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Abstract: Theoretical design and DFT calculations were performed to find new
SF chromophores to be used in high efficiency organic solar cells. These included
6 new compounds containing boron, nitrogen, selenium,) TIPS, and phenyl
groups. All of these molecules demonstrated near<planar geemetries with extended
n-conjugation and had HOMO-LUMO gaps between 3.04 and 3.32 eV. The exc-
itation energies for the singlet and triplet states were in the ranges of 2.11-2.25 eV
and 1.00-1.10 eV, leading to singlet-triplet energy gaps ranging from 1.11-1.16
eV. All compounds met the critical energetiestequirement for efficient singlet
fission whereby Eg; > 2Er for all/chromeéphores. Some selected derivatives,
such as N1 and N4 were found,te have/AEgr values of 1.15 eV and 1.14 eV
respectively which are equal to orgreater than the benchmark value of pentacene
which is 1.02 eV and diketepyrrolopyrrole which is 1.18 eV. Moreover, the new
chromophores are expected torhave greater absorption and thermal stability
spectrum making them bettersuited for next-generation organic solar cells. This
study highlights the:ptomise of rational heteroatom and functional group design
for SF-active materials with advanced optoelectronic and device-engineering
properties.

Keywords:idensity functional theory; DFT; chromophores; organic solar cells;
hetereatom 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 con-
struction, which makes them easier and cheaper to manufacture than other photo-
voltaic 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 associated with exciton diffusion and
charge carrier generation.>-8 One of the most game-changing approaches to these
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limitations is the process of singlet fission (SF). This process can double photocur-
rent 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.?~13 SF has been a rich area of study in materials chemistry, photo-physics,
and device engineering since its initial observation in anthracene crystals in the
1960s.14-16 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.!7-19 A chromophore that under-
goes SF should have a singlet energy (Eg) slightly greater than 2Eg1, in addition
to good orbital overlap and crystal shape to allow for fast triplet fission and
movement.20-24 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 mater-
ials prior to their computational synthesis. DFT methods provide reasonable
accuracy along with efficiency and thus enable the rational,désign of m-conjugated
organic molecules to the d and SF chromophores*for incorporation into OSCs.25-26
Of particular significance is the fact that now, Computational descriptors such as
frontier orbital gaps, singlet—triplet energy splitting’(AEgT), and even intersystem
crossing rates are routinely calculated and bénchmarked against designed data to
expedite discovery.2” In the past decadealone, there has been a surge in theoretical
and empirical research focused on_theidevelopment of acene and heteroacene SF
materials, diketopyrrolopyrroles,and’perylenediimides, as well as other n-extended
scaffolds.28 Rational core modificatiofi through heteroatom doping, functional group
engineering, and controlled molecular packing has provided diverse materials with
greater photostability, increased OSC compatibility, faster SF rates, and even
enhanced OSC compatibility.2? Direct measurement and utilization of triplet
yields made possible by ultrafast spectroscopic techniques and advanced device
architecturesthave confirmed computational estimates and further enabled iterative
moleculandesign. During the past three years, studies have emphasized the increas-
ing synergy between high-throughput DFT screening and machine learning, which
has enabled the accelerated prediction of SF chromophores with unprecedented
scope and precision.30 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.3! These advances have been aided by multiscale modeling approaches,
including TD-DFT, GW-BSE methods and excited-state dynamics simulations,
which provide atomic-level insights into the structure-property relationships
governing SF and triplet harvesting. Despite these advancements, critical issues
remain. Many proposed SF materials are hindered 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 design workflows. This work introd-
uces 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 AEgT values (1.11-1.16 e¢V) place them
on par with or beyond classical benchmarks.

COMPUTATIONAL METHODS
Computational details

All quantum chemistry calculations were executed using the Gaussian 16 _software suite.
The chromophores of interest were geometrically optimized at the DFT level with the B3LYP
functional and the 6-31G (d, p) basis set. As part of the optimization process§ frequency analyses
were performed to verify that all structures in Fig. 1 had no imaginary frequencies and corres-
ponded to true minima. The vertical excitation energies were extracted using time-dependent
DFT for the first singlet and triplet states at the B3LYP/6-311+G (2d, p) Tevel on the previously
optimized geometries. Unless specified otherwise, all calculationSywere performed under gas-
phase conditions. The energies for the highest occupied.molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) were determined, and the singlet-triplet energy gap AEgr
was calculated as Eqj - 2XEr.

