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Abstract ene nanoribbons (GNRs) have open bandgaps due to the
In contrast to zero-bandgap graphene, nanostructures of  quantum confinement effect, and are thus highly interesting for
graphene, such as graphene quantum dots (GQDs) and graph- semiconductor applications, for example in nanoelectronics and
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optoelectronics. While conventional methods cannot provide
GQDs and GNRs with chemically precise structures, large
polycyclic aromatic hydrocarbon (PAH) molecules can be
regarded as atomically precise GQDs. Moreover, extension of
the PAH synthesis can lead to GNRs with well-defined chemi-
cal structures. In this account, we summarize our recent
achievements in our synthetic exploration of PAHs and GNRs
with novel structures and properties. For example, we have
developed new PAHs having zigzag edges, such as dibenzo-
[hi,stlovalene derivatives with strong red luminescence and
stimulated emission, which are promising for light-emitting
devices and bioimaging applications. We have also accom-
plished a synthesis of magnetic GNRs through edge function-
alization with organic radicals, which can be interesting for
spintronic as well as quantum computing applications. More-
over, incorporation of zigzag edges in GNR structures, through
on-surface syntheses under ultrahigh (UHV) vacuum condi-
tions, allowed for significant modulations of the electronic
structures of GNRs, leading to the emergence of topological
quantum phases. On the other hand, we have also explored on-
surface synthesis of GNRs without UHV, namely using a setup
for chemical vapor deposition (CVD). Scalable fabrication of
GNR films could thus be achieved on gold on mica substrates,
which could be integrated into field-effect transistor devices.
These results highlight the importance of developing novel
PAHs and GNRs and their potentials for various applications,
including quantum technologies, energy and optoelectronic
devices, and bioimaging.

Keywords: Polycyclic aromatic hydrocarbon | Nanographene |
Graphene nanoribbon

1. Introduction

Graphene, namely monolayer graphite, has been widely
investigated as a fascinating material since its first experimental
demonstration by Geim and Novoselov in 2004.! In particular,
excellent charge-carrier mobilities of graphene attracted numer-
ous research groups and companies worldwide to explore
graphene-based electronic devices for future applications,?™
ranging from nanoelectronics® and flexible electronics’ to
biosensing®® and disease diagnostics.!” Nevertheless, graphene
is a zero-bandgap material, which prohibits its use as an active
semiconductor material, since the electric conduction cannot be
switched off without a bandgap.!!~!> In contrast, nanostructures
of graphene, such as graphene quantum dots (GQDs) and
graphene nanoribbons (GNRs), possess open bandgaps when
they are small enough to experience the quantum confinement
effect, and are thus highly promising for semiconductor
applications.!>10-20

Early theoretical studies have already revealed that the elec-
tronic properties, including the bandgaps, of GQDs and GNRs
are dependent on their edge structure and size or width.2'-2° For
example, GNRs with zigzag edges (zigzag GNRs, or ZGNRs,
e.g., 6-ZGNR in Figure la and c) were predicted to have edge-
localized states that can be spin-polarized together with a zero
bandgap at the tight-binding level of theory.>?” In contrast,
GNRs with armchair edges (armchair GNRs, or AGNRs, e.g.,
9-AGNR in Figure 1b and d) were calculated to have larger
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Figure 1. Structures of (a) N =6 zigzag GNR (6-ZGNR)
and (b) N =9 armchair GNR (9-AGNR). (c) Constant-
height nc-AFM frequency shift image of 6-ZGNR.
Reprinted with permission.>’ Copyright (2016) Macmillan
Publishers Ltd. (d) Constant-height nc-AFM images of 9-
AGNR Reprinted with permission.?! Copyright (2017)
American Chemical Society.

bandgaps that are inversely proportional to their width.?®
Moreover, there are three subfamilies of AGNRs depending
on the number of carbon atoms in their widths (¥), and their
bandgaps follow the order of N=3n+1>N=3n>N=
3n + 2.282% Therefore, it is essential to make GQDs and GNRs
with accurate edge structures and sizes/widths in order to
achieve specific physical properties for fundamental investiga-
tions as well as for future applications.

GQDs and GNRs are mainly prepared by the so-called top-
down methods as represented by lithographical patterning of
graphene sheets,'>3?3¢ but such methods have not demon-
strated the possibility of making uniform and atomically pre-
cise structures that have the electronic properties as predicated
by theory. On the other hand, large polycyclic aromatic hydro-
carbons (PAHs), such as hexa-peri-hexabenzocoronene (HBC),
can be regarded as nanographene or GQD for its nanoscale
graphene-like structure consisting of hexagonal rings with
sp? carbon atoms.!>!%3738 HBC can be facilely synthesized
through oxidative cyclodehydrogenation of hexaphenylbenzene
(HPB) as the precursor,*® and this reaction can also be applied
to tailor-made polyphenylene precursors, which allows for the
bottom-up chemical synthesis of structurally defined GNRs in
solution.***! Moreover, bottom-up syntheses of GNRs were
also achieved on metal surfaces under ultrahigh vacuum (UHV)
conditions, where dihalide monomers are thermally polymer-
ized via in-situ generation of diradical species, followed by
the metal-surface-catalyzed cyclodehydrogenation, leading to
GNRs.*4? Thus-formed GNRs can be directly characterized
by modern surface science methods, and their atomically
precise structures are demonstrated by high-resolution scanning
tunneling microscope (STM) and atomic force microscope
(AFM) (Figure 1c and d).30-31:40:41,43.44

Synthesis of novel PAHs and GNRs with unique structures
and exploration of their properties as well as possible applica-
tions are the key driving forces of our research. We have thus
devoted our efforts to development of unprecedented PAHs
(chapters 2 and 3) and GNRs (chapter 4) as well as other related
conjugated carbon nanostructures (chapter 5). Furthermore,
edge functionalization of PAHs and GNRs enable further mod-
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ulation of their properties (chapter 6). We have also explored
new methods for on-surface synthesis of GNRs without the
use of UHV that requires an expensive setup and limits the
scalability of the synthesis (chapter 7). To this end, we have
used an industry viable setup for chemical vapor deposition,
allowing for simpler on-surface synthesis of GNRs over larger
areas. In this account, we describe our recent achievements
mainly during the last five years, highlighting our ideas and
motivations, and discuss the prospects of our PAHs and GNRs.
On the other hand, readers are advised to refer to previous
review and account articles by us!®#041:44-46 and others*>47->°
for more comprehensive descriptions of the field.

