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Molecular Design of Small-Bandgap Organic Semiconductors
Incorporating Fused Heterocyclic Quinoids

(‘Graduate School of Science, Tohoku University, >"RIKEN, CEMS) OXohsuke Kawabata'~
Keywords: Organic Semiconductor; Small Bandgap; Quinoid; Near-infrared Absorption;
Carrier Transport

Small-bandgap organic semiconductors are attractive optoelectronic materials due to their
optical absorption and emission in the near-infrared (NIR) region as well as their ambipolar
carrier transport properties. In particular, materials with a small bandgap of less than 1.1 eV
(corresponding to a wavelength of 1100 nm) could be a promising alternative to silicon. To
develop such small-bandgap organic semiconductors, a donor-acceptor (D-A) approach is
effective for reducing the bandgaps; however, raising the HOMO level often compromises air
stability during carrier transport. Therefore, lowering the LUMO level by incorporating highly
electron-deficient acceptor units is import for the development of small-bandgap materials.

To this end, we have explored a series of fused heterocyclic quinoids having two key
structural features, i) proaromatic benzo- and naphtho-quinodimethane substructures and ii)
electron-withdrawing carbonyl termini, both of which can stabilize the anionic state of the
skeleton thus resulting in the highly electron-deficient nature. Further structural modification
of heteroatoms, conjugation length, and the shape/symmetry are also important for fine-tuning
the electronic structures of the quinoidal skeletons. We systematically incorporated the
quinoidal skeletons into D-A oligomers and polymers and investigated structure-property
relationships of their optical and electronic properties as well as carrier transport properties for
rational molecular design of small-bandgap organic semiconductors (Fig. 1).

Fused Heterocyclic Quinoids

Heteroatoms (O, S, Se)
M Conjugation length
Shape/symmetry

2 Donor unit
»[ S IR ™ Side chain

i
X 5 R & .6+ /7 5~
(¢} D-A oligomers o D-A polymers

Fig. 1. Molecular design of D-A semiconducting oligomers and polymers in this work.

Our initial study focused on dithienyl D-A-D triads incorporating a series of
thienoquinoids 1-5 (Fig. 2a). With the n-extension of the quinoidal structures from 1, the triads
2-5 exhibited significantly low-lying LUMO energy levels (—4.2 to —4.3 eV) as well as
absorption in the visible to NIR region. These results indicated the highly electron-deficient
nature of the quinoidal skeletons, particularly the naphthodithiophenedione skeletons. Then,
one of the naphthodithiophenediones was flanked with extended oligothiophene donors for
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further reducing the bandgap (Fig. 2b). With the extension of the donor units, the absorption
maxima of 68 in solution were increased from 690 to 834, and to 903 nm, all of which,
however, were blue-shifted in thin films. In sharp contrast, 9—11 with the same D-A-D
backbone as 68 but with solubilizing substituents at the quinoidal core instead of the flanking
donor units exhibited significant red-shifts of their absorption bands from the solution to the
thin-film state. Single-crystal X-ray analyses revealed that the position of the solubilizing
substituents critically affects the intermolecular arrangement of the transition electric dipole
moment, where the end- and core-alkylated triads form side-by-side (H-aggregation) and slip-
stacked (J-aggregation) arrangements, respectively.

m R4 Ry
6. 1 2-ethylhexyl H
2 2-butyloctyl H

isostearyl H

3

1 Cl n-octyl

2 Cl  2-propylpentyl
3 Cl  2-hexyldecyl

Fig. 2. Thienoquinoid-based D-A-D triads.