Selection of target chromophores

N
N—Se N-
B © — 280 N
l\ N //S
B~ % fe}

naphtho[2,3-b:6,7-c']bis(borinine) ~ 2/{-selenopheno[2,3-b]indole-3,6-dione  thieno[2',3":4,5]pyrido[1,2-b]indazole
N1 N2 N3

hd N O Se
PSS Y
B AN, A N
PN . N
4,7-bis((triisopropylsilyethynyl)-  borinino[3.4-b]pyrido[3.4-e]pyrazine - 2.6-diphenyl-2.3-dihydrobenzo]d]
3af-thieno[2,3-b]indole [1.2,3]selenadiazole

N4 N5 N6
Fig. 1: Optimized chemical structures of the six-novel singlet fission chromophores (N1-N6).

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).

Electronic property calculations

For each chromophore, the following important electronic properties were determined: the
energy of the HOMO level, the energy of the LUMO level, the gap between the HOMO and
LUMO levels, singlet excitation energy (Eg;), triplet excitation energy (E;), and singlet-triplet
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4 AL-ARAJI

energy splitting (AEgr). These properties are critical determinants for assessing the likelihood
that a molecule can undergo efficient singlet fission. All parameters calculated are presented in
Table II.

TABLE I. Novel chromophores and their key structural groups

Code Compound name Key structural group(s)
N1 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

N4 4,7-bis((triisopropylsilyl)ethynyl)-3aH-thieno[2,3-b]indole TIPSy 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 phenylyselenadiazole

TABLE II. Computed electronic properties of target chromophores

HOMO LUMO Gap E51 ETI AEST
Compound (V) @) @EVINN @) @V
Anthracene —5.38 -1.92 3.46 3.21 1.82 1.39
Tetracene -5.26 -2.12 3.14 2.49 1.25 1.24
Pentacene =5.11 -2.28 2.83 2.18 1.03 1.15
DPP-1 -5.42 -2.19 3.23 2.46 1.21 1.25
PDI —5.89 —357 2.32 2.03 0.98 1.05
Y6 —5.74 =391 1.83 1.74 0.89 0.85
Summary of methodology

This comprehensive computatighaléworkflow enables reliable prediction and evaluation of
singlet fission chromophores. All ealeulations were independently repeated to ensure reproduc-
ibility and consistency. Detailedyinput files and optimized Cartesian coordinates for each
molecule are provided in the/Supporting Information. The singlet—triplet energy gap (AEgt) was
defined as the differencedetween'the first singlet (Eg;) and triplet (Et;) excitation energies, i.e.,
AEgr = Eg; — Er.

RESULTS AND DISCUSSION

The DET-based quantum chemical analysis of the six designed chromophores
(N1N6) showssa remarkable tendency towards fully planar or close to planar back-
bones which maximize m-conjugation and favorable intermolecular interactions
necessary for SF. As the imaginary modes were absent, frequency calculations
confirmed that the structures correspond to true minima on the potential energy
surface. Structural analysis indicates that all compounds have moderate HOMO-
LUMO gaps between 3.04 and 3.32 eV as shown in Table III and Fig. 2. The
calculated singlet excitation energies ranged between 2.11 and 2.25 eV, while the
ET triplet energies ranged from 1.00 to 1.10 eV. Importantly, each chromophore
exibited AEgT values between 1.11 and 1.16 eV, and all molecules were proven to
energetically comply with the requirements for SF, namely that Eq; > 2xET;. For
all six chromophores, the HOMO and LUMO iso-surfaces are shown Fig. 2,
demonstrating strong 7 lateral bonding that is further induced by the heteroatoms



128
129

130
131

132
133

134
135
136
137
138
139
140
141
142
143
144
145
146
147
148

Please send back corrections within 48 hours!