2. Synthesis of Novel PAHs with Zigzag Edges

During over 100 years of research history as pioneered by
Scholl®-62 and Clar,%*-% numerous PAHs have been synthe-
sized and reported, demonstrating varying optical and elec-
tronic properties depending on their chemical structures. After
demonstration of the synthesis of HBC through the oxidative
cyclodehydrogenation of HPB in 1995,% larger and larger
PAHs, namely nanographenes, with armchair edges have been
synthesized by applying this reaction to larger oligophenylene
precursors.’>*! The largest example synthesized to date is a
hexagonal nanographene consisting of 222 sp? carbon atoms.®’
UV-vis absorption spectra revealed the lowering of the optical
energy gap of such nanographenes as their size increases.®® On
the other hand, PAHs with zigzag edges, as represented by
acenes,”’ periacenes,’’ anthenes,”! and zethrenes’? display
unique physical and chemical properties, such as higher chemi-
cal reactivity, small optical gaps for relatively small sizes, and
open-shell character, which are distinct from PAHs only with
armchair edges.%®717>7* For example, Kubo and co-workers
reported syntheses of teranthene’® and quarteranthene,’® reveal-
ing their open-shell characters in ground state. In 2018, Feng’’
etal. and Wu’® et al. independently achieved syntheses of
peritetracene, also exhibiting open-shell biradical character. In
the same year, Wu et al. further reported syntheses of a series
of PAHs having four zigzag edges,”® which displayed amplified
spontaneous emission (ASE) and could be applied in lasers.3
However, there are still a relatively limited number of PAHs
having zigzag edges reported in the literature, and many of
them suffer from low stability, prohibiting their in-depth
studies and applications.

To this end, in 2016, we reported a mn-extension of HBC by
addition of four K-regions, leading to novel PAH 3 having a
combination of armchair and zigzag edges (Figure 2).8! The
zigzag edges cannot be formed through the conventional
oxidative cyclodehydrogenation, namely C-C bond formation
between aryl groups that can only make a bay region, or an
armchair edge. Therefore, we have pre-installed two zigzag
edges in precursor 2 prior to the cyclodehydrogenation, through
four-fold intramolecular alkyne cyclization®® of precursor 1
(Figure 2). The low solubility of PAH 3 did not allow its char-
acterization by NMR or single-crystal X-ray analysis. Never-
theless, the structure of 3 could be unambiguously verified by
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry (MS) and STM visual-
ization as well as IR and Raman spectroscopy in combination
with simulation by density functional theory (DFT) calcula-
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Figure 2. Synthesis of HBC 3 with four additional K-
regions via precursor 2 with pre-installed zigzag edges.
IPy,BF,: bis(pyridine)iodonium tetrafluoroborate; TfOH:
triflic acid; DDQ: dichloro-5,6-dicyano-1,4-benzoquinone.

tions, in collaboration with groups of Steven de Feyter and
Matteo Tommasini. Moreover, the UV-vis spectrum exhibited a
red-shifted absorption extending up to ~700nm and DFT cal-
culations indicated an energy gap of 2.5 eV between the highest
occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO). This value is 1.1eV smaller
than the HOMO-LUMO gap calculated for the pristine HBC,
highlighting the notable effect of the four extra K-regions,
forming the zigzag edges, on the electronic properties of HBC.

Moreover, in 2017, we reported another new PAH having a
combination of armchair and zigzag edges, namely dibenzo-
[hi,stlovalene (DBOV).®® Similar to PAH 3, the zigzag edges
of DBOV cannot be formed upon the cyclodehydrogenation.
Nevertheless, it is more challenging to design a precursor with
pre-installed zigzag edges for DBOV. Synthesis of DBOV was
thus carried out by “bridging” cove regions of fused bichrysene
9 to form zigzag edges in the final steps (Figure 3). The syn-
thesis of fused bichrysene, having the same aromatic core struc-
ture as 9, was pioneered by Chen and Liu.®* For the preparation
of the key intermediate 9, bichrysene 5 was initially performed
through platinum (Pt)-catalyzed cyclization of diaryldiacety-
lene 4 to afford bichrysene 5, which was subsequently subject-
ed to the oxidative cyclodehydrogenation (Figure 3a), using
the synthetic method established by Chen and Liu.3* However,
the cyclodehydrogenation failed to afford 9 under different
conditions, presumably due to the electron-withdrawing formyl
groups. Therefore, we converted formyl groups of 5 to acetoxy-
methyl groups to afford 6, which could be cyclized to fused
bichrysene 7 through the cyclodehydrogenation (Figure 3a,
blue arrows). After conversion of acetoxymethyl groups of 7
back to formyl groups to provide 9, DBOV 10 with mesityl
(Mes) groups could then be obtained by treatment of 9 with
mesitylmagnesium bromide, and then BBr3.OEt,, followed by
oxidation (Figure 3b). However, the total yield was only 2%
through 12 steps.®® To this end, we have more recently devel-
oped a more concise and efficient synthetic route through
cyclization of diaryldiacetylene 4 with ICl, yielding iodinated
bichrysene 8, followed by photochemical cyclodehydroiodina-
tion®® to afford fused bichrysene 9 (Figure 3a, red arrows).?’
Through this new route, 9 could be obtained in a gram scale,
allowing for syntheses of various DBOV derivatives with
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Figure 3. (a) Synthesis of fused bischrysene 9 through a
sequence of ICl-promoted iodination-benzannulation and
photochemical cyclodehydroiodination (red arrows) vs.
the cyclodehydrogenation (blue arrows). (b) Synthesis of
DBOV 10 and then circumpyrenes 12 via bromination and
Pd-catalyzed benzannulation (c) Single-crystal structure of
circumpyrene 12 (front view).’! THF: tetrahydrofuran;
DMF: N,N-dimethylformamide; TEA: triethylamine; NBS:
N-bromosuccinimide; 4-DMAP: 4-dimethylaminopyridine;
PCC: pyridinium chlorochromate; Ac,O: Acetic anhydride.

different substituents, including dodecyl, 2,6-dimethylphenyl
(DMEP), 2.3,4-tris(dodecyloxy)phenyl (TDOP), 4-trifluoro-
methylphenyl, and triisopropylsilylethynyl groups, in total
yields of 23-41% over 7 steps.®”8

DBOV derivatives demonstrated strong red-light emission
with high photoluminescence quantum yields (PLQY) of up to
89%. Moreover, ultrafast transient absorption analysis of
DBOVs in collaboration with the group of Francesco
Scotognella revealed a stimulated emission (SE), which indi-
cated the applicability of DBOVs as an optical gain material,
for example in laser and optical amplifier.®>3%% Although
DBOVs showed aggregation-induced quenching of the fluores-
cence, blending of 1wt% DBOV in polystyrene (PS) matrix
allowed for solid-state emission and SE, leading to the obser-
vation of amplified stimulated emission (ASE) with a relatively
low power threshold of ~60uJem™2. DBOVs exhibited very
high stability under ambient conditions and there was only a
30% decay after 30 min irradiation under air at a high laser
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fluence of 320 uJem™2. On the other hand, fluorescence corre-
lation spectroscopy analysis, in collaboration with Thomas
Basché, on isolated molecules of DBOV-DMEP embedded in
Zeonex polymer film revealed single-photon emission, or
photon-antibunching, indicating the potential of DBOV as a
single-photon emitter, for example, for quantum optics.?’

