Open Access Article. Published on 04 juni 2025. Downloaded on 1/11/2025 23:33:37.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

REVIEW

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online
View Journal | View Issue

i '.) Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 11204

Received 31st March 2025
Accepted 19th May 2025

DOI: 10.1039/d5sc02422f

rsc.li/chemical-science

Exploring the chemistry of higher acenes: from
synthesis to applications

Hironobu Hayashi @ *? and Hiroko Yamada @ *°

This review explores the advancements in the chemistry of higher acenes and their derivatives, with a focus
on their synthesis, characterization, and potential applications. Historically, higher acenes have presented
challenges to study due to their inherent instability and reactivity under ambient conditions. However,
innovative synthetic strategies, including on-surface synthesis and the precursor approach, have
significantly contributed to the ability to synthesize higher acenes even at preparative scales while
evaluating their magnetic and semiconducting properties. Furthermore, ethynylene-bridged acene
oligomers and polymers, known for their extended w-conjugated systems, have shown promise not only
as semiconducting materials but also as topological materials. As synthetic methods continue to evolve
and characterization techniques become more sophisticated, higher acenes offer exciting opportunities
for progress in the fields of organic chemistry and materials science, paving the way for advanced
applications in organic electronics.

1 Introduction

In recent years, the advancement of organic electronics has
been truly remarkable. The unique characteristics of extremely
lightweight and ultra-thin organic devices have paved the way
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for the creation of wearable technologies. In these devices,
charge transport within organic semiconductors is facilitated
through the overlapping of m-orbitals in conjugated molecules
along the direction of carrier flow. Thus, organic semi-
conducting materials possessing a rigid and planar -system
hold great promise for providing optimal packing that enhances
m-orbital overlap. Due to their extensive and robust m-systems,
higher acenes and their derivatives emerge as promising
candidates for efficient p-type semiconducting materials.'”
Higher acenes, comprising multiple linearly fused benzene
rings, represent a significant category of polycyclic aromatic
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Fig. 1 (a) Bottom-gate, top-contact OFET device structure. (b) Image
of an OFET using a single crystal.

hydrocarbons.®*® Substantial research efforts have been directed
towards their synthetic development, derivatization, and
application as organic semiconductors. Organic field-effect
transistors (OFETs) are preferred for rapid screening of charge
carrier mobility in newly synthesized organic materials due to
their straightforward fabrication and processing. A typical OFET
device comprises an active layer (either an organic semi-
conductor film or a single crystal), three electrodes (gate,
source, and drain), and a gate dielectric (insulator) (Fig. 1). The
substrate and gate electrode are typically composed of highly
doped silicon. Silicon oxide (SiO,) is used as the dielectric
insulating layer, formed by the oxidation of the silicon surface.
Organic semiconductors or single crystals are directly deposited
onto the dielectric layer, while sometimes self-assembled
monolayers are employed to modify the dielectric surface to
improve its surface energy and roughness. In device operation
for p-type molecules, as the gate voltage increases, holes accu-
mulate at the interface between the organic semiconductor and
the dielectric insulator, thus allowing the source-drain current
to be modulated by the gate voltage. Charge carrier mobility is
directly proportional to the channel current.

As described above, higher acenes possess extended -
conjugated systems with rigid and planar structures that facil-
itate enhanced charge delocalization. In device operation, -
orbital overlap in the active layer is crucial for achieving optimal
performance. The rigid and planar backbone of higher acenes
significantly contributes to efficient packing and m-orbital
overlap, thereby enhancing device performance. This feature
sets them apart from other organic materials by promoting
superior charge transport properties, which are vital for organic
electronics like OFETs and organic photovoltaics (OPVs).
Additionally, the radical character of higher acenes, which
varies depending on their length, opens up opportunities for
their application in carbon-based spintronic devices. In terms
of differentiation from other materials, higher acenes possess
chemical reactivity that enables modifications to their back-
bone, significantly influencing the packing structure on the
substrate and the processability of device fabrication. This
adaptability is essential for achieving optimal device charac-
teristics and tailor-made applications. Another advantage of
higher acenes is their ability to achieve high purity materials,
a feature that poses challenges for polymer-based organic
semiconductors, which often suffer from impurities due to
mixtures of varying polymer lengths. Pure materials lead to
more uniform electronic properties and improved device

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Pristine and functionalized pentacenes.

reliability. Thus, the use of higher acenes in organic electronic
devices offers numerous benefits, including enhanced device
performance and the potential for solution-processed device
fabrication. Their capacity for fine-tuning through molecular
engineering enables the design of materials with specific elec-
tronic properties, further enhancing their versatility and appeal
in advanced applications. For example, pentacene, which
consists of five fused benzene rings, was found to function as an
OFET when vacuum-deposited into thin films, exhibiting an
exceptional hole mobility of 1.5 ecm®> V-' s' at the time,”
leading to explosive progress in research. Later, 6,13-ditriiso-
propylsilylethynylpentacene (TIPS-Pen),'® developed by Anthony
and colleagues, emerged as a benchmark compound for organic
semiconductor materials (Fig. 2). Unlike pentacene, which
shows almost no solubility in any media, TIPS-Pen's high
solubility—attributed to its TIPS groups—enables solution
processing. The innovative fabrication of highly crystalline
films has shown significantly enhanced hole mobility, reaching
11em?V ts 1

Moreover, in recent years, higher acenes and their deriva-
tives, including tetracene, pentacene, and hexacene, have been
identified as efficient materials for exhibiting singlet fission
phenomena.’>™ To thoroughly explore the intricacies of elec-
tron transfer dynamics, extensive research has been conducted
on the synthesis of higher acene oligomers integrated with
various substituents and linkers. Advancing these studies is
anticipated to substantially boost power conversion efficiency of
organic photovoltaic cells.

A defining characteristic of higher acenes is their remarkably
narrow highest occupied molecular orbital (HOMO)-lowest
unoccupied molecular orbital (LUMO) gaps.>* As the acene
chain length increases, the energy gap between the HOMO and
LUMO diminishes significantly, leading to oxidative instability.
This unique electronic feature is attributed to their zigzag-
edged structure, in contrast to phenacenes—structural
isomers of higher acenes—that exhibit stability against
oxidation.>**® This disparity stems from differences in elec-
tronic configurations between higher acenes and phenacenes,
as illustrated in Fig. 3 and 4. According to Clar's aromatic sextet
rule, structures that host the greatest number of aromatic
sextets (resonating benzene rings) tend to be more stable.
Phenacenes can have these aromatic sextets alternately without
issue (Fig. 4). In contrast, attempts to arrange aromatic sextets
in higher acenes result in unpaired electrons, rendering higher
acenes unstable.

Chem. Sci., 2025, 16, 11204-11231 | 11205
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Fig. 3 Acenes and phenacenes.

This zigzag-edged structure of higher acenes is strongly
correlated with the magnetism observed in zig-zag type gra-
phene nanoribbons (ZGNRs).>”"** Higher acenes are regarded as
the narrowest ZGNRs, serving as excellent model systems for
understanding the edge states, chemical reactivity, and elec-
tronic structures of ZGNRs (Fig. 5). Moreover, as demonstrated
by the surface-assisted synthesis of armchair-type 7-GNRs (7-
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Fig. 4 Clar's aromatic sextet rule for nonacene and [9]phenacene.
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Fig. 5 Higher acenes, which are deeply intertwined with GNR
chemistry.

AGNRs) from brominated anthracene dimers,* higher acenes
have significant potential as key compounds in the bottom-up
synthesis of AGNRs with narrow bandgaps.***” As such,
higher acenes are deeply intertwined with the chemistry of
GNRs and nanographenes. GNRs retain the electronic proper-
ties of graphene and are anticipated to possess superior charge
transport properties compared to silicon semiconductors,
positioning them as promising candidates for next generation
semiconductors. Given these fascinating features of higher
acenes, advancing their synthesis and exploring their applica-
tions in organic devices have become increasingly crucial.
Despite the intriguing electronic properties and structure of
higher acenes, their stability decreases as the acene length
increases. Furthermore, higher acenes exhibit poor solubility in
common organic solvents owing to their uncomplicated struc-
tures. These challenges of poor solubility and instability asso-
ciated with higher acenes have impeded the acquisition of
experimental insights. Until recently, characterizing higher
acenes, particularly verifying their formation, primarily relied
on measuring absorption spectra under inert conditions at
extremely low temperatures or exclusively using mass
spectrometry.*®*** As a result, a definitive conclusion based on
experimental evidence regarding the magnetism of higher
acenes has remained elusive, leading to ongoing controversy for
many years. Establishing the link between the length and
magnetism of higher acenes is one of the most significant
challenges in this research field, prompting numerous theo-
retical studies. In 2007, Hachmann et al. suggested that higher
acenes exhibit a singlet polyradical nature in their ground state
using an ab initio density matrix renormalization group algo-
rithm.*> In 2016, Davidson and Yang applied the particle-
particle random-phase approximation with the B3LYP func-
tional, suggesting that the 'A, ground states of acenes up to
decacene are predominantly closed-shell, while undecacene
and dodecacene display increasing polyradical character,
trending towards open-shell states.** In 2018, Malrieu et al.
predicted spin-symmetry breaking in higher acenes beyond
a certain length using density-functional theory (DFT), with the
result dependent on the exchange-correlation potential.**
Heptacene (N = 7, where N represents the number of fused
benzene rings) demonstrated the first symmetry breaking, with
Clar sextets positioned on the outermost rings on its left and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Predicted spin density of higher acenes. Adapted with
permission from ref. 44. Copyright 2018 American Chemical Society.

right sides, linked by tetra-methylene anthracene at the core
(Fig. 6). Unpaired electrons, partially localized, extend across
the central ring, with notable spin density observed up to N =
11. For 7 < N < 11, this configuration persists, with unpaired
electrons distributed over extended tetra-methylene acenes. At
N = 13, the acene can accommodate three Clar sextets, with one
on each of the external rings and one on the central ring. In the
case of N = 14, a naphthalene can be drawn in the central part.
At N = 15, pentadecacene is expected to exhibit a tetraradical
nature, with a Clar sextet occupying the central ring. Thus,
various theoretical studies have been conducted concerning the
magnetism of higher acenes, suggesting the need for further
experimental investigations.