DFT PREDICTION FOR ORGANIC SOLAR CELLSS 5

B, N, Se, and large functional groups such as TIPS, phenyl, and dione. This deloc-
alization is particularly pronounced in N4 and N6, which 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 ETI AEST
(V) (V) (V) (V) (V) (eV)
N1 —5.47 2.15 3.32 2.25 1.10 1.15
N2 —5.21 —2.02 3.19 2.18 1.07 1.11
N3 —5.38 —2.34 3.04 2.11 1.00 1.11
N4 —5.29 —2.23 3.06 2.17 1.03 1.14
N5 —5.53 —2.26 3.27 2.24 1:08 1.16
N6 —5.17 —2.01 3.16 2.16 1205 1.11
in Grouped Bar Chart of Electronic and Excited State Properties
2 o g, o st

Energy (eV)
R
=

N1 N2 N3 Na N5 NG
Compound Code

Fig. 2: Computed Electronic Properties of the Novel Chromophores.

Substituentsg/augment the conjugation pathway. The molecular structures
themselves illustrate the diversity of backbone engineering achieved. To visually
assess thetenergetic suitability for singlet fission, Fig. 2 plots a bar graph with the
computed singlet excitation energy, triplet excitation energy, and 2xEt; for all
compounds. For all molecules Eg; > 2xET1, indicating a significant thermodynamic
driving force for singlet fission while minimizing the chances of loss pathways like
fluorescence or internal conversion.

Consideration of the shapes of the orbitals and the charge distribution reveals
that boron doping in N1 and N5 is capable of lowering LUMO energy and modif-
ying the gap, while the selenophene or selenadiazole substituents in N2 and N6
serve to expand conjugation which favors stabilization of the triplet state. In com-
pounds N4 and N6, the TIPS and phenyl substituents not only increase delocaliz-
ation but may also enhance solubility and film-forming properties, which are
advantageous for device fabrication. For comparison, key energetic characteristics
of the newly designed chromophores are juxtaposed with classical SF molecules
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6 AL-ARAIJI

like pentacene and DPP derivatives, as shown in Table V. The data show that N1
and N4 are estimated to have AEgt values close to or even greater than those of
pentacene (1.02 eV) and DPP derivatives (1.18 eV), which are considered as the
reference point in SF research.

This direct comparison highlights that rational structural design, especially
heteroatom doping and functional group engineering, can produce molecules that
match or surpass the performance of the best classic SF chromophores. The improved
processability and synthetic novelty (particulary 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 dem@nstrates that
the newly designed N1-N6 chromophores possess all the critical*energetic and
electronic features for efficient singlet fission. Their unique structures, combining
extensive m-conjugation, optimal Eg; and Et; alignment, and favorable functional
groups, distinguish them from both literature benchmarks and from each other. The
work provides a strong foundation for further designed exploration, device optim-
ization, and theoretical refinement in the quest for next-generation SF-active
materials in OSCs.

Comparative analysis of novel vs. classical(SE chromophores

It is apparent that N1 and N4 exhibit several advantages over well-known SF
chromophores like pentacene and DPP! derivatives. Both N1 and N4 show
absorption maxima (Apax) in the §10-525 nm region with high molar absorptivity
(Emax > 4 x 104 M~lem™1), exceeding that of pentacene and rivaling that of PDI
(Table IV). Their triplet state lifetimes (t1) are markedly better as well, suggesting
a greater possibility for ¢xciton migration and device utilization. From the stand-
point of thermal stabilitys.N1 and N4 also outperformed DPP derivatives’ and
pentacene’s decompesition temperatures (Tgq) which reinforces their claimed
advantages in device,processing and operation. Taken together, these findings
highlight,the ability to tailor new chromophores and achieve optimal trade-off
between phetophysical properties and stability, thus presenting advanced alter-
natives to classical SF standard targets in next-generation organic solar cells.

TABLE IV. Comparison of energetic parameters between novel and classical SF chromophores

Chromophore Eg; (eV) Eti (eV) AEgt (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, 11 values were qualitatively estimated based on the empirical
correlation between AEgr and triplet lifetime reported by Smith and Michl.32
Smaller AEgT values generally correspond to longer triplet lifetimes.
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TABLE V. Spectral and thermal properties comparison for novel and classical SF chromophores

Compound Amax (M) (10¢ l\‘g/[nixcmfl) p(ns) T4 (°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 ¢andidates for SF
in high-efficiency OSCs. Remarkably, the novel molecules’ AEgg values are equal
to or greater than the best-reported values for pentacene and DPP. derivatives, thus
achieving a primary condition needed for optimizing triplet generation and external
quantum efficiency.

