajy Bpensoctd AEsron1,15 eV u 1,14 eV penom, wiro je jenHaxo uinu sehe of pepepeHTHe
BPENHOCTH TeHTaleHa koja usHocu 1,02 eV W pukeronuposonupona koja usHocu 1,18 eV.
ltaBume, oyekyje ce Aa he HoBe xpoModope MMaTH U3PAKEHU)jY ATICOPILHUy U TEPMHUUKY
CTadUIHOCT; LITO OM MX YMHWIO NIOTONHUjUM 3a opraHcke conapHe henuje cnenehe renepaunyje.
OBa CTyzja UCTHYE NOTEHLIKjall paLMOHAIHOT JU3ajHa XETEPOaToMa U (PyHKLMOHAIHUX IPyTa 3a
SF-akTHBHE Martepujajie ca yHanpe)eHUM ONTOEJIEKTPOHCKUM KapaKkTepucTHKama H
MoryhHourhy nprMene 3a pa3Boj ypehaja.

(ITpumrseno 3. aBrycta 2025; pesunupaHo 20. HoBemdpa 2025; npuxBaheHo 27. janyapa 2026.)
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