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ABSTRACT: On-surface synthesis has become a powerful
technique for obtaining various nanostructures, mainly by linking
small precursor molecules. In contrast, the cleavage of specific
moieties from precursor molecules is also an important and
promising strategy to increase the variety of products. Here, we
report the on-surface synthesis of hexabenzocoronene (HBC) and
its hexa-fluorinated analogue (6F-HBC) from the parent
heptaphenylcycloheptatrienes, via the systematic extrusion of a
phenyl-CH: carbenic fragment and a subsequent cyclodehydroge-
nation process on a Au(111) substrate. Their structures and
electronic properties were investigated in-depth by low-temper-
ature scanning tunneling microscopy with a CO-terminated tip.
Annealing at 200 °C triggers the elimination of the phenylcarbenic
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groups from the cycloheptatriene core, resulting in the formation of both hexaphenylbenzene and its fluorinated analogue. Although
the former was transformed into HBC via cyclodehydrogenation at 300 °C, the fluorinated one was thermally desorbed from the
surface even at 250 °C. We found that depositing fluorinated heptaphenylcycloheptatriene onto the substrate kept at 300 °C
successfully yielded 6F-HBC. The influence of fluorine substitution was identified through molecular assemblies and bond-resolved
images as well as dI/dV measurements, all obtained using the same CO-terminated tip. Our findings demonstrate that the retro-
Biichner reaction, corresponding to a ring contraction, is an effective strategy to enhance the variety of structures and electronic

properties of on-surface synthesized products.

ycloheptatriene derivatives are non-benzenoid, seven-

membered cyclic hydrocarbons that have attracted
sustained interest due to their unique structural and electronic
properties. Unlike benzene, cycloheptatriene derivatives adopt
a nonplanar conformation and contain a localized sp’-
hybridized methylene group, which interrupts full conjugation
across the ring.' They are known to generate the stable
cycloheptatrienylium cation” (known as tropylium), an
aromatic cationic counterpart, via hydride abstraction. In
heptaarylcycloheptatrienes, the presence of seven aryl sub-
stituents not only stabilizes the cycloheptatriene framework but
also significantly influences its conformational dynamics and
electronic properties through steric congestion and conjugative
effects. Cycloheptatriene derivatives are efficiently synthesized
by the Biichner ring expansion reaction.” In a first step, a
carbene is generated and reacted with a benzenic ring to yield a
cyclopropanated benzene ring, which rearranges through a ring
expansion to give access to a wide variety of cycloheptatriene-
based chemical structures.’

On-surface synthesis has emerged as a powerful bottom-up
strategy for constructing atomically precise nanocarbon
architectures.” Designed precursors are typically synthesized
through organic chemistry in solution and then deposited on
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surfaces under ultrahigh-vacuum conditions. Subsequent
surface-assisted reactions yielded the desired products. Since
the first successful debrominative homocoupling of porphyr-
ins,” the Ullmann-type reaction has been widely utilized. By
incorporation of subsequent cyclodehydrogenation®’ steps,
graphene nanoribbons have been successfully synthesized on
surfaces.'’ To increase the variety of structures, it is of central
importance to develop further on-surface reactions, such as
Glaser couplings.'' In addition to coupling reactions that
extend molecular structures, the dissociation of specific groups
from precursors is also a key topic for modifying the molecular
backbones. To this end, cleavages of C—C bonds, C—N bonds,
CN groups, trimethylsilyl (TMS) groups, and methyl groups
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have been demonstrate However, in contrast to the rich
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Scheme 1. Synthetic Routes toward Hexabenzocoronene (HBC, 3) and 2,5,8,11,14,17-Hexafluoro-hexa-peri-
hexabenzocoronene (6F-HBC, 6) via the Elimination of Phenylcarbenic Fragments and Subsequent Cyclodehydrogenation on
Au(111) from Heptaphenylcycloheptatriene (1) and Hepta(p-fluorophenyl)cycloheptatriene (4), Respectively
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Scheme 2. Synthetic Route to Prepare Hepta(p-fluorophenyl)cycloheptatriene (4)“
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“All details and characterization data can be found in the Supporting Information.

demonstration of coupling, the dissociation of certain groups
has been less explored.

Here, we report the on-surface synthesis of HBC** and 6F-
HBC™ via the elimination of arylcarbenic fragments, followed
by cyclodehydrogenation on Au(111) from heptaphenylcyclo-
heptatriene (1) and hepta(p-fluorophenyl)cycloheptatriene
(4), respectively (Scheme 1). While the non-fluorinated
precursor was transformed into HBC (3) through hexaphe-
nylbenzene (2) by stepwise thermal annealing at different
temperatures, the fluorinated precursor underwent desorption
at 250 °C after transformation into hexa(p-fluorophenyl)-
benzene (5). In contrast, depositing the precursors on a
Au(111) substrate kept at 325 °C yielded both HBC (3) and
6F-HBC (6). We found that the fluorine substituents
significantly induce electronic distortion in the outer phenyl
rings and shift the level of the molecular positive/negative ion
resonances (PIR/NIR), although their spatial distributions
were almost identical.

Heptaphenylcycloheptatriene (1) was synthesized following
a published procedure,”* while its fluorinated analogue,
hepta(p-fluorophenyl)cycloheptatriene (4), was prepared in
three steps from reported building blocks according to Scheme
2 (see the Supporting Information for more details).