Furthermore, in collaboration with Mischa Bonn, we have
revealed that DBOV 10 has blinking properties, which can be
used for single-molecule localization microscoye (SMLM) that
is a kind of super-resolution microscopy.”> DBOV 10 exhibited
the blinking time of 87 ms, which is about 1.3-fold longer than
that of a standard organic dye, Alexa 647 (69 ms). Notably,
DBOV 10 showed the blinking under any environment, even
under air or inert atmosphere, in stark contrast to Alexa 647 and
other organic dyes that require special buffer for the blinking
that is essential for the SMLM applications. These results high-
light the potential of DBOVs also for imaging applications, in
particular for the bioimaging. To this end, we are currently
working on syntheses of water-soluble DBOVs.

In the view of further functionalization as well as -
extension of DBOV, we have performed bromination of DBOV
10, selectively affording brominated DBOV 11 (Figure 3b) as
revealed by single-crystal X-ray analysis.”> Besides introduc-
tion of different functional groups through transition-metal-
catalyzed coupling reactions, we have further considered m-
extension at the brominated bay regions of DBOV 11, which
would lead to circumpyrene.’' Circumarenes are a subclass of
PAHs that featured a central aromatic core surrounded by one
outer layer of annulene, as represented by circumbenzene
(coronene) and circumnaphthalene (ovalene). Circumanthra-
cene was first reported by Diederich et al. in 1991°* and more
recently by Feng and his colleagues in 2018.7” To our delight,
palladium (Pd)-catalyzed benzannulation of 11 with diphen-
ylacetylene afforded circumpyrene 12 (Figure 3b).°! The struc-
ture of 12 could be unambiguously characterized by a com-
bination of NMR, MALDI-TOF MS, and single-crystal X-ray
diffraction analysis (Figure 3c), revealing its multi-zigzag-
edged structure. 12 is the largest circumarene synthesized to
date with pyrene as the core. Compared to the that of DBOV
10, optical and electrochemical energy gaps of circumpyrene
12 were increased, which was in good agreement with (TD-)-
DFT calculations. This observation is also in line with Clar’s
aromatic sextet rule, since the number of Clar’s sextets was
increased from DBOV (four) to circumpyrene (five).

As higher homologues of bisanthene (perianthracene), corre-
sponding to short segments of 4-ZGNR, syntheses of perite-
tracene and peripentacene were important targets in the field
of PAHs. While syntheses of peritetracene derivatives were
achieved independently by the groups of Feng’” and Wu’® in
2018 and an on-surface synthesis of peripentacene was demon-
strated by Fischer, Crommie, and co-workers in 2015,%> we
have considered heteroatom-doped analogues of periacenes to
enhance their stability as well as to modulate the physico-
chemical properties.’® We initially attempted but failed in a
synthesis of a peritetracene analogue with nitrogen-boron-
nitrogen (NBN)-substituted zigzag edges, extending a previous
synthesis of NBN-doped dibenzophenalene.®” We subsequently
worked on an oxygen-boron-oxygen (OBO)-doped peritetra-
cene analogue 14, and succeeded in its synthesis through oxi-
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Figure 4. (a) Synthesis of OBO-doped peritetracene ana-
logue 14 through cyclodehydrogenation of precursor 13.
(b) On-surface synthesis of OBO-doped perihexacene ana-
logue 16 from precursor 15 on an Au(111) under UHV
conditions. (c) nc-AFM image and (d) STM image of 16.
(e) Schematic representation of the abreast molecular
assembly based on 16 (gray dot representing an occasional
Au adatom). (f) Structure model of the self-assembly based
on O--H hydrogen bonds (indicated by dotted lines). (c, d,
e, f) Reproduced with permission.!” Copyright (2017)
American Chemical Society.

dative cyclodehydrogenation of OBO-doped bistetracene 13.%8
14 exhibited high stability as well as interesting optical prop-
erties with sharp absorption and emission peaks and a small
Stokes shift of 7 nm, reflecting its rigid aromatic core structure.
It should be noted that Hatakeyama and co-workers also
reported syntheses of OBO-doped bistetracenes, highlighting
their double [S]helicene structure and succeeding in the optical
resolution by introduction of zert-butyl groups to prevent the
racemization.””

We have subsequently pursued a synthesis of a higher
homologue, OBO-doped perihexacene 16 using OBO-doped
bishexacene 15 as the precursor (Figure 4b).!% DFT calcula-
tions indicated a HOMO-LUMO energy gap of 2.47 ¢V for 16,
0.5eV smaller than that of OBO-peritetracene 15 (2.97 eV).
The oxidative cyclodehydrogenation of 16 in solution was not
successful under various conditions. Nevertheless, we have
then collaborated with the group of Roman Fasel to perform the
cyclodehydrogenation of 15 on an Au(111) surface under UHV
conditions, and clearly observed the formation of OBO-doped
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Figure 5. (a) Syntheses of double [7]carbohelicenes 18 in
solution (Red arrow) and dibenzoperihexacene 19 on metal
surfaces (Blue arrow) from tetranaphthyl-p-terphenyl 17.
(b) Single-crystal structures of 18. Reproduced with per-
mission.!”* Copyright (2017) Wiley Library. (c) AFM
image of 19a.10

perihexacene 16 by high-resolution STM and nc-AFM after
annealing at 370 °C (Figure 4c). Interestingly, both 15 and 16
displayed unique row-like self-assembly due to hydrogen
bonding or coordination with a gold atom, involving the OBO-
doped edges (Figure 4d—f), highlighting a potential of such
heteroatom-doping for programming the self-assembly of
nanographenes and GNRs on surface. We have more recently
further extended the synthesis to OBO-doped chiral (4,1)-
GNRs (Figure 9, see Chapter 4).

With a goal of synthesizing benzo-fused ZGNRs as novel
low-bandgap GNRs'?! with presumably higher stability than
that of pristine ZGNRs, we have designed benzo-fused
perihexacene 19 (Figure 5) as a model structure corresponding
to a short benzo-fused ZGNR. Such use of benzo-fused zigzag
edges can also be considered as a strategy to stabilize the
periacenes, in analogy to benzo-fused higher acenes that show
improved stabilities. 0103

We have thus synthesized tetranaphthyl-p-terphenyl 17b as
a precursor of benzo-fused perihexacene 19b and performed
the oxidative cyclodehydrogenation reaction in solution. Initial
MALDI-TOF MS analysis indicated that the cyclodehydroge-
nation could not be completed. Nevertheless, a single-crystal
X-ray analysis unambiguously revealed an unexpectedly for-
mation of benzo-fused double [7]helicene 18,!% which could
be rationalized by the higher spin density at the a-position of

© 2020 The Chemical Society of Japan
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Figure 6. (a) Synthesis of dibenzoperioctacene 21 from
tetraanthryl-p-terphenyl 20 on Au(111). (b) STM image
and (c) AFM image 21.!%

the naphthyl group in the radical cation reaction intermediate of
17 (Figure 5, see also Chapter 3).!%