To explore the intrinsic properties of higher acenes, their
reactive nature must be managed. One promising approach
involves functionalizing higher acenes with stabilizing and
protective groups. As demonstrated by TIPS-Pen, introducing
suitable substituents can effectively enhance the stability,
solubility, and processability of higher acenes, making them
more amenable to solution-based processing. Typically, alky-
lated silyl ethynyl groups or bulky substituents are introduced
to the acene backbone. Specifically, in oligomer synthesis,
a protection/deprotection strategy is commonly employed in
combination with appropriate substituents. Another method
involves the “precursor approach”, where entails synthesizing
a higher acene precursor equipped with leaving groups that can
be released in situ to generate higher acenes. Stable and soluble
precursors can be transformed into the corresponding higher
acenes under optimal conditions. Successful examples include
thermally induced reactions, achieving quantitative conversion
from precursors to higher acenes through simple thermal
annealing, yielding only gaseous byproducts if the precursor
purity is adequate (Fig. 7).**** Following the initial report of
a thermal precursor for pentacene by Miillen et al.,**** several
thermal precursors have been synthesized. The retro-Diels-
Alder reactions of pentacene precursors occur quantitatively
and can be executed in solution, powder, or film form.
Remarkably, pentacene films after spin-coating and subsequent
retro-Diels-Alder reactions through annealing showed OFET
performance comparable to that of amorphous silicon. Chow
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Cl
Cl Cl

o
(N

hv
I SO

Fig. 8 Visible-light-induced photodecarbonylation
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to generate

et al. reported monoketone precursors that release a CO mole-
cule via annealing and photoirradiation.*>*

In addition, the Strating-Zwanenburg reaction,** where o-
diketone groups undergo visible-light-induced photo-
decarbonylation to produce higher acenes, exemplifies
a precursor method. For the photochemical conversion of
a pentacene precursor, Yamada et al. utilized the Strating—
Zwanenburg reaction, converting a 6,13-a-diketone precursor of
pentacene to pentacene upon exposure to visible light at
approximately 460 nm, corresponding to the n-m* absorption
of the diketone moiety (Fig. 8).°>** This conversion is feasible
solely through photoirradiation, with the precursor being
thermally stable above 300 °C. Together with substitution of
higher acene backbones, these precursor approaches propel
contemporary higher acene chemistry forward.

The challenges in synthesizing higher acenes, and evalu-
ating their optical and physical properties can be effectively
addressed using these precursors, which are optimized differ-
ently for bulk conditions versus “on-surface synthesis”. This
review highlights recent advancements in the synthesis and
exploration of the electronic structures of higher acenes under
bulk conditions and within ultra-high vacuum (UHV) environ-
ments on metal surfaces. Given the compelling optical and
electronic properties of higher acenes, it is essential not only to
explore their synthesis and property evaluation but also to
emphasize their material applications such as in OFETs.
Indeed, higher acenes and their derivatives show promise in
organic device applications. In this review, we present recent
examples of their utilization in organic devices.

2 On-surface synthesis of higher
acenes

In recent years, there has been increasing interest in studying
higher acenes through on-surface synthesis. This method
involves sublimating precursor molecules of higher acenes onto

Chem. Sci., 2025, 16, 11204-11231 | 11207
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a metal surface and transforming them into higher acenes
through external stimuli, such as annealing. Conducting these
transformation reactions under UHV conditions effectively
addresses the instability issues associated with higher acenes.
Moreover, the structure, band gap, magnetism, and other
properties of the resulting higher acenes can be evaluated at the
single-molecule level through in situ observations with scanning
tunneling microscopy (STM) and non-contact atomic force
microscopy (nc-AFM).>>*® Thus, synthesizing suitable higher
acene precursors, in conjunction with on-surface synthesis and
probe techniques, is anticipated to provide definitive insights
into the magnetism of higher acenes, which has predominantly
been a subject of theoretical prediction until now.

Heptacene and nonacene were synthesized from their
respective photoconvertible precursors using on-surface
synthesis. Two a-diketone moieties were introduced into the
backbone of heptacene (7DK2) and nonacene (9DK2) (Fig. 9).>
The a-diketone precursors offer stability during sublimation
and reactivity upon light exposure, which is crucial for on-
surface synthesis since molecules must be evaporated onto
a metal surface. Under UHV conditions, photoirradiation with
visible light (470 nm) of 9DK2 on Au(111) resulted in a rod-like
structure, indicating the formation of nonacene via photoin-
duced decarbonylation of 9DK2. Heptacene was synthesized
using a similar approach. Detailed structural analysis was
conducted using STM and nc-AFM with a CO-functionalized tip.
In particular, the AFM images clearly revealed the presence of
seven and nine benzene rings, along with the zig-zag edge
carbon atoms with single hydrogen terminations, confirming
the formation of pristine heptacene and nonacene.

Notably, following photoconversion, lateral protrusions were
observed near each nonacene, attributed to Au adatoms bound
to the nonacene backbone (Fig. 10). This interaction between Au
and nonacene, where Au atoms primarily occupy the center of
the molecules, is consistent with the well-known increase in
acene reactivity as their length grows, with the central rings
being the most reactive. In fact, Au-acene interactions were also
evident in heptacene, although less frequently (~60% of the
molecular species are bound to Au adatoms compared to ~95%
for nonacene). These Au-nonacene interactions suggest an
enhanced open-shell character in nonacenes. Nonacene can be
represented by either a closed-shell Kekulé structure or a non-

hv (4 =470 nm)
Au(111)

CCCCCC +4c0

7DK2

o) o
oo WA | NN AN NN 4400
/] \) Au(111)
. 9DK2 N\ ©
C

(b)

)

Fig. 9 (a) Light-induced formation of heptacene and nonacene. STM
and nc-AFM observations of (b) heptacene and (c) nonacene. Adapted
with permission from ref. 57. Copyright 2019 Springer Nature.
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Fig. 10 (a) STM image of nonacene—Au interaction. (b) Side and top
views of the corresponding DFT equilibrium geometry. (c) Closed-
shell Kekulé (left) and one of the many possible non-Kekulé (right) Clar
structures of nonacene. Adapted with permission from ref. 57. Copy-
right 2019 Springer Nature.

Kekulé open-shell structure.”®* In the non-Kekulé open-shell
representation, an additional stabilizing aromatic w-sextet
(totaling two m-sextets) is incorporated into the chemical
structure, accompanied by unpaired electrons. This non-Kekulé
open-shell structure aligns with the observed interactions
between the central ring of nonacene and Au adatoms, indi-
cating a shift from a purely closed-shell structure to an open-
shell configuration. Theoretical calculations, along with exper-
imental investigations of the HOMO-LUMO gap of nonacene
via scanning tunnelling spectroscopy (STS), further support this
open-shell character.

The on-surface synthesis of nonacene, together with the
experimental and theoretical evaluation of its open-shell char-
acter, has markedly advanced research on higher acenes.
Further combined experimental and theoretical investigations
are anticipated to reveal more details about the ground state
nature of higher acenes. Therefore, developing precursors that
produce even longer acenes is necessary. One distinct advan-
tage of on-surface synthesis is leveraging the high catalytic
activity of single-crystal metal surfaces.®® Substituents that are
unreactive to external stimuli such as heat or light irradiation in
bulk or solution states often undergo elimination reactions on
the Au(111) surface. These substituents, which exhibit elimi-
nation reactions on the Au(111) surface, can serve as protective
groups for unstable, higher acenes.

Echavarren et al. developed a valuable synthetic method for
producing hydrogen-protected higher acenes.®~*® The synthetic
process involves gold(r)-catalyzed cyclization of 1,7-enynes, ob-
tained from a palladium-catalyzed Sonogashira cross-coupling
between an aryl iodide and key precursors, which then form
hydrogen-protected higher acenes through aromatization by
eliminating a methanol molecule (Fig. 11). This strategy was
applied to synthesize hydrogen-protected higher acenes from
heptacene to undecacene (Fig. 12). The parent higher acenes
could be generated either thermally, by annealing the sample at
520 K for 10 minutes, or using a microscope tip. Notably, the
dehydrogenation process is highly efficient, achieving nearly
a 100% conversion rate. The formation of the series of higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ref. 62. Copyright 2018 Wiley.
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Fig. 12 On-surface generation of undecacene. (a) High-resolution
filled state STM image of undecacene. Laplace-filtered constant
height, frequency shift nc-AFM images of (b) undecacene and (c)
kinked acene. (d and e) STS measured transport gap for long acenes on
Au(111). (d) Dependence of the gap on the number of fused benzene
rings with the inverse proportionality fit (red curve) and exponential
decay (blue curve). (e) Transport gap plotted as a function of the
inverse number of rings with the linear fit. Adapted with permission
from ref. 62. Copyright 2018 Wiley.

acenes and their definitive chemical structures were confirmed
unambiguously by STM and nc-AFM with a CO-functionalized
tip. Moreover, the series provided the opportunity to analyze
the dependence of the STS-measured transport gap on the
number of benzene rings (Fig. 12). In the range of 5-10 fused

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) Synthesis of the tridecacene precursor and (b) STM image
of on-surface generated tridecacene. (c) Single point STS spectra
acquired over tridecacene, exhibiting a symmetric step-like appear-
ance (top) together with numerically differentiated d?//dV? spectra
showing the presence of pronounced resonances centred at
approximately +126 meV. Adapted with permission from ref. 63.
Copyright 2023 Wiley.

benzene units, both inverse proportionality and the exponential
decay provided good fits. However, undecacene deviates
towards larger gap values, indicating a saturation in further
band gap reduction for longer higher acenes. This trend
becomes even more evident when the gap is plotted as a func-
tion of inversed number of annulated rings. These findings
could be rationalized by the expected increased contribution of
the open-shell configuration to the overall -electronic
structure.®

Recently, Echavarren, Jelinek, and Godlewski et al. extended
this synthetic strategy to octahydrotridecacene, synthesized
through multiple Sonogashira cross-coupling reactions fol-
lowed by a final four-fold gold(i)-catalyzed [4 + 2] cycloaddition
(Fig. 13).°® The surface-assisted reaction of this precursor, ach-
ieved by annealing at 270 °C for 15 min yielded tridecacene. The
formation of tridecacene was confirmed by STM observation.
STS measurements and spatial orbital mapping, combined with
theoretical modeling, indicated that tridecacene possesses an
open-shell ground state. Importantly, an inelastic signal was
detected, attributed to spin excitation from the singlet diradical
ground state to the triplet excited state, with an estimated
singlet-triplet gap of approximately 126 meV. This work
provides experimental confirmation of tridecacene's magnetic

Chem. Sci., 2025, 16, 11204-11231 | 11209
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character. Furthermore, the magnitude of the singlet-triplet
band gap was found to be influenced by surface proximity and
dynamic electron correlation.