Another series of D-A-D triads based on the fused heterocyclic quinoids with oxygen
and selenium atoms instead of sulfur atoms were also investigated (BXs and NXs in Fig. 3a).
Regardless of the chalcogen atom, the quinoidal structures are highly electron-deficient. Thus,
all BXs and NXs showed small bandgaps with low-lying frontier orbital energy levels, enabling
air-stable hole and electron transport. Interestingly, the oxygen analogs BO and NO showed
one-order-of-magnitude higher mobilities than those of the sulfur and selenium analogs.
Single-crystal X-ray analyses indicate that the smaller sizes of the oxygen atom compared to
the sulfur and selenium atoms leads to coplanar and rigid backbones, thus suppressing
structural and energetic disorder in the solid-state structures, which results in enhanced carrier
mobilities. Furthermore, by extending BXs into polymeric systems PXs (Fig. 3b), marked
reduction of the optical bandgap to as low as 0.88 eV and significant improvements in the
carrier mobilities of up to 2 cm®* V' s were achieved, where the striking chalcogen-atom-
dependance on the mobility was preserved.

These results highlight the great potential of acenedichalcogenophenediones as building
units for small-bandgap organic semiconductors. In the presentation, detailed structure-
property relationships for rational molecular design will be discussed

(a _mX_ CizHas
) BO 0 O CroHa1
R BSOS 5
BSe 0 Se o
PS s
NG 1 0 PSeSe
NS 1S X CioHar
NSe 18e Ci2Has

Fig. 3. Acenedlchalcogenophenedlone—based oligomers and polymers.
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I. Osaka, M. Sawamoto, J. Zafra, P. Burrezo, J. Casado, K. Takimiya, Chem. Eur. J. 2017, 23, 4579. 3)
K. Kawabata, K. Takimiya, Chem. Eur. J. 2021, 27, 15660. 4) K. Kawabata, K. Takimiya, Chem. Mater.
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Materials Chemistry Approach for Efficient Tin Halide Perovskite Solar cells
(‘Institute for Chemical Research, Kyoto University) OTomoya Nakamura'

Tin-based perovskite semiconductors are promising lead-free materials with low
environmental impact for next-generation photovoltaics. However, the power conversion
efficiency of tin-based solar cells remains significantly lower than their lead-based counterparts.
This presentation summarizes the key challenges limiting the performance of tin perovskite
solar cells and introduces our latest research findings based on materials chemistry approaches
to address these issues.

Keywords : Solar Cells, Tin Perovskite; Materials Chemistry
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Development of Multipodal Hole-Collecting Monolayer Materials
for Perovskite Solar Cells

(Institute for Chemical Research, Kyoto University) OMinh Anh Truong
Keywords: Perovskite Solar Cells; Hole-Collecting Materials; Monolayer; Chemisorption

As solar energy is the most abundant renewable energy source, the development of solar
cells with high efficiency, long term stability, and low cost is undoubtedly a key to realize a
carbon-neutral society. Perovskite solar cells (PSCs) have been considered as one of the
most promising photovoltaic technologies and attracted worldwide attention due to their
high power conversion efficiencies (PCEs) and low-cost solution processing.

Besides the film and interfacial engineering of the perovskite layer, the development of
hole-collecting materials (HCMs) is a critical factor in boosting the performance of PSCs,
especially inverted PSCs. In this device structure, HCMs are not only responsible for hole
extraction and transport but also influence the deposition of perovskite films. Compared
with conventional polymeric HCMs, which usually requires thick layers (> 10 nm),
anchorable molecules that can spontancously adsorb onto the surface of transparent
conducting oxide (TCO) substrates to form a monolayer are more suitable for
high-performance and scalable PSCs."? This suitability arises from their low material
consumption, minimal parasitic absorption, simplified fabrication processing, and facile
molecular structure modification. However,
to date, reported anchorable HCMs have
been limited to monopodal molecules

Perovskite layer

consisting of a m-conjugated core connected o*
: . . . ¢ e Edge-on
to a single phosphonic or carboxylic acid

Inefficient
Hole Extraction

anchoring group (Figure 1). After adsorption oo Monopodal

onto the TCO surface, these molecules ?' MeO-2PAC?Z

. . . Transparent conducting oxide
typically adopt an edge-on orientation,

which is unfavorable for efficient hole Figure 1. Conventional Monopodal Monolayer Materials.

extraction and transport.