While we are still trying to optimize the precursor structure
and cyclodehydrogenation conditions to obtain benzo-fused
perihexacene 19 in solution, we have collaborated with the
group of Lifeng Chi to carry out on-surface cyclodehydroge-
nation of precursor 17b.!% Interestingly, the regioselectivity of
the cyclodehydrogenation was completely altered by the effect
of the metal surface, leading to formation of benzo-fused
perihexacene 19b via C-C bond formation at the B-positions of
naphthyl groups. The formation of 19b could be clearly vali-
dated by high-resolution STM and AFM visualizations on dif-
ferent metal surfaces, namely Au(111), Cu(111), and Cu(110).
Nevertheless, relatively random intermolecular coupling was
also observed, presumably due to removal of the fert-butyl
groups, in-situ generating a highly reactive radical species. To
this end, we have synthesized unsubstituted tetranaphthyl-p-
terphenyl 17a, which led to the formation of benzo-fused
perihexacene 19a without significant intermolecular coupling,
with a yield of 56% on an Au(l111) surface. HOMO-LUMO
energy gaps of benzo-fused perihexacene 19a and 19b were
estimated by scanning tunneling spectroscopy (STS) analyses
to be both approximately 2.1 eV on Au(111) surfaces.

Moreover, we have further synthesized tetraanthryl-p-
terphenyl 20 for a synthesis of a higher homologue of 19,
benzo-fused perioctacene 21 (Figure 6a). Annealing of 20 on
Au(111) at ~420°C successfully yielded benzo-fused
perioctacene 21, as revealed by STM and atomic-resolution
nc-AFM analysis (Figure 5b, Figure 5c). STS analysis of 21
elucidated its HOMO-LUMO energy gap of 1.3eV, demon-
strating a significant lowering by 0.8 eV upon extension from
benzo-fused perihexacene 19. These results indicate the
strength of the on-surface method for syntheses of such
periacene analogues that are challenging to obtain in solution
as well as highlight the possibility of drastically lowering the
energy gap by extending to higher homologues.

3. Synthesis of Novel Double Helicenes

Helicenes are screw-shaped helical PAH consisting of ortho-
fused benzene rings.’*'% Synthesis of higher helicenes has
been a continuous target in organic chemistry,'” in view of
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Figure 7. Synthesis of OBO-doped double [7]helicene 23
through a tandem demethylation-borylation reaction of
precursor 22. ODCB: o-dichlorobenzene.

their inherent chirality and various potential applications, for
example, in asymmetric catalysis,'® chiral optics,!?” and chiral
sensing.'!® In 2015 Fujita and co-workers reported a synthesis
of [16]helicene, having triple-layered structure, which is the
highest helicene to date.!!! More recently, double helicenes,
which possess two helicene moieties in one molecule, as well
as multiple helicenes with more than two helicene moieties
have attracted growing attention, in view of their unique prop-
erties such as enhanced structural distortion, multidimensional
intermolecular interactions, and circularly polarized lumines-
cence.’>31%6 Double [S]helicene was initially reported by Clar
etal. in 1959,!"2 and later synthesized by Kamikawa et al
in 2015."3 In the same year, Itami and co-workers reported a
synthesis of double [6]helicene,!'* and Hatakeyama and his
colleagues synthesized boron-fused double [S]helicenes, show-
ing ambipolar conductivity and CPL."'> However, double and
multiple helicenes have still remained underdeveloped.

During a synthesis of OBO-doped peritetracene 14 as
described in Chapter 2, we were intrigued by the double
[SThelicene structure of OBO-doped bistetracene 13, which we
observed in its single-crystal structure. Detailed characteriza-
tions and optical resolution of OBO-doped bistetracene as a
double [S]helicene were nicely achieved and reported by
Hatakeyama et al., through introduction of bulky tert-butyl
groups to hinder the isomerization.'"> On the other hand, in
parallel with the synthesis of OBO-doped bishexacene 15
(Figure 4), we carried out a synthesis of its isomer, OBO-
doped double [7]helicene 23.!1¢ By subjecting 1,2,4,5-tetrakis-
(2-methoxynaphthalen-1-yl)benzene 22 to a tandem demeth-
ylation—borylation reaction, following our previous synthesis
of OBO-doped bistetracene 13, OBO-doped double [7]helicene
23 could be obtained, which was the first double [7]hetero-
helicene consisting solely of six-membered rings (Figure 7).
The substantial overlap between terminal benzene rings of 23
could be clearly illustrated by a single-crystal X-ray analysis.
Separation of 23 by chiral high-performance liquid chroma-
tography (HPLC) allowed for the optical resolution, and the
circular dichroism (CD) spectra agreed well with the simulation
by DFT calculations. There was no racemization even after
heating at 200 °C, in line with a high DFT-calculated isomer-
ization barrier of 45.1 kacl/mol.

On the other hand, during our attempts to synthesize benzo-
fused perihexacene 19, we unexpectedly obtained benzo-fused
double [7]carbohelicene 18, as described in Chapter 2, which
became the first purely hydrocarbon double [7]helicene report-
ed in the literature (Figure 5a).!% The oxidative cyclodehydro-
genation of tetranaphthyl-p-terphenyl 17b selectively afforded
18 in 74% yield, in spite of the high structural strain and pos-
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sibility of forming a planar product, benzo-fused perihexacene
19. The single-crystal structure of 18 revealed overlapping of
the terminal benzene rings as well as the maximum dihedral
angle of 33.8° in the central benzene ring, which is one of the
highest twisting deformations of a benzene ring. DFT calcu-
lations indicated the isomerization barrier of 18 to be 46.0
kcal/mol, which was comparable to that of OBO-doped double
[7]helicene 23. Notably, 18 displayed a fluorescence peak at
565 nm with a quantum yield of 34%, which is relatively high
for helicene derivatives and interesting for applications in
chiral optics.

We have further explored a synthesis of n-extended double
helicenes based on the oxidative cyclodehydrogenation of
tetraaryl-p-terphenyl precursors, and achieved a synthesis of n-
extended double [7]helicene 25 having four pyrene subunits
by using 24 as a precursor (Figure 8).!'"7 Compared with 18,
pyrene-fused double [7]carbohelicene 25 displayed consider-
able intra- and intermolecular n—n interactions, which was
evidenced by single-crystal X-ray analysis. Interestingly, 25
exhibited a broad near-infrared emission (600 to 900 nm) and a
large Stokes shift (2.3 x 10°cm™"), which are distinct from 18.
We considered that this observation could be due to intra-
molecular excimer-like effect, which could be corroborated by
ultrafast transient absorption spectroscopy in collaboration with
the group of Francesco Scotognella. Additionally, the racemi-
zation barrier of 25 was predicated to be 46.0kcal-mol~! by
DFT calculations, comparable to those of 18 and 23.

Figure 8. Synthesis of m-extended double [7]carbohelicene
25 through cyclodehydrogenation of precursor 24.