Pefa et al. introduced a different kind of precursor, specifi-
cally epoxy-protected higher acenes.®””° Essentially, Diels-Alder
reactions involving OTf and TMS-modified aromatic species
and benzofuran create epoxy-protected higher acenes. This
strategy was initially used to synthesize a tetracene precursor.”
Furthermore, repeated Diels-Alder reactions can extend the
protected state of the fused benzene rings, producing decacene
and dodecacene precursors (Fig. 14).°>” The surface-assisted
deoxygenation of pentaepoxy-protected precursors through
annealing at 220 °C resulted in the formation of dodecacene.
High-resolution STM images with a CO-functionalized tip
revealed 12 lobes corresponding to the 12 benzene rings of
dodecacene. STS experiments provided experimental insights
into the electronic structure of dodecacene. Interestingly, while
a progressive closing of the gap and its stabilization to about
1 eV was observed for decacene and undecacene, the energy gap
of dodecacene unexpectedly increased again to 1.4 eV. This
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Fig. 14 (a) Synthesis of dodecacene. (b) Development of the energy
gap of acenes as a function of the number of benzene rings. Adapted
with permission from ref. 70. Copyright 2023 American Chemical
Society.
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Heptacene 2.52 8
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Decacene 3.31 1
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Fig. 15 (a) On-surface synthesis of undecacene from an etheno-
bridged precursor. (b) Overview STM topography image after anneal-
ing the sample at 220 °C. (c) Table showing the statistics of the acene
species found on the substrate after annealing at 220 °C. Adapted with
permission from ref. 71. Copyright 2022 Springer Nature.

reopening of the gap was interpretated as a possible indication
of an increased poly-radical (tetra-radical) character of
dodecacene.*

Eimre, Yamada, Fasel, and Pignedoli et al. discovered that
etheno-bridges can serve as protective groups for higher
acenes.” While bis-etheno-bridged undecacene precursors are
thermally stable under bulk conditions, the surface-assisted
reaction of these precursors on Au(111) effectively cleaves the
etheno-bridges, yielding undecacene (Fig. 15). It is likely that
acetylene molecules are removed as leaving groups via retro-
Diels-Alder reactions. The on-surface reactions resulted not
only in the formation of undecacene but also a variety of acene
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Fig. 16 (a) Synthetic strategy for tridecacene. (b) Magnified constant-
current STM image of edge-on and stretched-out conformations of
a tridecacene precursor. Reproduced with permission from ref. 73.
Copyright 2024 American Chemical Society.
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species, ranging from anthracene to decacene, including
kinked acenes. The cleavage of different C(sp*)-C(sp*) bonds
exhibited no clear selectivity, due to the similarity between the
C(sp?) atoms in the etheno-bridge and those belonging to the
acene backbone.

Bettinger, Tonner-Zech, and Gottfried et al. employed
etheno-bridged precursors to synthesize tridecacene and pen-
tadecacene (Fig. 16).”>7® For tridecacene, STM tip manipulation
initiated a three-dimensional conformational transformation of
the precursor on Au(111), changing it from an edge-on structure
to a stretched-out linear conformer. Subsequent repeated tip-
assisted carbon-carbon bond dissociations removed the
etheno-bridges, resulting in tridecacene. Notably, annealing at
490 K induced the edge-on to stretched-out transformation of
the precursor without eliminating the etheno-bridges. STS
measurements showed a HOMO-LUMO gap reduction to
1.09 eV, consistent with the gap reopening reported for dodec-
acene (Fig. 14).”° There was a discrepancy in the band gap
between tridecacene derived from etheno-bridges versus epoxy-
protected precursors. This difference was attributed to varia-
tions in the adsorption site of the molecule on Au(111),”*
influenced by preparation steps like annealing and cleavage
processes, along with the strong influence of the Au(111)
surface on the transport gaps,’ altering the ground state elec-
tronic configuration.

For pentadecacene, the trietheno-bridged pentadecacene
precursor with a stretched-out conformation was converted to
pentadecacene through repeating tip treatments applying
a pulse voltage of 2.5-3.0 V (Fig. 17).”> The STS transport gap was
approximately 1.12 eV, slightly larger than the 1.09 eV for
undecacene and tridecacene. Surprisingly, the STS transport
gap does not significantly change with length. Notably, a spin
excitation feature near the Fermi energy, characteristic of
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Fig. 17 (a) Synthetic strategy for pentadecacene. (b) d//dV curves for
pentadecacene; two resonance peaks are identified as the HOMO and
LUMO. (c) Low-bias di/dV curve (top) and its corresponding d?//dV?
spectrum. Adapted with permission from ref. 72. Copyright 2025
American Chemical Society.
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a singlet open-shell electronic structure,”® was observed.
Numerically obtained inelastic tunneling spectra (d*//dV?)
determined the singlet-triplet gap to be 124 meV, closely
aligning with tridecacene's 126 meVv.”

Increasing the sublimation temperature to 750 K induced
thermal cleavage of the etheno bridges during deposition.
Importantly, directly generated pentadecacene reacted with Au
atoms (Fig. 18). STM images showed a linear product with six
noticeable edge indentations at the edges at low bias and
pronounced protrusions at high bias, similar to adsorbed open-
shell carbon nanostructures.””””””®* The STM tip was found to
eliminate the adatoms; interestingly, removing an Au adatom
from one side left the opposite side unaffected, unlike typical
acene metal complexes where adatoms are removed simulta-
neously.”” Removing a single Au adatom leaves an unpaired 7-
electron, evidenced by the Kondo effect.”* The observation of
pentadecacene's spontaneous complexation with up to six Au
atoms on the Au(111) surface reveals the high reactivity of the
long acene, indicating substantial polyradical character
contributing to the ground state of pentadecacene.****%"8

As mentioned above, there have been numerous reports on
the ground state and band gap of higher acenes. The use of
various computational levels, methods, and basis functions has
often led to different theoretical predictions for the electronic
states of the same higher acenes. This discrepancy is especially
pronounced for higher acenes that lie at the boundary between
open-shell and closed-shell configurations, which may result in
completely different interpretations. Therefore, it is necessary
to reconcile the discrepancies between theoretical predictions
and experimental measurements of the electronic states of
higher acenes in order to provide clear guidance regarding the
validity of computational methods. The synthesis of higher
acenes through on-surface synthesis and the direct measure-
ment of their electronic states and band gaps via STS, as
mentioned above, have dramatically improved this situation.
The synthesis and elucidation of the polyradical character of
pentadecacene by Bettinger, Tonner-Zech, Gottfried and
colleagues support previous predictions.** However, it is also
becoming apparent that the electronic states of higher acenes
prepared by surface-assisted reactions need to consider the

8O @S "GS” @R}

Fig. 18 (a) (Left to right) STM, constant-current nc-AFM, and
constant-height nc-AFM of the 6Au-—pentadecacene complex. (b)
Constant-height nc-AFM image with the chemical structure. (c) STM
and constant-height nc-AFM image of the 5Au-pentadecacene
complex, which was obtained by removing a single Au atom from the
6Au-pentadecacene complex. Reproduced with permission from ref.
72. Copyright 2025 American Chemical Society.
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effects of the substrate, adsorption position, and even the
synthesis method employed. Thus, the continued improvement
of computational methods to accurately interpret experimental
findings will become increasingly important.

Despite these successful on-surface syntheses of higher
acenes and heteroatom-substituted ZGNRs,*” the investigation
into higher heteroacenes has remained largely unexplored.
Eimre, Yamada, Fasel, and Pignedoli et al. reported the on-
surface synthesis of 6,12,19,25-tetraazaundecacene from
a diethano-bridged precursor (Fig. 19).” Interestingly, anneal-
ing the precursor on Au(111) did not yield 6,12,19,25-tetraa-
zaundecacene directly; instead, it produced hydrogenated
tetraazaundecacene and its analog with two edge-fused five-
membered rings. The five-membered ring-fused tetraazaunde-
cacene analog presumably forms through bond cleavage at the
bridged head position of the bicyclo[2.2.2]octadieno unit, where
the terminal part of the resulting fragment re-bonds to
a neighboring nitrogen atom. These steps facilitate the removal
of two protons from the ethano groups via dehydrogenative
aromatization. To circumvent such side reactions (hydrogen
passivation and/or five-membered ring formation), STM tip-
induced deprotection with a voltage ramp (—1.0 to —3.0 V)
yielded 6,12,19,25-tetraazaundecacene. STS measurements
complemented by ab initio simulations revealed its consider-
able open-shell character on Au(111). Furthermore, the elec-
tronegative nitrogen atoms caused a noticeable shift in energy
level alignment compared to the pristine undecacene.