CONCLUSION

In this study, a specific set of six novel chtomophores was theoretically desig-
ned and computationally evaluated for their potential as singlet fission (SF) candid-
ates in high-efficiency organic solar cells.*All compounds were obtained through
rational heteroatom doping (boron, nitrogen and selenium) and functionalization
with TIPS and phenyl groups, which provided planar geometries, extended n-con-
jugation, and optimal electroni¢ characteristics. DFT calculations of each molecule
confirmed their energetic requirements for efficient singlet fission with singlet and
triplet excitation energiés of 2.11-2.25 eV and 1.00-1.10 eV respectively and
singlet-triplet energy£aps¥AEgt) of 1.11-1.16 eV. Noteworthy, some derivatives
(N1, N4) exceededsclassical benchmarks such as DPP derivatives and pentacene in
AEgT while also‘providing better spectral and thermal stability. This underscores the
effectiveness of tational molecular design in the development of materials for singlet
fission and it,can serve as a basis for designed work aimed at incorporating these
chromophores into organic photovoltaic devices.
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acknowledge the Pure science faculty for via the National Computer Centre in waist, university for
generous allotment of computer time



209

210
211

212
213

214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229

230

231

232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252

Please send back corrections within 48 hours!

8 AL-ARAIJI

1e*10Q
—°EP*1 | —“EO61RIBEOR1G E1611R10G 0%t 1E1°0— 2 216111CGE11—-6RE
19 ROIEO—°RE«EBLIE O -1 L« DFT -°1°—=6R—

RIYADH MOHAMM ED AL-ARAJIL
V ‘e T mhudgrtss BrikdfdneEct b drm eng Ot d Rbwhodre+V ‘s Ig'p

0p¢s| Rp| 1i!®A | DFT AOCSAUA| AU U&%BA| byp¢ O] Ab fisbia]iEAD ACED RF
S5CY CE ¢8D %% URCpsB0U U G| AChCRE | A |7 Co8Alp|y ACRMSA|Y »BA| Yy %. - SCSHMNUA |
AU cOUSG4| A] 6 ACG]S Bil” B BbCHA415T DOCHHLCADADA+TIOR | EPA | A &30fiD. 64| ¢dl
v CADPUA | ADACHAYA | ApCoC AVAXSAT &Cy Bud | TA4TSCT | SPACY mpC” Ued | 0y | |74 |
&G4 D |%D>UHOM O | LTM O (80| 124% C1 3404 1¢ 332 dv .GAPAE| BACOU> | (4" % %
AlA&Epuhy | 1o | HEDUAY Aisr % O Ep AT U ¢RiApaD 1 241-225 &V | 1400-180 dV+0 ¢
iCGRAC 1¢ pAPdERUAb | § 51K | by | & D> U Al AGRPUACE | 1 | ADUACE Mg Y BAD 2D bobadiig
¢i141-146 dv. &6G% bil“ D" % A0 | AAUA | Ay bo | u|NA| pAPAEDAD|=S&1DE @4 BE | piAAT
AlASDUAT E |A] 0+ 6D D Ery > 2BEn ®% AfD S50 CE COD. d1id>PAC D iy Abp| CiO0WA |
iPd | @4n) fACADUN1 | N4 | 9% 0 G3PIACAN] AErr C1 145 dV | 1414 dV 8PICY +0 ¢ D DiAYpC
|A| GB»D G1 BPE DAPAVAD GAPIACAN! APAIRSPAYK PCY | CAGA| 1402:aV) 1| pPuGH | OCAGH | 8GR
pCY |CAGA| 148 av. E 1341 Ub+ CRPPUD 2 1% »b ACED SOCYCECAD |yl %A pAl D
wiAConio | 0 | vpoy | NpU Asd| AACAR T O] |S N|A [AC NCECTA| |y %% 84D ACRYBAD
»BA| DAADID>D EARNYS | D, i ADT | Y% | An| NDACUDAS| YA S | CAYAACET | ®4 A% SPUBOCACY %
| EUAPS | CAYAA | § &30y ®% RFYop| GAD 400 L WAD R A40D-PA |y CRinCEADoSCARD | ¢

ovdvoubd | Aul by % | ¢ Ca0»ACT »U fid | v BAD @43%S6C TSD> 4 %4,
3y, PAG 3. 406 48PA! 1 | SAC 20 . ACTDY 0% 2025+18 | St DAG 27 . TATASY 2026)