4. Synthesis of Novel GNRs with Zigzag Edges

Through the bottom-up synthesis in solution,***1** on

surfaces,*' and in crystals,!'® a number of GNRs with different
structures have been achieved during the last decade, including
AGNRs with different widths (N = 5, 7, 8, 9, 13),31:40:43,119-122
chevron-type GNRs with varying m-extended structures, 2312
cove GNR,'?%127 ZGNR,*® and chiral (3,1)-GNR!%® with a
combination of zigzag and armchair edges. Heteroatom-doping
of GNRs has also been demonstrated, such as boron (B)-
doping'?>130 or B- and nitrogen (N)-co-doping'3! of 7-AGNR
and N'32- and/or sulfur (S)"3*-doping of the chevron-type
GNRs. Furthermore, GNRs can be laterally fused to make
wider GNRs (e.g., 14- and 21-AGNRs from 7-AGNR)"** and
heterojunctions of different GNR segments can be formed by
partial lateral fusion or by using two different monomer precur-
sors. 132135136 Nevertheless, most of the GNRs thus far synthe-
sized have armchair edges and those with partly or fully zigzag
edges were only limited to chiral (3,1)-GNR and 6-ZGNR.
After our previous syntheses of OBO-doped peritetracene
14 in solution and OBO-doped perihexacene 16 on a surface
(Figure 4), we have considered extending these syntheses of
OBO-doped nanographenes to OBO-doped GNRs.!37 We have
thus designed dibrominated OBO-doped bistetracene 26 as a
GNR precursor, which leads to OBO-doped chiral (4,1)-GNR
28 (Figure 9). After preparation of 26, we carried out an on-
surface synthesis on Au(111) under UHV in collaboration with
the group of Roman Fasel. Precursor 26 could be polymerized
to polymer 27 upon annealing at 200 °C, and further thermal
treatment at 450 °C induced the cyclodehydrogenation, afford-
ing OBO-doped GNR 28 as the first GNR having an analogous
structure of chiral (4,1)-GNR as well as the second B-doped
GNR in the literature. The formation of OBO-doped GNR 28
could be unambiguously elucidated by visualization with nc-
AFM (Figure 9b) as well as high-resolution STM (Figure 9c),
which also displayed its relatively large average length of
61 nm. Moreover, the STM image of OBO-doped GNR 28 also
revealed its unique self-assembly behavior, exhibiting lateral
alignment of GNRs through hydrogen bonding at the OBO-
substituted edges, which occurred in homochiral and hetero-

Figure 9. (a) Synthesis of OBO-doped chiral (4,1)-GNR 28 from monomer 26. (b) Constant-height frequency-shift nc-AFM image
and (c) STM overview of OBO-doped (4,1)-GNR 28 on Au(111). (d, e) DFT models showing interactions of 28 in heterochiral and
homochiral configurations, respectively. Reproduced with permission.'3” Copyright (2018) American Chemical Society.
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Figure 10. On-surface synthesis of (a) zigzag-extended 7-AGNR 31 and (b) heterojunction of pristine 7-AGNR and zigzag-
extended 7-AGNR 35. nc-AFM images of (c) 31 and (d) 35. Reproduced with permission.!3® Copyright (2018) Macmillan

Publishers Ltd.

chiral configurations (Figure 9d and e).

During the synthesis of 6-ZGNR, it was revealed that methyl
groups can be used to form a zigzag edge in the on-surface
synthesis.*? Namely, methyl group positioned at a cove region
can undergo oxidative cyclization against a neighboring ben-
zene ring, “bridging” the cove to form a zigzag, which occurs
upon annealing on a metal surface simultaneously with the
cyclodehydrogenation. We considered further utilization of a
methyl group for syntheses of novel GNRs having zigzag
edges. We have thus designed precursor 29 having a dimeth-
yltetracene core with two bromoanthryl units, which could also
be seen as “insertion” of the dimethyltetracene unit in the struc-
ture of dibromobianthryl 34 that is used for a synthesis of 7-
AGNRs (Figure 10a).'*® The methyl groups on the tetracene
core were expected to form zigzag edges with the anthryl units.
To our delight, an on-surface synthesis using precursor 29, in
collaboration with the group of Roman Fasel, successfully
yielded GNR 31, which has a structure based on a 7-AGNR
backbone with zigzag-extended edges as clearly visualized by
nc-AFM analysis (Figure 10c). Notably, STS analysis of GNR
31 revealed its bandgap of 0.65¢V, which is significantly
smaller than that of the pristine 7-AGNR, namely 2.40eV.

In analogy to precursor 29, we have further designed and
synthesized precursor 32 with a tetramethylpentacene core sub-
stituted with two bromoanthryl units (Figure 10b). Upon depo-
sition and annealing on an Au(111) surface, precursor 32 could
undergo polymerization and then cyclodehydrogenation with
simultaneous formation of zigzag edges via the cyclization of
the methyl groups, providing GNR 35 based on a 7-AGNR but
with a fully zigzag-extended edge structure (Figure 10d).'3
Interestingly, theoretical studies by Oliver Groning by tight-
binding calculations indicated that GNR 35 has a topologically
non-trivial electronic phase, based on the Su-Schrieffer-Heeger
(SSH) model, and predicted that GNR 35 shows topological
end states at the terminals. To avoid hybridization of this
topological end state with another end state originating from
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the zigzag edge at the terminals,'> a heterojunction of GNR 35
was fabricated by coupling with pristine 7-AGNR segments.
Differential conductance (d//dV) spectroscopy successfully
revealed the predicted topological end state at the junctions
with the pristine 7-AGNR segments, in perfect agreement with
theoretical local density of states. These results highlighted the
significant influence of the edge structures on the properties
of GNRs and a new aspect of GNRs as potential topological
materials.

5. On-Surface Synthesis of Indenofluorene Polymers

Indenofluorenes, consisting of a 6-5-6-5-6 fused-ring motif,
have attracted interest in view of their inherent properties, such
as antiaromaticity with 20 n-electrons,'*” biradical character,!*!
and/or narrow energy gap,'? as well as various potential appli-
cations, for example, in nonlinear optics and organic field-
effect transistors.'*® In order to explore the further potential of
the methyl group for expanding the repertoire of the on-surface
synthesis, we synthesized 4,4”-dibromo-2,2"-dimethyl-p-
terphenyl (36), which was expected to provide a polymer of
indenofluorenes through the polymerization and the oxidative
cyclization of methyl groups (Figure 11a).'** Upon annealing
of precursor 36 on an Au(111) surface at 200 °C, methylated
poly(p-phenylene) (PPP) 37 could be obtained (Figure 11b),
which was further heated at 350°C to yield polymer 38
consisting of indeno[1,2-b]fluorene and indeno[2,1-a]fluorene
units, as revealed by nc-AFM analysis (Figure 11c—e). PPP 37
was observed mostly in a conformation leading to indeno-
[2,1-a]fluorene (Figure 11b), but indeno[1,2-b]fluorene was the
main component of the resulting polymer 38, indicating a flip-
ping of methylphenylene subunits. This result could be ration-
alized by the fact that an indeno[2,1-a]fluorene unit induced 60°
bending of the whole polymer chain, which was presumably
unfavorable in comparison to the flipping, leading to a straight
indeno[1,2-b]fluorene unit. Moreover, an energy gap of a poly-
mer segment consisting of indeno[1,2-b]fluorene units could
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be determined by an STS analysis to be 2.3eV on Au(111).
While indeno[1,2-b]fluorene and indeno[2,1-a]fluorene are
reported to have predominant closed-shell characters,'® we
have next aimed at an on-surface synthesis of indeno[2,1-b]-
fluorene with an open-shell biradical character.!*> We have
thus designed and synthesized 4,4”"-dibromo-4’,6’-dimethyl-m-