The success of on-surface synthesis and structure-property
analysis using STM/nc-AFM for these higher acenes hints at the
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Fig. 19 (a) On-surface synthesis of tetraazaundecacene and its
analogues. (b) Successive STM topography images illustrating the
cleavage process. (c) DFT-calculated equilibrium geometry of a cluster
of tetraazaundecacene. (d) Experimental constant-height d//dV maps
and DFT-calculated molecular orbitals of tetraazaundecacene.
Adapted with permission from ref. 71. Copyright 2022 Springer Nature.
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potential to synthesize cyclacene, a cyclic molecule that remains
elusive (Fig. 20). Cyclacene is considered as the simplest zigzag-
type carbon nanobelt, first proposed in 1954.** Despite
numerous synthesis attempts, success has been hindered by the
strong ring strain, low stability, and high reactivity of cyclacene
in solution. While Stoddart and co-workers managed to produce
a precursor, they could not achieve cyclacene through reductive
aromatization.?*®¢ In 1996, Vittal and co-workers made another
attempt, and Wang and co-workers detected [8]cyclacene
derivatives by mass spectrometry.’” The pursuit of cyclacene
synthesis thus continues to captivate researchers globally.

Recently, Pefia, Gross, and colleagues explored cyclacene
formation through on-surface synthesis.*® They synthesized
epoxy-protected cyclacene precursors, akin to strategies used for
higher acenes (Fig. 21). The precursors were deposited on
a Cu(111) surface, and STM-based tip manipulation was used to
remove oxygen atoms from the epoxy groups. Detailed charac-
terization using AFM with CO-functionalized tips suggested
that up to two oxygens per molecule could be removed, forming
an oval-shaped diepoxy-[10]cyclacene. Although cyclacene was
not fully synthesized, experimental results and DFT calculations
predicted that further deoxygenation might be feasible for
larger diepoxycyclacenes, as employing larger macrocycles
could reduce the energy cost for the deoxygenation.

Hayashi et al. extended the ethano-protection strategy to
synthesize azacyclacenes.** A dehydration condensation reac-
tion between anthracene tethered with bis-diketone groups and
benzene-1,2,4,5-tetraamine tetrahydrochloride yielded M[3 + 3]
(Fig. 22). Although the isolated yield of M[3 + 3] was low (0.8%),
the simplicity of the '"H NMR spectrum reflecting its highly
symmetrical structure, along with HR-MALDI-TOF MS results,
clearly indicated M[3 + 3] formation. Despite M[3 + 3] being
unsuitable for sublimation on metal surfaces due to its large

CH,Cl,/ICH;CN
1: Ry = OTf, R, = TMS;
2:R,=TMS, R, = OTf

Fig. 21 Synthesis of a precursor of [10]cyclacene and its X-ray crystal
structure. Zoomed-in AFM images of two molecules after tip manip-
ulation. Adapted with permission from ref. 88. Copyright 2019 Wiley.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 22 Structure of M[3 + 3] and its HR-MALDI-TOF MS spectrum.
Adapted with permission from ref. 89. Copyright 2022 Wiley.

molecular weight, necessitating new deposition methods, this
result offers a fresh perspective on azacyclacene synthesis.
These findings suggest that carefully designing precursors
and employing appropriate methods are crucial for realizing
pristine cyclacenes and azacyclacenes in the near future.

3 Organic synthesis of higher acenes

As noted earlier, on-surface synthesis is an excellent method for
producing unstable higher acenes and analyzing their molec-
ular structure and properties at the single-molecule level.
However, large-scale synthesis, which is essential for practical
applications, remains a significant challenging, although some
GNRs, which were prepared through on-surface synthesis, were
used for transistors.”** Thus, it is crucial to leverage insights
gained from on-surface synthesis to develop organic synthesis
methods that support large-scale production.

Bettinger et al. have made substantial advancements in
synthesizing higher acenes using a-diketone precursors.***!
Converting these precursors to higher acenes in either an Ar
matrix or poly(methyl methacrylate) (PMMA) has been proven
effective. Acenes ranging from hexacene to nonacene had been
synthesized, and their optical properties had been explored
alongside theoretical calculations. A notable feature of acenes is
their distinctive optical spectrum; for acenes up to heptacene,
these spectra are characterized by a single very strong transition
in the UV region ("By, B band) and weaker transitions extending
into the visible range ('L,, p band).** The p band arises from an
excited state predominantly involving the HOMO — LUMO
transition, with its energy linked to the optical gap. Both char-
acteristic bands shift bathochromically as the system extends.
For octacene and nonacene, an additional strong band has been
observed. DFT/MRCI computations suggest this is due to an
excited state, labeled D2, with significant double excitation
contributions.®* Theoretical analysis indicates that this state
shifts to lower energies faster than the 'By, and 'L, states as the
acene chain length increases.”

Further exploration of the optical properties of higher acenes
led to the synthesis of undecacene.”® Here, the precursor was
photo-converted to undecacene in a polystyrene matrix under
cryogenic conditions (8 K) (Fig. 23). Photoirradiation resulted in
arapid decrease in n—mt* transition intensity, alongside a strong
signal at 354 nm and weak signals in the 600-800 nm range.
These observations align with the B and p bands of heptacene,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 (a) Stepwise photochemical synthesis of undecacene. (b)
Absorption spectra obtained after irradiation (450 nm > A > 350 nm) of
the undecacene precursor in polystyrene at 8 K. (c) Plot of the energy
maximum of the p band (HOMO — LUMO) transition energy in the
acene series. Adapted with permission from ref. 96. Copyright 2018
Wiley.

indicating stepwise photodecarbonylation.*® Although complete
photoconversion took time, bands with maxima at 543 nm and
1007 nm increased, suggesting undecacene generation. Corre-
lating with computed data, the strong band at 543 nm was
attributed to the D2 state, while the weak band at 1007 nm was
linked to the 'L, state. Plotting the 'L, state energies against 1/N
(N = number of benzene rings) yielded a straight line, esti-
mating an optical gap of 1.23 eV at infinite chain length in the
acene series.

In the early days of higher acene chemistry, these
compounds were considered inherently unstable, posing
significant challenges for isolating or bulk synthesizing higher
acenes under ambient conditions. Higher acenes were noted for
their tendency to undergo oxidation in solution and their
proclivity toward dimerization (Fig. 24). However, in 2017, it was

(a)

dimerization

(b) (c)

L5 753

— Heptacene 230 °C

Absorbance

500 600 700 800

Wavelength / nm

Fig. 24 (a) Heptacene and its dimerization reaction. (b) Solid state **C
CP-MAS NMR spectrum. The sample was stored at room temperature
in an ambient atmosphere for 1 month, and then heated at 300 °C for
12 min. (c) Absorption spectra of heptacene obtained by heating
a solution of diheptacene in 1-methylnaphthalene. Adapted with
permission from ref. 97. Copyright 2017 American Chemical Society.
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Copyright 2019 Wiley.

discovered that heptacene could remain in a solid state for
extended periods, only gradually undergoing dimerization or
oligomerization at room temperature.®”” When diheptacene was
heated in a 1-methylnaphthalene solution, heptacene was
formed. Weak signals at 753, 682, and 623 nm, along with
a shoulder at 792 nm on the long-wavelength side of the 753 nm
signal, persisted at 230 °C for at least 40 minutes, indicating
heptacene's unexpected stability.

Jancarik et al. introduced a versatile strategy for synthesizing
a wide variety of higher acenes, using (15,4S)-7,7-dimethoxy-
2,3,5,6-tetramethylenebicyclo[2.2.1]heptane as a pivotal
compound (Fig. 25).°® This key compound serves as a precursor
for protected higher acenes via Diels-Alder reactions, and the
subsequent cleavage of the ketals leads to CO-bridged inter-
mediates. The target acenes can be quantitatively produced by
heating in the solid state at approximately 200 °C. This method
enabled the synthesis of heptacene, dibenzopentacene isomers,
and benzohexacene as notable examples.

This strategy was further advanced to successfully synthesize
nonacene in bulk.” By performing repeated Diels-Alder reac-
tions followed by oxidation with DDQ, isomers of ketal-
protected nonacenes were obtained (Fig. 26). Cleaving the
ketals produced bis-monoketone protected nonacenes. Ther-
mogravimetric analysis (TGA) showed that complete conversion
occurs below 190 °C in a single step. Remarkably, nonacene
exhibited thermal stability up to nearly 500 °C. Additionally,
storing nonacene at room temperature within a glovebox for two
months did not lead to degradation or dimerization. These
findings align with previous observations that both bulk hep-
tacene and even thin-film heptacene remain stable for months
at room temperature in a nitrogen-filled environment. This
stability potentially paves the way for applications in OFETs and
molecular spintronics.

Research findings in bulk synthesis and on-surface synthesis
of higher acenes have demonstrated that these compounds,
previously considered unstable, can exhibit relatively long-term
stability in oxygen-free or low-oxygen environments. Hayashi
et al. discovered that the interior of a single crystal can serve as
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Fig. 26 (a) Synthetic route for nonacene precursors. (b) Thermal

decarbonylation of precursors at 350 °C for 20 min and *C CP-MAS
NMP spectra. Adapted with permission from ref. 99. Copyright 2022
Springer Nature.

an isolated space, protecting higher acenes from external
influences.'® By irradiating the interior of a single crystal of the
photo-convertible heptacene precursor with a CW laser (470
nm), they observed an increase over time in the intensity of the
absorption spectrum at 623, 682, 753, and 792 (shoulder) nm,
indicating heptacene formation via decarbonylation of the
precursor (Fig. 27). This result supports the notion that the
interior of the single crystal functions as an isolated space. The
generated heptacenes were shielded by precursor molecules or
oxidized heptacenes located in the outer regions of the crystal,
thereby enabling access to otherwise inaccessible compounds
without requiring deoxygenated conditions.