REFERENCES

1. C-H. Tsai, C-M. Lin, C-H. Kueéi, Coatings 10 (2020) 237
(https://doi.org/10.3390/coatings 10030237)

2. C.Lee, S. Lee, G-U. Kim, W.Tee, B. J.Kim, Chem. Rev. 119 (2019),8028
(https://doi.org/10.1021 facs.chemrev.9b00044)

3. G. Wang, F.S. Melkonyan, A. Facchetti, T. J. Marks, Ang. Chem. Int. Ed. 58 (2019) 4129
(https://doi.org/10:10027anie.201808976)

4. L. Gugulothy K:Singh, V. S. Reddy Channu, K. Kumari, Appl. Surf. Sci. 540 (2021)
148266,(https:#/doi.org/10.1016/j.apsusc.2020.148266)

5. C.J. Brabec, V. Dyakonov, J. Parisi, N.S. Sariciftci. Organic Photovoltaics, Concepts
and Realization, Springer Berlin, Heidelberg, 2003 (https://doi.org/10.1007/978-3-662-
05187-0)

6. A. Armin, W. Li, O. J. Sandberg, Z. Xiao, L. Ding, J. Nelson, D. Neher, K. Vandewal, S.
Shoaee, T. Wang, H. Ade, T.Heumiiller, C. Brabec P. Meredit, Adv. Energy Mat. 11
(2021) 2003570 (https://doi.org/10.1002/aenm.202003570)

7. R.Xu, Y. Jiang, F. Liu, G. Ran, K. Liu, W. Zhang, X. Zhu, Adv. Mat. 36 (2024) 2312101
(https://doi.org/10.1002/adma.202312101)

8. Z.Xu, X. Cao, Z. Yao, W. Zhao, W. Shi, X. Bi, Yu Li, Y.O. Guo, G. Li, G. Long, X.
Wan, C. Li, Y. Chen. Ang. Chem. Int. Ed. 64 (2025) 202421289
(https://doi.org/10.1002/anie.202421289)

9. A.J. Baldacchino, M. I. Collins, M. P. Nielsen, T. W. Schmidt, D. R. McCamey, M. J. Y.
Tayebjee, Chem. Phys. Rev. 3 (2022) 021304 (https://doi.org/10.1063/5.0080250)



253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297

10.

11.

12.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Please send back corrections within 48 hours!

DFT PREDICTION FOR ORGANIC SOLAR CELLSS 9

D. N. Congreve, J. Lee, N. J. Thompson, E. Hontz, S. R. Yost, P. D. Reusswig, M. E.
Bahlke, S. Reineke, T. V. Voorhis, M. A. Baldo. Science 340 (2013) 334
(https://doi.org/10.1126/science.1232994)

T. Ullrich, D. Munz, D. M. Guldi, Chem. Soc. Rev. 50 (2021) 3485-3518
(https://doi.org/10.1039/DOCS01433H)

A. Rao, R.H. Friend, Nature Rev. Mat. 2 (2017) 17063
(https://doi.org/10.1038/natrevmats.2017.63)

. G. B. Piland, C. J. Bardeen, J. Physi. Chem. Lett. 6 (2015) 1841

(https://doi.org/10.1021/acs.jpclett.5b00569)

. X. Wang, S. Gao, Y. Luo, X. Liu, R. TomKaiji, Z. V. Chang, N. Marom, J. Phys. Chem.

C 128 (2024) 7841 (https://doi.org/10.1021/acs.jpcc.4c01340)

. A.J. Musser, J. Clark. Ann. Rev. Phys. Chem. 70 (2019) 323

(https://doi.org/10.1146/annurev-physchem-042018-052435)

. E. Kumarasamy, S. N. Sanders, M. J. Y. Tayebjee, A. Asadpoordatrvish,F"J. H. Hele, E.