terphenyl 39 as the precursor, which can selectively yield

36 37

MO LOHTGO

(a)
Au(111

Au(111

350 °C

Indeno[1,2-b]fluorene

Indeno[2,1-alfluorene

Figure 11. (a) On-surface synthesis of indenofluorene-
based polymer 38. STM images of (b) 37 and (c) 38.
(d, e) Constant-height frequency-shift nc-AFM images of
38, displaying (d) indeno[2,1-b]fluorene and (e) indeno-
[2,1-a]fluorene units with their chemical structures shown
in panels f and g, respectively. Reproduced with permis-
sion.!** Copyright (2019) American Chemical Society.
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indeno[2,1-b]fluorene unit (Figure 12a) without isomerization
like in the case of precursor 36.'4 Monomer 39 was thus sub-
limed onto an Au(111) surface, followed by radical poly-
merization at 150°C to give methylated polyphenylene 40.
Subsequent thermal annealing at 250 °C induced the oxidative
cyclization of methyl groups, and formation of polymer 41,
consisting of 10,12-dihydroindeno[2,1-b]fluorene units, could
be confirmed by nc-AFM analysis (Figure 12b). Interestingly,
when the sample was further annealed at 310 °C in an attempt
to further oxidize polymer 41 to indenofluorene polymer 42/
43, we observed formation of porous ribbon 44, consisting of
tetraindenopyrene units (Figure 12d), through direct lateral
fusion of generated polymers 42/43. While the rest of the
polymers remained as 41 at 310 °C, further annealing at 360—
410 °C promoted the dehydrogenation of 41 to indenofluorene
polymer 42/43, as confirmed by nc-AFM visualization
(Figure 12c). Notably, STS analyses of polymers 41 and 42/
43, as well as porous ribbon 44 revealed their markedly differ-
ent bandgaps of 3.7, 0.4, and 2.2 eV, respectively, on Au(111)
(Figure 12e). Moreover, ab initio calculations indicated anti-
aromatic and open-shell characters of the low-bandgap inden-
ofluorene polymer 42/43, rendering it very interesting material
for electronics and spintronics as well as for in-depth inves-
tigations of the magnetism in such carbon nanomaterials.

6. Edge Functionalization of GNRs

While it is often not simple to achieve PAHs and GNRs with
new and different aromatic core structures or to introduce
heteroatom-doping, their chemical and physical properties can
be drastically modified and even tuned by substituting their
peripheral positions with different functional groups, namely
by edge functionalization.*'%%!46 To begin with, most of the
large PAHs and GNRs synthesized in solution are substituted
with bulky fert-butyl groups or long alkyl/alkoxyl chains,
which can enhance their solubility and processability. In cases
of PAHs, columnar self-assembly can be induced with nano-
phase separation between the aromatic cores and peripheral
chains, displaying discotic liquid crystalline characters.3147-150
Solution-synthesized GNRs can be liquid-phase processable

Au(1 11)
_ 400 200G

di/dV (arb. units)

= 0.3 -02 -0.1 00 0.1 02 03
Sample Bias (V)

Figure 12. (a) On-surface synthesis of indenofluorene-based polymer 42/43 and porous ribbon 44. Constant-height frequency-shift
nc-AFM images of (b) 41, (c) 43, and (d) 44. (e) d//dV spectrum acquired on 42/43 (blue curve) and reference spectrum taken on
the bare Au(111) surface (black curve). Reproduced with permission.!*> Copyright (2019) American Chemical Society.
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Figure 13. Syntheses of functionalized HBCs 56-58
through “pre-functionalization” (blue arrow) and “post-
functionalization” (red arrow) routes.

with bulky substituents, in contract to on-surface-synthesized
GNRs that can only be transferred as films.*> On the other
hand, mesityl groups are often used not only to increase the
solubility, but also to kinetically protect highly reactive posi-
tions to isolate PAHs with otherwise instable aromatic core
structures.*>!>! Furthermore, edge functionalization of PAHs
typically with electron-donating and/or -withdrawing groups
has been demonstrated to significantly affect their electronic
and optical properties, for example inducing bathochromic
shifts in the optical absorption spectra while reducing the
HOMO-LUMO energy gaps and/or inducing intramolecular
charge transfer.!3%153

By using laterally extended monomer precursors, we have
achieved solution syntheses of wider GNRs with the widths
of up to ~2nm, showing the lowering of the optical band-
gap upon the lateral extension, in agreement with theoretical
calculations.'>*!% Nevertheless, the dispersibility and thus
processability of wider GNRs was compromised due to the
extended aromatic core and resulting stronger aggregation. To
this end, we consider different approaches to achieve lower-
bandgap GNRs while preserving their processability, namely
without making them wider. In addition to attempts to mod-
ulate the edge structure, we have designed GNRs 49-51
edge-functionalized with electron-withdrawing groups, namely
anthraquinone (AQ), naphthalene monoimide (NMI), and
perylene monoimide (PMI), respectively (Figure 13).1%

We considered that edge functionalization with such
electron-withdrawing groups could reduce the bandgap as well
as lower the band energy levels, leading to n-type GNRs that
were starkly underexplored. DFT calculations of GNRs 48a
and 49-51 were carried out in collaboration with David
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Beljonne, Jérome Cornil, and their co-workers, which revealed
that GNR-AQ 49 and GNR-PMI 51 have bandgaps of 1.69 and
1.94 eV, respectively, which are ~0.4 and ~0.1 eV smaller than
that of GNR 48a (2.05 eV) having only dodecyl groups (C12).
On the other hand, the bandgap of GNR-NMI 50 (2.05 eV) was
comparable to that of 48a. Moreover, the energy levels of
GNR-NMI 50 and GNR-PMI 51 were calculated to be 0.4-
0.5eV lower than those of GNR-C12 48a, indicating that this
approach could indeed provide n-type GNRs.

Prior to the synthesis of GNRs 49-51 we had studied edge
functionalization of HBC with AQ, NMI, and PMI units as
model cases (Figure 13).!7 To investigate if these three func-
tional groups can tolerate the oxidative cyclodehydrogenation
conditions, we have applied two different pathways for the
syntheses of the functionalized HBCs 56-58, namely 1) “pre-
functionalization” by coupling reaction before the cyclode-
hydrogenation and 2) “post-functionalization” by coupling
after the cyclodehydrogenation (Figure 13). Notably, HBCs
5658 could be synthesized by both the pre- and post-
functionalization routes. MALDI-TOF MS analysis did not
show any peak of possible byproduct with unclosed bond(s) or
with formation of a five-membered ring between the functional
group and the HBC core. Moreover, UV-vis absorption and
emission spectra of HBCs 5658 prepared through the two
methods were effectively identical, proving that both methods
can be employed for synthesizing HBCs 5658 functionalized
with AQ, NMI, and PMI groups.