In higher acene research, the main focus has traditionally
been on the synthesis and property evaluation of acenes with
fixed lengths. Conversely, research on polyacenes, which consist
of numerous fused benzene rings, has experienced limited
progress. In 2023, Kitao and Uemura et al. introduced a strategy
for synthesizing exceptionally long polyacenes using metal-
organic frameworks (MOFs)."” MOFs are notable for their
structural diversity, which allows precise control over pore size
and shape at the molecular level, providing an ideal environ-
ment for encapsulating various guest species and controlling
their assembly structures.'*>'?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the precursor and its optical image. (c) Transmission image of the
single crystals of the precursor before (left), during (middle), and after
(right) photoirradiation, and UV/Vis-NIR absorption spectra recorded
during photoirradiation. Adapted with permission from ref. 100.
Copyright 2020 Wiley.

In this study, monomers for polyacenes were introduced into
the pores of the MOF via sublimation, forming host-monomer
composites (Fig. 28).'** Polymerization was achieved by heating
the composites at 250 °C for 24 hours in a sealed glass tube,
resulting in the formation of polyacene precursor polymers. The
spatial constraints of the MOF enabled highly regulated poly-
coupling reactions within one-dimensional nanochannels,
leading to linearly extended polymeric precursors. The subse-
quent dehydro-aromatization reaction, performed by heating at
300 °C in an air atmosphere, produced bulk polyacenes. FTIR
spectroscopy not only provided evidence for the presence of
polyacenes but also offered quantitative structural information.
The out-of-plane aromatic C-H vibration modes are classified as
SOLO, DUO, TRIO, and QUATRO, based on the number of
adjacent C-H groups.'” Only the SOLO and QUATRO modes
were detected at 900 and 736 cm ™', respectively. Polyacene
length was analyzed using IR spectroscopy, correlating the
peaks of out-of-plane sp> C-H vibration modes (SOLO and
QUATRO) with the number of benzene rings. Combined with
simulated IR analysis, a linear correlation between the relative
peak area of the SOLO to QUATRO modes and the number of
benzene rings estimated the mean number (£S.D.) of benzene
rings in polyacene from two precursor polymers to be 17.8 & 3.3
and 18.6 £ 3.5, respectively. The biradical character of poly-
acenes was evaluated using electron spin resonance (ESR) and
a superconducting quantum interference device (SQUID). The
ESR spectrum of polyacene revealed a signal with a g value of
2.003, attributable to a carbon-centered radical.*® Additionally,
SQUID data showed a component with a steep decrease in

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

View Article Online

Chemical Science

@ e

=
(c)

(b)
—— 00

¥+0.1320x + 05347
q‘ R?0.8801

] Number of benzene rings

1000 900 80 700
Wavenumber (cm™)

——Fit

9=2.003 y-Bow
4Eg ;= -0.0024 eV

ESR signal (a.u.)
°
x (10 emu g™

320 a5 330 o

Magpnetic field (mT) T T T
o 100 200 300

Temperature (K)

Fig. 28 (a) Schematic of polyacene synthesis using an MOF. (b) FTIR
spectra of tetracene, pentacene, hexacene, heptacene and poly-
acenes. (c) The relative peak area of SOLO to QUATRO vibration
modes (AsoLo:AquaTtro) plotted against the benzene ring number for
the acene series. (d) ESR spectrum of polyacene. No hyperfine splitting
was observed, suggesting the delocalization of spin density along the
polymer chains. (e) Temperature dependence of the magnetic
susceptibility x of polyacene. Reproduced with permission from ref.
101. Copyright 2023 Springer Nature.

magnetic susceptibility upon cooling from 70 to 20 K, consis-
tent with the Bleaney-Bowers equation.'” This magnetic
behaviour, characteristic of open-shell singlet biradical mole-
cules, indicates the biradical nature of polyacene.'*®

The bulk synthesis of higher acene opens the door for their
application in devices such as OFETs and single crystal (SC)
FETs. Here, the intrinsic properties of higher acenes, including
their rt-conjugation length and electronic properties, determine
how effectively they can facilitate charge delocalization and
transport. Additionally, the instability and insolubility of higher
acenes must be overcome to enable their application in devices.
The stacking mode and morphology of higher acenes is another
vital factor. These factors greatly influence OFET characteris-
tics. The crystalline order and grain size of the semiconductor
layers can affect the degree of charge carrier mobility. Here,
SCFETs can unveil the intrinsic charge transport properties of
organic semiconducting materials due to ordered arrangement
of molecules, absence of grain boundaries and minimal defects.
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Fig. 29 X-ray crystallographic analysis of hexacene. (a) ORTEP
drawing depicting two adjacent hexacene molecules. (b) Layered
arrangement of hexacene molecules on the a—b plane. (c) Arrays of
hexacene along the a-axis. SCFETs based on hexacene. (d) Output
characteristics. Inset: a crystal across the electrodes (scale bar, 50 pm).
(e) Transfer characteristics recorded at Vps = —80 V. (f) Time-
dependent decay of performance under ambient conditions (red
squares) and in a nitrogen atmosphere (blue diamonds). Reproduced
with permission from ref. 109. Copyright 2012 Springer Nature.

The hole mobility obtained from SC FETs reflects the potential
of the synthesized molecules.

SCs of hexacene were obtained by sublimating the mono-
ketone precursor, with in situ formation during sublimation
made possible through thermally triggered decarbonylation
(Fig. 29)."* Hexacene SC FETs demonstrated a hole mobility of
4.28 cm” V' s7! and maintained functionality for more than 19
days. However, the mobility decreased by 32% even in
a nitrogen atmosphere, suggesting potential surface oxidation
of the single crystal. These results experimentally unveil the
high charge transport potential of hexacene attributed to
effective m-overlap, while also indicating the need to enhance
stability for practical applications.

Hole mobility of the thin film of hexacene prepared by
vacuum deposition was evaluated.''® Halide-substituted acenes,
such as pentacene, have shown significantly superior hole
mobility (>5 cm® V' s7') compared to the parent acene (1.4 cm?
V™' 71,112 35 the bromine substituent improves crystal
packing. The OFET properties of brominated hexacene were
compared to those of parent hexacene (Fig. 30). The
monoketone-type precursor of hexacene was synthesized, and
its complete thermal conversion at 230 °C was confirmed by
TGA, IR, and solid-state "*C NMR. OFET devices were fabricated
by vacuum sublimation of hexacene/brominated hexacene to
create thin films on an 1,1,1,3,3,3-Hexamethyldisilaza-
ne(HMDS)/SiO,/Si substrate, followed by the deposition of gold
electrodes on top of the films. The best hole mobility achieved
for brominated hexacene was 0.83 cm? V™! s, with an on/off
ratio of 5.0 x 10* and a threshold of —52 V. In contrast, the
best mobility for parent hexacene was 0.076 cm> V™" s ', with
an on/off ratio of 2.4 x 10> and a threshold of —21 V. Notably,
the best hole mobility for spin-coated hexacene, prepared from

1216 | Chem. Sci, 2025, 16, 11204-11231

View Article Online

Review

(@ ¢
cchocn,

(b) =

-co
e GO,

X=BrH

"
S

() (Y9607

20

-Ip (A) (x 104)

—~
()

~—"
®

(d) 0012

10 o 001
T 8 -100V 0008 5
=3 - <
= < 2
x 8 [ S ooe g
< ¥ 3
- 4 T 0004 <
r

2 ov 0002

[ 0

0 20 4 -6 -8 -100
Vos (V)

(d)

17.05
[nm]

2436
[nm]

0.00

2.00%2.00 fum): 20.00 - 17.05 o) 2.00%2.00 fum): 20.00 - 24.38 [ovm]

Fig. 30 (a) Synthetic route for brominated hexacene and pristine
hexacene. (b) Vacuum-deposited thin-film OFETs based on bromi-
nated hexacene. Output (left) and transfer characteristics (right, Vps =
—100 V). (c) Vacuum-deposited thin-film OFETs based on hexacene.
Output (left) and transfer characteristics (right, Vps = —100 V). AFM
images of thin films of (d) brominated hexacene and (e) pristine hex-
acene. Adapted with permission from ref. 110. Copyright 2018 Royal
Chemical Society.

a different precursor, was 0.035 cm® V- ' s~'.1** Thus, bromi-
nated hexacene exhibited higher hole mobility, and better
crystalline films of hexacene were obtained by thermal deposi-
tion. AFM confirmed that the smoother surface of brominated
hexacene contributed to reduced energy loss during hole
transport between the source and drain electrodes.

Heptacene was expected to exhibit comparable or even better
hole mobility than hexacene, due to its potentially smaller
reorganization energy. Heptacene was synthesized from the
corresponding monoketone precursor (Fig. 31)."** TGA indi-
cated a thermal conversion temperature of 220 °C. Top-contact
OFET devices were fabricated by thermal evaporation of hep-
tacene on a HMDS/SiO,/Si substrate. Notably, the highest hole
mobility was 2.2 em® V™' s, with an on/off ratio of 5 x 10 and
a threshold voltage of —56 V. Thus, heptacene thin films
exhibited higher hole mobility than hexacene. However, high
contact resistance was evident in the output characteristics of
the OFET devices. Considering the HOMO level of heptacene
(—5.03 eV) and the Au electrode (—4.76 eV),"** along with XRD

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Output (left) and transfer characteristics (right, Vps = —100 V) of
heptacene thin films. Adapted with permission from ref. 114. Copyright
2021 Wiley.

analysis, the presence of a hole-injection barrier and the
formation of small crystals in the heptacene thin film contrib-
uted to the high contact resistance. This is because holes
injected from the top-contact Au electrodes find it more chal-
lenging to reach the channel region near the SiO, gate insulator
surface due to the presence of smaller crystals. These thin films
certainly contain grain boundaries. Thus, using a single crystal
of heptacene for OFET fabrication could lead to higher mobility,
as observed with hexacene.'”