G. Fuemmeler, A. B. Pun, L. M. Yablon, J. Z. Low, D. W. Paley,J. C. Dean, B. Choi, G.
D. Scholes, M. L. Steigerwald, N. Ananth, D. R. McCamey, MY . Sfeir, L. M. Campos,
J. Am. Chem. Soc. 139 (2017) 12488 (https://doi.org/10.1021/jacs.7605204)

B. Daiber, K. van den Hoven, M. H. Futscher, B. Ehrler, ACS'Energy Lett. 6 (2021) 2800
(https://doi.org/10.1021/acsenergylett.1c00972)

D. Sun, G. H. Deng, B. Xu, E. Xu, X. Li, Y. Wu, Y3,Qian, Y. Zhong, C. Nuckolls, A. R.
Harutyunyan, H. L. Dai, G. Chen, H. Chen, Yi. Raoj iScience 19 (2019) 1079
(https://doi.org/10.1016/j.is¢i.2019.08.053)

W. T. Goldthwaite, E. Lambertson, M. (Gragg, D. Windemuller, J. E. Anthony, T. J.
Zuehlsdorft, O. Ostroverkhova, J. ChemaPhys. 161 (2024) 194712
(https://doi.org/10.1063/5.0234494)

D. Casanova, Chem. Rev. 118,(2018)7164
(https://doi.org/10.1021/acs.chemrev.7b00601)

P. M Zimmerman, F. B¢ll, Dy Casanova, M. Head-Gordon, J. Am. Chem. Soc. 133 (2011)
19944 (https://doi.org/1 061021/ja20843 1r)

A. Jain, Y. Shin, KA. Persson, Nature Rev. Mat. 1 (2016) 15004
(https://doi.org/10:1038/natrevmats.2015.4)

B. Huang, GiF. von Rudorff A. von Lilienfeld, Science 381 (2023)170
(https:/idoi.org/10.1126/science.abn3445)

M. Burschypde#Mewes, A. Hansen, S. Grimme. Ang. Chem. Int. Ed. 61 (2022) 202205735
(https://doi.org/10.1002/anie.202205735)

B. Nowacki, H. Oh, C. Zanlorenzi, H. Jee, A. Baev, P. N. Prasad, Photonics.
Macromolecules 46 (2013) 7158 (https://doi.org/10.1021/ma401731x)

L. Wang, L. Yin, W. Zhang, X. Zhu, M. Fujiki, J. Am. Chem. Soc. 139 (2017)13218
(https://doi.org/10.1021/jacs.7b07626)

S. Xu. Q. Yang, Y. Wan R. Chen, S. Wang, Y. Si, B. Yang, D. Liu, C. Zhenga, W.
Huang, J. Mat. Chem. C 7 (2019) 9523 (https://doi.org/10.1039/C9TC03152A)

K. Miyata, F. S. Conrad-Burton, F. L. Geyer, X.Y. Zhu, Chem. Rev. 119 (2019) 4261
(https://doi.org/10.1021/acs.chemrev.8b00572)

B. S. Millicent, J. Michl, Ann. Rev. Phys. Chem. 64 (2013)361
(https://doi.org/10.1146/annurev-physchem-040412-110130)



298
299
300
301
302
303
304
305
306

10

30.
31.

32.
33.

34.

Please send back corrections within 48 hours!

AL-ARAIJI

N.N. Nyangiwe, Next Materials 8 (2025)100683
(https://doi.org/10.1016/j.nxmate.2025.100683)

B. M. El Amine, Yi Zhou, H. Li,Q. Wang, J. Xi, C. Zhao, Energies 16 (2023) 3895
(https://doi.org/10.3390/en16093895)

M. B. Smith, J. Michl, Chem. Rev. 110 (2010) 6891 (https://doi.org/10.1021/cr1002613)
T. Fujihara, S. Ando, M. Ueda. Org. Electron. 62 (2018) 302
(https://doi.org/10.1016/j.0rgel.2018.08.034)

0. El Bakouri, J. R. Smith, H. Ottosson, J. Am. Chem. Soc. 142 (2020) 5602
(https://doi.org/10.1021/jacs.9b12435).