Based on these results with HBC as the model, we per-
formed syntheses of edge-functionalized GNRs 49-51 by using
brominated polyphenylene precursor 46b, which was prepared
through an AB-type Diels—Alder polymerization of tetraphen-
ylcyclopentadienone 45b having one bromo and one dodecyl
group (Figure 14).'% Suzuki coupling of brominated precursor
46b and corresponding boronic esters proceeded efficiently to
provide functionalized precursors 47a—c¢, which could be
validated by MALDI-TOF MS analysis. Edge-functionalized
GNRs 49-51 were then obtained through the oxidative cyclo-
dehydrogenation of 47a—c, respectively, and characterized by a
combination of IR, Raman, and UV-Vis absorption spectros-
copy and XPS analysis. UV-vis absorption spectra indicated
that the optical bandgaps of GNRs 49-51 were comparable to
that of GNR-C12 48a, distinct from the electronic bandgaps
calculated by DFT. This result agreed with optical spectra
simulated by TD-DFT calculations while our attempts to reveal
the differences in the electronic bandgaps of GNRs 49-51 are
still ongoing.

On the other hand, in collaboration with Boya Radha, we
have observed an intriguing modulation of the self-assembly
behavior upon the edge functionalization. While GNR-AQ 49
and GNR-NMI 50 formed domains of GNRs aligned parallel
upon deposition on graphite surfaces (Figure 14b and c, respec-
tively), similar to GNR-C12 48a, GNR-PMI 51 demonstrated
networks of rectangularly crossed GNRs and GNR bundles, as
revealed by AFM imaging (Figure 14d). We assume that the
extended aromatic core of the PMI unit interacted with another
GNR, drastically changing the self-assembled structure.

Moreover, in collaboration with Lapo Bogani, we have con-
ceived edge functionalization of GNRs with organic radicals,
which can induce magnetic edge states by spin injection from
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Figure 14. (a) Synthetic protocol for the edge-functionalization of GNRs with AQ, NMI, PMI and NIT units. AFM height image of

(b) GNR-AQ 49, (c) GNR-NMI 50, and (d) GNR-PMI 51.1%6

the peripheral radicals into the GNR core.!3® This approach can
be an alternative to the use of GNRs having the edge state,
which are generally unstable like ZGNRs and have only been
studied under UHV. We have thus introduced nitronyl-nitroxide
radicals (NIT) to the edge of GNRs by using GNR-Br 48b bear-
ing bromo groups and through a Pd-catalyzed cross-coupling
reaction using an Au-complex of NIT (Figure 14a), which was
developed by Okada and co-workers.'>® Spin density calcu-
lations of GNR-NIT 52 indicated a spin injection from the NIT
units into the GNR core, inducing a magnetic state delocalized
over the GNR, which could be evidenced by electron spin reso-
nance (ESR) spectroscopy in collaboration with Lapo Bogani.
Unlike the unstable ZGNRs, GNR-NIT 52 could be obtained
as powder and handled under air, marking the superiority of
GNR-NIT 52 in terms of stability. Moreover, the delocalized
spin state over the GNR core and the other spin state localized
on the NIT units could potentially serve as Qubits for the
development of quantum computers.
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7. Exploration of New Methods for
On-Surface Synthesis of GNRs

The on-surface synthesis of GNRs under UHV conditions
allowed the formation and visualization of atomically precise
GNRs with various structures having armchair, zigzag, and
cove edges and their combinations as well as those with
heteroatom doping. However, the use of UHV conditions
requires an elaborate and expensive setup and relatively long
sample preparation time while the obtained samples are typi-
cally limited to areas smaller than 1 cm?. The UHV conditions
are advantageous to suppress possible side reactions by elimi-
nating oxygen, water, and other possible contaminants from the
air, but the on-surface reaction itself could be carried out also
without the vacuum provided that the monomers, intermedi-
ates, and the resulting GNRs are stable under the applied condi-
tion. To this end, Nakae, Sakaguchi, and their co-workers have
reported on-surface syntheses of AGNRs with different widths
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Figure 15. Syntheses of (a) chevron-type GNR 61 and (b) 9-AGNR 64 under the CVD conditions. (c) Photograph of a 25 x 75
mm? Au/mica plate, on which a GNR film could be grown. Inset shows an STM image of chevron-type GNR 61. Reproduced with
permission.'%? Copyright (2016) American Chemical Society. (d) UV-vis-NIR absorption spectra of chevron-type GNR 61, 9-
AGNR 64, as well as 7-AGNR prepared under the CVD conditions. The inset shows the chemical structures of the GNRs and their

optical bandgaps. (e) Comparative study of THz photoconductivity of the three different GNRs. (c, d) Reprinted with permission.

Copyright (2017) American Chemical Society.

(N =5, 7, and 9) using their chemical vapor deposition (CVD)
setup that is viable to industrial production.!6%161

We have independently worked on the on-surface synthe-
sis with a CVD setup, initially using 6,11-dibromo-1,2,3,4-
tetraphenyltriphenylene (DBTT 59) as the precursor to make
chevron-type GNR 61 (Figure 15a).'> DBTT 59 was thus
sublimed onto an Au/mica substrate (Figure 15c) placed inside
a tube furnace under a flow of argon and hydrogen, followed by
annealing at 250 °C for the polymerization, and then at 450 °C
for the cyclodehydrogenation. Notably, polymer 60 could be
analyzed by MALDI-TOF MS directly on the gold surface,
providing new evidence for the formation of polymer 60,
which was not available for the UHV-grown samples. More-
over, UHV STM analyses of polymer 60 and GNR 61 in
collaboration with Carlos-Andres Palma and Johannes V. Barth
clearly demonstrated their precise structures (Figure 15c, inset),
comparable to those fabricated under UHV conditions. GNRs
prepared on Au/mica can be transferred onto another sub-
strate by removing mica and dissolving gold, with or without
a support of polymer like PMMA, 10161164 Fie]ld-effect tran-
sistor device studies using transferred films of GNR 61, in
collaboration with Chongwu Zhou, exhibited high current on/
off ratios of up to 6000.'9% Additionally, the CVD method
allowed fabrication of GNR films over the area of 25 x 75 mm?
(Figure 15c), which could potentially be further extended by
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using a larger furnace. This result indicates the high scalability
of this method, which has a potential for industrial applications.