These results highlight the significant potential of higher
acenes as organic semicondctors. Notably, the observed hole
mobility of heptacene thin films, exceeding 2 cm®> V™' 57", is
a particularly promising value. Here, analyzing the packing
structure in the fabricated devices is crucial, as vacuum-
deposited films inherently contain grain boundaries, which
differ fundamentally from SC FETs. Pristine higher acenes have
an inherent tendency to aggregate, which can complicate the
preparation of films with fewer domains through vacuum
deposition. Maximizing the potential of higher acenes neces-
sitates providing feedback for molecular design to optimize the
packing structure and morphology on the substrate, thereby
facilitating further refinements.

4 Organic synthesis of oligoacene
derivatives

For the application of acene-based compounds in organic
devices, the overlap of m-electrons between molecules in the
crystal packing is a crucial factor. The crystal packing geometry
and orientation of acenes are particularly favorable for use in
OFETs. Consequently, controlling factors such as the packing
structure, orientation, and morphology on the substrate,
through the introduction of substituents to the molecule is
essential. Importantly, substitutions on higher acenes have the
potential to create promising packing structures, due to the
addition of other intermolecular interactions, that cannot be
achieved with pristine higher acenes. Furthermore, soluble
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2,6-diphenylanthracene. (d) Mobility distribution. Reproduced with
permission from ref. 119. Copyright 2015 Spring Nature.

substituents impart solution-processability to higher acenes,
which is advantageous for practical applications.

Anthracene derivatives, known for their rigid and planar
structure coupled with high air stability, serve as efficient p-type
semiconducting materials."*® Pristine anthracene single crystals
exhibit hole mobilities of 0.02 cm® V™' s~'.7 Additionally,
extending the m-system at the 2,6-positions of anthracene
through oligomerization or functionalization has yielded
promising candidates for p-type FETs, with mobility reaching
up to 34 cm® V' s (Fig. 32).1811°

As described earlier, acenes longer than anthracene, pos-
sessing greater conjugation lengths and thus stronger inter-
molecular overlaps, also demonstrate efficient charge-transport
properties. Charge carrier mobilities for tetracene-based OFETs
range between 0.4 and 2.4 cm?® V' s 1.12°12 pentacene,
a benchmark compound among organic semiconductors,
exhibits hole mobilities ranging from 5-40 cm? V' g~ ! 11122123
Hexacene single crystals showed hole mobilities of up to 4.28
em?® V' 57119 To achieve efficient charge transport, 7-system
elongation through oligomerization is a promising strategy.
Among various approaches for m-extension, the incorporation
of triple-bond systems remains a subject of intense research
interest in the development of organic electronic devices.***¢
The introduction of TIPSethynyl groups to the pentacene
backbone enhances not only stability but also solubility, thereby
enabling solution processability and high hole mobility.**
Furthermore, ethynylene-bridged systems are widely employed
in organic electronic materials. The availability of efficient
synthetic protocols for ethynylene bridging facilitates the easy
modification of effective m-conjugation lengths by controlling
the number of acene-ethynylene repeating units, yielding
shape-persistent, rod-like structures.

In the case of anthracene, its better stability and relatively
easier chemical modification compared to higher acenes have
led to numerous studies.'*® It is noteworthy that oligomeriza-
tion at the 9,10-positions results in large dihedral angles
between adjacent anthracenes due to significant steric
hindrance, which disrupts m-conjugation within the molecule.
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Fig. 33 (a) Chemical structure of di-anthrylene-ethynylene. (b) Single
crystal X-ray structure. (c) Schematic of device fabrication by using the
“organic ribbon mask” technique, and SEM images of devices with
different channel lengths by using the technique. Adapted with
permission from ref. 127. Copyright 2008 Wiley.

Nonetheless, effective conjugation extension at the 9,10-posi-
tions of an anthracene core can be achieved using suitable
conjugated spaces such as ethynylene groups. Hu and co-
workers synthesized di-anthrylene-ethynylene, where the ethy-
nylene bridge between the anthracene units prevents repulsion
between hydrogen atoms in adjacent anthracene rings, result-
ing in a rigid, planar “H”-type molecular structure (Fig. 33)."*’
SC FETs were fabricated using an organic mask ribbon
technique.”®*** The shorter intermolecular distance (b = 6.04
A) of this dimer along the b axis, compared to that of anthra-
cene, coupled with its rigid “H”-type conjugation, effectively
resulted in the best hole mobility of 0.82 cm® V™' s~ with an on/
off ratio of 5 x 10°.

As part of oligomerization efforts, a series of 9,10-ter-
anthrylene-ethynylenes were synthesized and
characterized.****** Specifically, the introduction of ethynylene-
bridges along with solubilizing groups, such as alkyl and alkoxy
chains, enabled their evaluation as organic semiconductors in
solution processed OFET devices (Fig. 34). For examples, the
impact of different alkyl chains (n-butyl, n-octyl, 2-ethyl-hexyl,
and n-decyl) on OFET performance was studied.*** It was
discovered that 9,10-ter-anthrylene-ethynylene with 2-ethyl-
hexyl groups exhibited the best hole mobility (average hole
mobility: 1.1 + 0.1 x 10 2 cm?® V™' s~ with an on/off ratio of 10°
and a threshold voltage ranged between —3 V and —10 V), while
the variant with n-decyl groups demonstrated similar perfor-
mance (average hole mobility: 1.2 0.1 x 10 > ecm?® V' s~ " with
an on/off ratio of 10*). It is known that the initial monolayers of
an organic film significantly influence conduction in OFET
devices." Therefore, the two-dimensional organization of these
molecules on the film substrate was investigated. The mole-
cules were spontaneously physiosorbed on both highly ordered
pyrolytic graphite (HOPG) and reconstructed Au(111) surfaces.
STM images of the self-assembled structures at the liquid-solid
interface revealed that molecules with n-butyl alkyl chains self-
assembled into a quasi hexagonal packing on HOPG, whereas
those with longer alkyl chains formed lamellar rows. This
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Fig. 34 (a) Chemical structure of ethynylene-bridged anthracene
trimers with solubilizing groups. (b) Output (left) and transfer (right)
characteristics of the trimer with n-decyl groups. (c) STM image of the
trimer with n-butyl groups at the n-tetradecane/HOPG interface. (d)
Proposed packing model of the trimer with n-butyl groups. (e) STM
image of the trimer with n-decyl groups. (f) Proposed model packing
of the trimer with n-decyl groups. Adapted with permission from ref.
133. Copyright 2010 Royal Chemical Society.

behavior is attributed to the insufficient van der Waals inter-
actions between the shorter n-butyl chains to enable efficient
interlocking. In contrast, due to stronger interactions with the
molecular cores, the molecules arranged more closely to form
lamellar rows on Au(111), irrespective of alkyl chain length;
these layers are assumed to be tilted relative to the substrate.
Hayashi et al. examined the impact of further oligomeriza-
tion on OFET performance.”® Ethynylene-bridged anthracene
oligomers ranging from monomers to tetramers were synthe-
sized from anthraquinone. It was observed that the 3mer
formed both block-shaped and needle-like crystals. In both
crystal types, the anthracene backbones are densely packed
through m-m interactions and CH-7 interactions (Fig. 35). In
the block crystal, the three anthracene planes are nearly
coplanar along the linear molecular axis, forming a face-to-face
m-stack structure with slip-stacked packing. Conversely, the
needle-like crystals display anthracene units arranged in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 35 (a) Ethynylene-bridged anthracene trimers and tetramers
employed in this study. (b) Optical microscope image of needle
crystals of the 3mer. (c) Top and side views of the crystal structure of
the 3mer in needle crystals. (d) Packing structure and transfer integrals.
Reproduced with permission from ref. 136. Copyright 2021 Wiley.

a twisted formation with a torsion angle of around 36°, also
adopting a face-to-face packing structure. The corresponding
transfer integral is calculated to be 18.8 meV, with intercolumn
values between anthracene units being 5.2 meV and 7.8 meV.
The 4mer consistently formed needle-like crystals; although
a twisted structure was observed, the crystal quality was insuf-
ficient to obtain detailed information.

The charge transport properties were evaluated using SC
FETs. Crystals of the 3mer and 4mer were grown by drop-
casting. The XRD patterns of the 3mer and 4mer crystals on
the substrate suggested that the molecular orientations were
favorable for SC FETs, with charge transport occurring through
the - stacking of anthracene units (Fig. 36). Gold source and
drain electrodes were deposited on a needle-type crystal by
using the “gold layer glue technique”.®”*** The 3mer showed
a hole mobility of up to 0.14 cm® V™' s~* with an on/off ratio of
5.6 x 10° and a threshold voltage of —0.34 V, surpassing than
that of the 4mer (3.3 x 10 2 cm”® V' s~ ! with an on/off ratio of
4.4 x 10° and a threshold voltage of —6.3 V) (Fig. 35). Thus, the
3mer crystals exhibited slightly higher hole mobility than the
4mer, despite similarities in packing structure. This superior
performance is likely related to the reduced number of defects
in 3mer crystals, as 3mer achieves a favorable balance between
effective m-conjugation and defect-less crystal formation,
compared to the freer rotation of ethynylene units in the 4mer.

Considering m-conjugation and effective molecular packing,
T-extension—specifically using tetracene oligomers instead of
anthracene—appears to be well-suited for OFET applications.
However, the instability of higher acenes often requires multi-
step synthesis involving protection/deprotection processes.
Barlier et al. discovered a one-pot synthesis of ethynylene-
bridged tetracene dimers from 5,12-naphthacenequinone

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 36 (a and b) Experimental out-of-plane XRD and simulated
powder XRD patterns of (a) 3mer and (b) 4mer single crystals on a Si/
SiO,/OTS substrate. (c and e) Transfer characteristics of the device for
(c) 3mer and (e) 4mer at a fixed source/drain voltage, Vsp = —40 V. (d
and f) Output characteristics of the device for (d) 3mer and (f) 4mer.
Reproduced with permission from ref. 136. Copyright 2021 Wiley.

(Fig. 37).*** The yields of monomers and dimers were highly
dependent on the pH during reductive aromatization, as
deprotection of the silyl group, competing with hydrolysis/
reduction steps in a kinetically controlled process, promoted
dimer formation.