In our group, we have proposed a Perovskite layer
multipodal anchorable HCM strategy and 5§ 8 5 8 8. 5wdrds
demonstrated its superior advantages over ;’;2;2;’;2;2;2;, Poes surpassing 23%
the monopodal counterpart. As the first % * lm.s * ® ® HighStability
generation of our multipodal hole-collecting °;P<\”\o Face-on

1 | Efficient
monolayer materials, we developed a o=f-o Tripodal e ction
of \ PATAT

trIPOdal molecule Composed a Transparent conducting oxide

triazatruxene core connected to three propyl ) _
. . . Figure 2. Tripodal PATAT Molecule.
phosphonic acid anchoring groups (PATAT,

Figure 2).> We demonstrated that, after being chemically adsorbed onto the TCO surface,
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PATAT molecules tend to form a face-on oriented monolayer, resulting in enhanced hole
collection compared to their monopodal and edge-on oriented counterpart. Consequently,
inverted PSCs using the PATAT monolayer as the hole-collecting layer achieved PCEs of
up to 23%, along with high operational stability. However, as all phosphonic acid groups
anchor to the TCO surface, the PATAT monolayer shows a hydrophobic surface, which may
impede the spreading of the hydrophilic perovskite precursor solution and thereby constitute
an obstacle to large-area application.

To address the surface wettability issue, we developed a tetrapodal molecule, PATTI

(Figure 3), as a second generation of our _
Perovskite layer

multipodal HCM strategy. PATTI consists of a s 2 » u | lomogeneous

saddle-shaped indole-fused cyclooctatetracne 2323?82' .

(COT) core bearing four propyl phosphonic g:‘?"f"f'

acid anchoring groups. Owing to the . fﬁ;jg; Hydrophilic

saddle-shaped ~ COT  skeleton,  after \  SOfcge ]

chemisorbed on TCO substrates, two of the A oL 0.
Transparent conducting oxide

four phosphonic acid groups point upward,
resulted in a hydrophilic surface and improved Figure 3. Tetrapodal PATTI Molecule.
surface wettability.

In inverted PSC fabrication, the HCM layer is typically deposited prior to the perovskite
layer, a multistep process that is undesirable for low-cost production. To reduce deposition
steps, we developed a tripodal CATAT molecule (Figure 4). Owing to its carboxylic acid
anchoring groups, CATAT exhibits weaker interaction with the perovskite precursor

components, a larger diffusion coefficient,

* Cs*/FA*IMA* o O
and higher surface energy than PATAT, & Pox )\\W 5 s
making it more suitable for a one-step ¥ Oy D
co-deposition process in which CATAT was ? : + io
directly added into the perovskite precursor 4 ‘?7 . Tripodal
solution. After spin-coating the mixed 'f e *‘E o CATAT

| A%4% 4 Weak Binding

precursor solution, CATAT is ‘ 1‘ A%%4%, Fast Diffusion

** * * *** High Surface Energy

predominantly located at the perovskite High Surface Energy TCO Substrate

bottom surface, facilitating charge extraction
and enabling high-performance PSCs.

Figure 4. Tripodal CATAT Molecule for One-step Method.

In this presentation, our studies on multipodal molecules will be introduced in detail.

1) A. Magomedov, V. Getautis, et al., Adv. Energy Mater. 2018, 8, 1801892. 2) V. Getautis, S.
Albrecht, et al., Science 2020, 370, 1300. 3) M. A. Truong, A. Wakamiya, et al., J. Am. Chem. Soc.
2023, 145, 7528. 4) M. A. Truong, A. Wakamiya, et al., Angew. Chem., Int. Ed. 2024, 63,
€202412939. 5) M. A. Truong, A. Wakamiya, et al., J. Am. Chem. Soc. 2025, 147,2797.
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