We have also confirmed a preparation of high-quality 7-
AGNR by this CVD method,'®? and then attempted a synthe-
sis of 9-AGNR with lower bandgap using 3’,6’-dibromo-
1,1":2",1"-terphenyl (DBTP) as the precursor (Figure 14b).'%2
The successful synthesis of 9-AGNR 64 could be validated by
Raman spectroscopy, displaying a spectrum in perfect agree-
ment with that of 9-AGNR 64 prepared under the UHV con-
ditions. The optical band gap of obtained 9-AGNR 64 was
examined by UV-Vis-NIR absorption spectroscopy by trans-
ferring multiple layers of the 9-AGNR film onto a transparent
substrate, achieving a sufficient optical density. 9-AGNR dis-
played a broad absorption with an onset at ~1185nm, corre-
sponding to an optical bandgap of ~1.0¢eV, which was smaller
than those of the chevron-type GNR 61 (~1.7¢V) and 7-
AGNR (~1.6¢eV) (Figure 14d). Time-resolved THz spectros-
copy studies in collaboration with Mischa Bonn’s group
revealed higher photoconductivity of 9-AGNR 64 in compar-
ison to the chevron-type GNR 61 and 7-AGNR (Figure 15¢),
and an intrinsic charge-carrier mobility of 9-AGNR 64 could be
estimated to be ~350cm?-V~!.s7!, suggesting a potential of
the CVD-grown 9-AGNR 64 for transistor device applications.

Furthermore, we have subsequently carried out a synthesis of
5-AGNRs through the CVD method, using dibromoperylene 65
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Figure 16. (a) CVD-based synthesis of 5-AGNR 67 and

its lateral fusion to wider GNRs, including 10- and 15-

AGNRs. (b) STM image showing the formation of broader

GNRs at 600 °C (Zgey = 200 pA, Viias = —0.4 V). (c) Raman

spectra of AGNRs annealed at different temperature.

(d) UV-vis-NIR absorption spectra of samples annealed
at different temperatures.'®’

and the precursor (Figure 16a).'%® The formation of 5-AGNRs
could be verified by observation of a radial breathing-like
model (RBLM) signal at 532cm™! in the Raman spectrum in
agreement with theoretical calculations.!®® Samples prepared
by annealing at 350 and 400 °C displayed absorption maxima
at 900 and 1000 nm, respectively, in their UV-Vis-NIR spectra,
in line with the low bandgap of 5-AGNR and suggesting that
longer 5-AGNRs were obtained at higher temperature.
Interestingly, when we annealed the sample at 500 °C, we
observed significant attenuation of the RBLM signal at 532
cm™! originating from 5-AGNR and appearance of another
RBLM peak at 285cm™' corresponding to 10-AGNR
(Figure 16c). This result indicated lateral fusion of 5-AGNRs
into 10-AGNRs, which could be further confirmed by STM
visualization and UV-vis absorption spectroscopy (Figure 16b
and d). UV-vis-NIR spectrum of the sample annealed at 500 °C
displayed new blue-shifted peaks at 650 and 750 nm, which
agreed very well with theoretical optical transitions of 10-
AGNR predicated by GW-BSE calculations.'®” THz photo-
conductivity studies in collaboration with Mischa Bonn’s group
revealed lower conductivity of the sample annealed at 500 °C
compared with those of samples at 350 and 400 °C in line with
the theoretical prediction that the conductivity of GNRs is
inversely proportional to their bandgaps.2! Moreover, a sample
annealed at 600 °C exhibited broadened UV-vis-NIR absorp-
tion extending up to about 2250 nm, which suggested forma-
tion of even wider AGNRs such as 15-AGNR and 20-AGNR
(Figure 15d). Whereas RBLM peaks of 15- and 20-AGNR
were not obvious at excitation wavelength of 785nm, a clear
signal corresponding to 15-AGNR could be clearly observed
by excitation at 488 nm. These results demonstrate that lateral
fusion can allow for syntheses of GNRs with different prop-

502 | Bull. Chem. Soc. Jpn. 2020, 93, 490-506 | doi:10.1246/bcs}.20190368

Intensity (a.u.)

‘Current method
 FeoC——

CVD method
1200 1600 2000 2400
Raman shift (cm™)

200/400 °C

400 800

Ambient-pressure annealing

Figure 17. (a) Schematic illustration of GNR synthesis
without thermal sublimation, that is through solution proc-
essing of monomers. (b) Raman spectra of 7-AGNRs pre-
pared through the CVD and solution-processing methods.
Reproduced with permission.!® Copyright (2017) The
Chemical Society of Japan.

erties from the same precursor and the absorption over 2000 nm
can be interesting for infrared sensing application.

For on-surface synthesis under UHV and CVD conditions,
the monomer precursors need to be deposited by thermal and/
or vacuum sublimation, which consumes a large amount of
energy and precludes the use of thermally unstable and/or large
monomers that cannot be sublimed. To address this problem,
we have attempted an on-surface synthesis through solution
processing of monomers without sublimation, followed by
thermally induced polymerization and cyclodehydrogenation
(Figure 16a).!1%® To our delight, when we applied this method
to monomer precursors 34 and 59, 7-AGNR and chevron-type
GNR 61 could be successfully obtained, which could be con-
firmed by Raman spectroscopy studies showing identical spec-
tra for the GNRs prepared through the thermal sublimation and
solution-processing of monomers (Figure 17b). These results
constitute an important step forward to the practical application
of such GNRs.

8. Conclusion

We have developed PAHs and GNRs with novel structures
with an emphasis on the incorporation of zigzag edges, which
induced intriguing properties such as strong red fluorescence
and stimulated emission in DBOVs as well as topological elec-
tronic states in a zigzag-edge-extended 7-AGNR. We have also
explored m-extended and OBO-doped double [7]helicenes,
showing high conformational stabilities and intriguing optical
properties. On the other hand, we have achieved edge-
functionalization of GNRs, leading to modulation of the elec-
tronic properties and self-assembly behavior. Further, intro-
duction of spin-bearing organic radicals on the peripheries of
GNRs induced magnetic state over their aromatic cores through
the spin delocalization. In parallel, we have developed simpler
methods for the on-surface synthesis of GNRs using a CVD
setup, without the use of UHV, allowing for simpler and scala-
ble fabrication of GNR films. While we further explore synthe-
ses of PAHs and GNRs with novel structures and properties,
especially further incorporation of zigzag edges, heteroatoms,
and/or helical structures, as well as edge-functionalization with
unique chromophores, we in parallel investigate potential
applications of PAHs and GNRs in various fields. For example,
we explore the application of DBOV in organic lasers well as
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single-photon emitters. We have also revealed that DBOV can
serve as highly stable dye suitable for super-resolution micro-
copy, and are currently pursuing syntheses of water-soluble
derivatives and further functionalization for bioimaging and
biomedical applications. On the other hand, we are investigat-
ing fabrication of micro-supercapacitors based on GNRs pre-
pared under the CVD conditions, and current results indicate
excellent volumetric capacitance and very high power density.
These results highlight the significance of synthesizing PAHs
and GNRs with novel structures, which can lead to potential
applications not only in electronic and optoelectronic devices,
but also other fields, such as spintronics, energy storage,
bioimaging, and biomedicine.
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