This dimerization reaction was modified to synthesize an
ethynylene-bridged pentacene dimer.*** The key step involved

o :EKJ

O 1) n-BuLi . _\Si( _<
o ' O 2)SnCly2H,0 S PR

O HClaq. 3% @

Fig. 37 Ethynylene-bridged tetracene dimer formation. Adapted with
permission from ref. 144. Copyright 2011 Royal Chemical Society.
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Fig. 38 (a) Synthesis of ethynylene-bridged pentacene dimers. (b)
Optical microscope image of dip-coated dimer films on a Si/SiO,
substrate. (c) Out-of-plane XRD patterns of dip-coated dimer films. (d)
Representative transfer characteristics of the device at a fixed Vsp =
—60 V. (e) Representative output characteristics of the device.
Reproduced with permission from ref. 145. Copyright 2018 Wiley.

successfully isolating the soluble and stable pentacene tetraol
as an intermediate, providing additional insights into the
dimerization mechanism (Fig. 38). Subsequent reductive
aromatization of the tetraol with SnCl, in 3 M HCl,, yielded an
ethynylene-bridged pentacene dimer as deep-green crystals. X-
ray single crystal analysis revealed that two pentacene moie-
ties in the dimer exhibit a nearly coplanar arrangement. Each
molecule effectively interacts with four different neighboring
molecules, contributing to efficient charge transport through
two-dimensional electronic interactions in the solid state.
Transfer integrals between the HOMOs of stacked pentacene
moieties were calculated to be 46.0 and 53.6 meV. To evaluate
charge transport properties, crystalline films were obtained by
a dip-coated method with a mixture of CS,/hexane (5:1, v/v) at
a pull rate of 1.2 mm min ' on Si/SiO, substrates. Out-of-plane
XRD analysis indicated edge-on packing of the dimer on the
substrate. Hole mobility was measured in a bottom-gate, top-
contact FET, exhibiting a value of up to 0.24 + 0.05 cm”> V'
s~', comparable to the value obtained from single-crystal four
probe measurements.

Further oligomerization of pentacene is expected to enhance
electronic communication within the packing structure,
improving charge transport properties. Although nucleophilic
attacks on pentacene quinones followed by reduction is
a straightforward approach for oligomerization, this method is
challenging due to pentacene's reactive nature. Specifically,
since TIPS-Pen easily decomposes after desilylation,™*
protection/deprotection strategies have been employed to
synthesize pentacene oligomers. Lehnherr et al. reported the
synthesis of conjugated pentacene oligomers up to the tetramer
using protected building blocks (Fig. 39).'*” As the oligomer
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Fig. 39 (a) Pentacene oligomers employed in this study. Protected
building blocks are also shown. (b) Absorption spectra of oligomers.
R=Si(nCgH13)3. Adapted with permission from ref. 147. Copyright 2012
Wiley.

length increases, a corresponding red shift in the Ag.x is
observed, indicating enhanced conjugation. Notably, trimers
and tetramers exhibit remarkably low band gaps comparable to
those of ethynylated heptacenes (ca. 1.3-1.4 eV)."*¥'° No
emissions were observed for these oligomers. X-ray crystallo-
graphic analysis indicated that two pentacene moieties of the
dimer adopt a pseudocoplanar arrangement featuring a two-
dimensional slipped stacked configuration, forming a stair-
case arrangement along the crystallographic b axis. Cofacial -
stacking occurs within the staircase arrangement along the
b axis and between adjacent staircases along the crystallo-
graphic a axis. This two-dimensional arrangement, coupled
with the ability of the butadiynyl unit to facilitate electronic
communication, offers potential for three-dimensional elec-
tronic interactions in the solid state.

Thermal precursor approaches were explored to synthesize
pentacene oligomers, circumventing the reactive nature of
pentacene. It was discovered that oligomer precursors could be
synthesized from BCOD-fused anthraquinone in a one-pot
method, eliminating several steps, although the formation of
the dimer was conceivable as seen in the previous report
(Fig. 40).*** Notably, the achievable yield of the dimer via one-
pot synthesis significantly reduces labour-intensive multi-step
procedures required for dimer preparation. The obtained
dimer serves as a crucial building block for further oligomeri-
zation, with bulky BCOD moieties enhancing solubility, which
could be an important factor in this oligomerization. Despite
being a common strategy for synthesizing ethynylene-bridged
acene oligomers, this specific oligomerization beyond dimers
from acenequinone had not been previously reported. This
unexpected oligomerization, revealed through conventional
reactions, provides valuable insights for the efficient synthesis
of ethynylene-bridged compounds. Finally, the pentacene
precursor oligomers were converted to the corresponding pen-
tacene oligomers by heating (Fig. 41). The bulk powders of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 40 Unexpected oligomerization. Reaction yields depended on
the lithiation time for TIPS ethynylene, and the yield corresponding to
a 0.5-h-lithiation period is shown.

BCOD3mer and BCOD4mer were heated at 350 °C and 280 °C,
respectively, for 2 hours under vacuum conditions. HR-MALDI-
TOF-MS of the annealed solids showed parent ion peaks of
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Fig. 41 (a) Thermal conversion. (b) Representative normalized

absorption spectra of BCDO3mer and BCOD4mer before and after
heating in diphenyl ether. Heating conditions: 300 °C, 3 minutes for
BCOD3mer, and 260 °C, 5 minutes and then 280 °C, 90 seconds for
BCOD4mer under a N, atmosphere. Adapted with permission from
ref. 151. Copyright 2024 Wiley.
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Pen3mer and Pen4mer. Solutions of BCOD3mer or BCOD4mer
in diphenyl ether were subjected to high temperatures via
microwave irradiations under a N, atmosphere. BCOD3mer was
transformed into Pen3mer through retro-Diels-Alder reactions
in diphenyl ether solution at 300 °C, and heating at 260-280 °C
converted BCOD4mer to Pen4mer. The maximum absorption
wavelengths of Pen3mer and Pen4mer were around 770-
800 nm, with Pen4mer exhibiting a slight red-shift compared to
Pen3mer, suggesting that the effective m-conjugation length is
essentially achieved at the Pen4mer stage. Considering that
crystalline dip-coated films of ethynylene-bridged pentacene
dimers exhibited a hole mobility of 0.24 cm”® V' s an
improved charge transport performance is highly expected for
Pen3mer.

Incorporating heteroatoms into higher acenes significantly
enhances their stability and often modifies their optical and
physical properties, as well as their molecular packing in the
solid state.>™>**® Among the doping options, nitrogen-doped
higher acenes can act as p-type, n-type, or ambipolar organic
semiconductors, depending on their structural configuration.
Additionally, nitrogen-doped higher acenes were applied not
only in OFETs but also in OPVs and organic light-emitting
diodes (OLEDs)."*>*** Here, again, silylethynylene groups often
play a crucial role in creating soluble and stable organic semi-
conductors. Notably, silylethynylated nitrogen-doped pentacene
(TIPS-TAP), where nitrogen atoms are incorporated into middle
rings of the pentacene structure, has shown exceptional
promise as a n-type organic semiconductor (Fig. 42).1%3168
Initially, vacuum-deposited thin films of TIPS-TAP demon-
strated n-type semiconductor behavior with field-effect mobil-
ities ranging from 1.0 to 3.3 cm> V™' 7,161 Then, solution-
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|| 0.004 -
TIPS 000z
+ 0.000
TIPS-TAP
(9] (d)
¢ 0.03
TIPS
I on S
uj@[N\ N]/\:[CI “ $
cl NN cl <
0.01
[
TIPS
o
4CI-TAP 0 10 20 30 40
Ves (V)

Fig. 42 (a) Molecular structure of TIPS-TAP. (b) Transfer characteris-
tics of the device for a thin-film transistor with TIPS-TAP at a fixed Vsp
= —60 V. (c) Molecular structure of 4CLl-TAP. (d) Transfer character-
istics of the device for a thin-film transistor of 4CI-TAP with the highest
field effect mobility. Adapted with permission from ref. 166 for (b), and
ref. 165 for (d). Copyrights 2011 Wiley for (b) and 2018 Wiley for (d).
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processed TIPS-TAP thin films achieved an electron mobility of
7.6 £ 1.6 em®* V' 57" with a maximum value of 11 em® V"
s, whereas single crystal arrays displayed an electron
mobility of 8.0 + 2.2 cm® V' s~ with a maximum value of 13.3
cm?® V' 5712 The performance was significantly boosted by
molecular engineering of TIPS-TAP through halogenation,
optimizing the frontier molecular orbitals, molecular vibra-
tions, and m-7 stacking interactions. Solution-processed n-
channel thin-film transistors using 4CI-TAP, prepared via dip-
coating, attained electron mobilities up to 27.8 cm> V' s 1,163
The remarkably high electron mobility of 4CI-TAP is attributed
to the reduced reorganization energy and enhanced electron
transfer integral, a result of modifying TIPS-TAP with four
chlorine substituents.

Similar to higher acenes composed solely of carbon and
hydrogen, efforts have been made to synthesize longer acenes
featuring extended m-conjugation in nitrogen-doped deriva-
tives. Stability and solubility continue to be crucial concerns,
although the introduction of nitrogen atoms enhances stability.
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Fig. 43 (a) Representative nitrogen-doped higher acenes with TIP-
Sethynyl groups. The heptacene derivative (Hep) is also shown as
a reference. (b) Time-dependent evolution of UV-vis absorption
spectra of DAH1 (107> mol L™t in dry CH,Cl,) under ambient light and
atmospheric conditions. Adapted with permission from ref. 172.
Copyrights 2024 American Chemical Society.
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Fig. 44 Synthesis of molecular GNRs.

Consequently, before synthesizing pristine nitrogen-doped
higher acenes,* research has prioritized those with silyle-
thynyl groups (Fig. 43), which, as observed in carbon-based
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Fig. 45 (a) UV-vis absorption and (c) fluorescence spectra of molec-
ular GNRs in CHCls. (b) 5 mM solutions of GNRs in CHCls under natural
light and (d) UV light. (e) Cyclic voltammograms of the GNRs in n-
Bu4NPFg/CH,Cly. (f) Time-resolved THz photoconductivity (de) of
different GNRs normalized to absorbed photon density following
resonant excitation. Adapted with permission from ref. 184. Copyrights
2023 Cell Press.
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higher acenes, effectively enhance stability and solubility.'*
While stabilizing higher acenes with a single pair of bulky
silylethynyl substituents is feasible, this approach is less suit-
able for diazaacenes, wherein the pyrazine units occupy the
central rings. Higher diazaacenes often undergo dimerization
through [4 + 4] cycloaddition' at the rings adjacent to the
pyrazine units."”* Acknowledging the electronical stabilization
provided by alkyne groups against cycloaddition type reactions,
Bunz et al. developed a stabilization strategy for higher azaa-
cenes by incorporating four silylethynyl substituents. While
TIPS groups are not positioned particularly close to the acene
core, they contribute significantly to packing and solu-
bility.*”**”*> Intriguingly, the stability of azaheptacenes varies
with the number of nitrogen atoms and TIPSethynyls' place-
ment. UV-vis absorption spectra revealed specific p-band char-
acteristics for DAH1, DAH2, TAH, and HAH with absorption
onsets at 1074, 1064, 1152, and 1045 nm, respectively, demon-
strating a red-shift relative to Hep'”® (absorption onset: 950 nm).
Further investigation using NMR and UV-vis spectroscopy
assessed the impact of nitrogen atom loading on stability, with
the following stability trend DAH1 > TAH > HAH = DAH2 > Hep
> DAH3. Remarkably, solutions of DAH1 remained unchanged
after 7 days under ambient conditions, suggesting that their
substitution patterns effectively prevent endoperoxide forma-
tion, dimerization, and Diels-Alder reactions. These findings
indicate the importance of precise placement of silylethynyl
substituents and the number of pyrazine units. Bottom-gate/
top-contact OFETs based on DAH1 and TAH exhibited the
best electron mobilities of 0.042 and 0.0031 cm? V! s
respectively. DAH2 and Hep exhibited ambipolar transport
characteristics, with DAH2 achieving an electron mobility of
0.005 cm”® V' 5" and a hole mobility of 0.0017 cm*> V' s,
while Hep showed an electron mobility of 0.023 cm®> V™' s " and
a hole mobility of 0.038 cm® V™' s, Taking advantage of their
stability, further enhancements in thin film quality are likely to
elevate charge transport properties.

From the perspective of enhancing stability, annulation
proves to be an effective strategy. By incorporating multiple
Clar-sextets through sandwiching azaacenes between aromatic
units such as pyrene and coronene,”*"® the stability is
improved owning to the cross-conjugated character of the
annulated unit. In addition, benzannulation on both sides of
higher azaacenes'® also contribute effectively to structural
stabilization.

Mateo-Alonso and co-workers have demonstrated an elegant
strategy for synthesizing molecular GNRs containing annulated
azaacenes.'®**® These molecular GNRs are prepared through
the formation of pyrazine rings via reaction between o-diamines
and o-quinones, providing an efficient means of interconnect-
ing building blocks (Fig. 44). With careful selection and place-
ment of solubilizing groups that ensure both good solubility
and stability, column chromatography can be used for purifi-
cation. Remarkably, the longest molecular GNR (NR-147-Q)
displayed an atomically precise core containing 920 sp* atoms
with a 35.8 nm long backbone (comprising 147 linearly fused
rings).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Thanks to their high solubility (NR-147-Q: ~20 mg ml " in
CHCl;) and stability, detailed structural characterization of the
molecular GNRs was possible using NMR, along with opto-
electronic and redox characterization (Fig. 45). NR-147-Q
showed a molar absorption coefficient of 1 845900 M~ * ecm ™.
Intriguingly, it also displayed fluorescence despite its large
dimensions, and demonstrated a record fluorescence bright-
ness value of 250500 M~ cm™ ", approximately 1 order of
magnitude higher than that of carbon quantum dots and
comparable to that of state-of-the-art inorganic quantum
dots.’® The redox properties of NR-147-Q were determined by
cyclic voltammetry, estimating the electrochemical LUMO level
at —3.84 eV, with no oxidation observed in the solvent-
supported electrolyte window. For assessing charge carrier
mobility, optical pump-THz probe spectroscopy was employed.
The maximum value of time-resolved THz photoconductivity,
normalized to the absorbed photon density (Ag/Naps), in the
molecular GNR thin films increased with the length of the
GNRs, indicating enhanced charge charrier mobility in longer

‘Number of rings

3
Br gr S00K %
Br B Au(i11) ©
-10 -05 0.0 0.5 110
(e) Sample bias (V)

Sample bias (mV)

Fig. 46 (a) Schematic evolution of the bandgap of acene monomers
and polymers with increasing size of acene monomers. The latter case
shows a phase transition between trivial and non-trivial topological
classes accompanied by transformation of the 7t-conjugation. (b) Band
diagrams for ethynylene-linked acene polymers obtained from tight-
binding calculations. (c) Chemical sketch of the resulting pentacene-
based polymer. (d) Experimental determination of Eq,, with STS. (e) nc-
AFM image of the pentacene-based polymer. (f) Constant-height nc-
AFM (top) and STM (bottom) images of a H-terminated pentacene
polymer. (g) STS spectra along the termination at the positions
depicted by purple dots in (f). Adapted with permission from ref. 202.
Copyright 2020 Spring Nature.
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molecular GNRs. The intrinsic charge carrier mobility value of
NR-147-Q was estimated to be ~149 + 32 cm?® V! s, consis-
tent with those observed in other type of GNRs.'#7%>

As discussed, higher acenes have shown remarkable poten-
tial in various applications. Here, we present a table summa-
rizing the transistor characteristics of higher acenes, azaacene,
and other major organic molecules (Table 1). While mobility
varies depending on the fabrication method, it is evident that
some higher acenes exhibit not only high hole mobility but also
exceptionally high electron mobility. By incorporating suitable
substituents and optimizing transistor fabrication processes, as
well as improving thin film and single crystal preparation, even
higher mobility is expected in the future.

5 Conclusions

The synthesis and evaluation of electronic properties of higher
acenes have been compelling research targets because of their
extended m-systems and radical characteristics. Over the past
two decades, the combination of on-surface synthesis and
advanced observation techniques such as STM and nc-AFM has
enabled the synthesis of higher acenes with various lengths,
providing insights into their electronic properties. The
precursor method for preparing higher acenes has been
instrumental in advancing synthesis, while the development of
pristine, functionalized, and heteroatom-doped higher acenes
has expanded their applications in organic devices, including
OFETs, OPVs, and OLEDs. Some higher acene derivatives have
demonstrated exceptional charge transport properties, func-
tioning as both p-type and n-type organic semiconductors.
Effective stabilization strategies, combined with solubilizing
groups as discussed, significantly contribute to the fabrication
of solution-processed device. The next challenge involves
developing strategies for producing large-scale crystalline films
with minimal domains and grain boundaries by solution-pro-
cessing, a crucial requirement for high-end practical
applications.

Looking ahead, higher acenes are prepared to increasingly
interact with nanocarbon chemistry. As demonstrated in this
review, higher acenes, with their rigid structures and extended
T-conjugation, serve as ideal building blocks for nanocarbon
materials such as GNRs, carbon nanotubes, and giant ladder-
type polymers. Exploring the properties of higher acenes
based on their length will deepen our understanding of the edge
states in ZGNRs and could lead to the discovery of interesting
nanocarbon materials suitable for applications in semi-
conducting and/or spintronics devices. For example,
ethynylene-bridged higher acene oligomers and polymers are
broadening their application scope. Recent studies highlight
the significance of ethynylene-bridged acene systems not only
as semiconducting materials but also as topological materials,
due to their ability to transition between two resonant struc-
tures by tuning m-conjugation.*”?** Ecija et al. developed
a strategy to synthesize polymers with engineered topologies by
adjusting their m-conjugation (Fig. 46).2°> The polymer features
two resonant configurations, where altering the conjugation of
the central acene rings from a quinoid to an aromatic structure
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simultaneously transforms the cumulene into an ethynylene
bridge. These conjugation forms correlate with different topo-
logical classes, with transitions depending on the size of the
repeating unit. It is fascinating to note how Peierls distortions
and Clar's sextet formalism work synergistically, leading to an
increase in Clar's sextets in the cumulenic form as the bond
localization decreases. In pentacene polymers, each pentacene
can host a single aromatic ring in a Kekulé representation.
Alternatively, a second Clar sextet can form, leaving two elec-
trons unpaired, thereby imparting the molecule with partial
open-shell character. The unpaired m-electrons from quinoid
rings are likely to be shared along the polymeric chain, favoring
the cumulene over the ethynylene bridge—a competition
making the topological inversion point. Analogous to poly-
acetylene, a m-bond is observed at the polymer's end in the
quinoid-cumulene structure, leaving an unpaired electron,
unlike the aromatic-ethynylene structure, which highlights
their topologically non-trivial and trivial characters, respec-
tively. These results indicate that higher acenes are poised to
play a significant role in the field of quantum materials.

Thus, while higher acenes possess a simple structure, they
exhibit extraordinary potential. The history of higher acene
research is long-standing, but recent advancements combining
state-of-the-art synthetic**® and observational techniques,
theoretical calculations, and device fabrication are pushing the
field forward. The molecular structures of higher acenes ob-
tained to date, as well as the resulting crystal and packing
structures, are extensive. Therefore, the integration of machine
learning is expected to accelerate the search for more optimal
molecular structures in the future.?****” In addition, the
ongoing interaction with nanocarbon chemistry and device
optimization heralds a new era of research on higher acenes,
with much more to discover and develop.
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