Upon depositing heptaphenylcycloheptatriene (1) on a
Au(111) surface at room temperature, the surface was
characterized by scanning tunneling microscopy (STM)
under an ultrahigh-vacuum environment at 4.5 K. A ladder-
like self-assembled structure with a spacing of approximately
3.2 nm was formed (Figure 1A). The longitudinal axis of the
structure is rotated relative to the substrate lattice, and the
angle between growth directions of the two structural domains
was approximately 54°, which is inconsistent with the substrate
symmetry. The longitudinal axis of the ladder-like structure
was also slightly curved near the step, as indicated by blue
broken lines. Imaging the sample was relatively challenging
because the tip often accidentally picked up a molecule from
the surface. Although the corrugated film obscures the small
feature of the herringbone structure, it can still be observed
onto the self-assembled film (Figure S11), indicating weak
molecule—substrate interactions (physisorption). Figure 1B
shows a close-up view of the self-assembled structure. No clear
short-range periodicity was observed in the ladder-like
assembly. Nevertheless, since precursor 1 adopts a corrugated
conformation on the surface due to the seven tilted phenyl
groups connected to the nonplanar cycloheptatriene core, the
molecules are likely condensed via the phenyl—phenyl contact,
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Figure 1. On-surface synthesis of HBC. (A) Large-scale STM topography of self-assembled 1 on Au(111) and (B) close-up view. (C) Large-scale
STM image taken after annealing at 200 °C and (D) close-up view. Blue circles indicate individual molecules. (E) Large-scale STM topography
taken after annealing at 300 °C. (F) Constant-height bond-resolved image of hexabenzocoronene, obtained using a CO-terminated tip. Scanning
parameters: (A) V=200 mV and I = 5 pA. (B) V=200 mV and I = 20 pA. (C) V=200 mV and I = 10 pA. (D) V=200 mV and I = S pA. (E) V=

200 mV and I = 10 pA. (F) V= 10 mV.

which induces 7—7 and CH—7 interactions.””*® Owing to the
flexibility of the core and the complexity of these interactions,
our attempt to assign the molecular arrangement in the
assembled structure was unsuccessful. Nonetheless, we deduce
that the weak interaction between the corrugated molecule and
the substrate renders the structure incommensurate with the
surface lattice. A similar feature was observed in our previous
study using molecules with a pentagonal core.”” After
annealing the sample at 200 °C, the molecular film became

flatter and the contrast associated with the herringbone
reconstruction enhanced (Figure 1C). The close-up view
(Figure 1D) shows that the molecules were self-assembled
with the 3-fold symmetry. Each molecule exhibited six bright
dots instead of seven, although the contrast in the STM
topography varies significantly between dots and molecules.
This observation is in agreement with the previous study on
hexaphenylbenzene,” indicating that a phenylcarbenic frag-
ment Ph—CH: was eliminated from heptaphenylcyclohepta-

https://doi.org/10.1021/acs.jpclett.6c01675
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Figure 2. On-surface synthesis of 6F-HBC. (A) Large-scale STM topography of a self-assembly of 4 on Au(111) and (B) close-up view. Blue and
green arrows denote three productions at the center and six pairs of dimers in the typical ring-like structure, respectively. (C) Large-scale STM
image taken after annealing at 200 °C and (D) close-up view. Blue and green arrows denote tilted phenyl groups in anti-clockwise and clockwise
directions, respectively. (E) Large-scale STM topography taken after depositing 4 on a clean Au(111) substrate kept at 300 °C. (F) Constant-
height bond-resolved image of 6F-HBC, obtained using a CO-terminated tip. Scanning parameters: (A and B) V=500 mV and I = 5 pA. (C) V =
200 mV and I = § pA. (D) V=200 mV and I = 50 pA. (E) V=200 mV and I = 10 pA. (F) V=5 mV.

triene (1) upon annealing. Next, to synthesize HBC via
cyclodehydrogenation of 1, the sample was annealed at 300
°C.**7*" We found the presence of isolated flat molecules,
while most molecules fused with each other (Figure 1E). Some
brighter contrasts correspond to the partially planarized
molecules. To investigate the structure, the apex of the STM
tip was terminated with a CO molecule.””>® The bond-
resolved image unambiguously confirmed the synthesis of
HBC (Figure 1F). Since the intermolecular interaction

between HBCs on Au(111) results from repulsive C—H--
H—C contacts, no self-assembled structure was observed at low
coverage.”* Large structures were formed by random fusion
between HBCs as well as their defects caused by further
dissociation of phenyl groups (Figure S12).

Next, hepta(p-fluorophenyl)cycloheptatriene (4) was de-
posited on a clean Au(111) surface kept at room temperature.
Self-assembled ring-like structures were formed, which are
aligned along the [1 —1 0] substrate direction, as indicated by

https://doi.org/10.1021/acs.jpclett.6c01675
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Figure 3. Comparison of HBC and 6F-HBC using a CO-terminated tip. (A) Constant-height bond-resolved image taken after depositing 1 and 4
on a clean Au(111) surface kept at 325 °C. The products marked with red and blue crosses correspond to HBC and 6F-HBC, respectively. (B) dI/
dV curves (red and blue) measured at the sites indicated by the red and blue crosses in panel A, respectively. The black curve was measured at the
site indicated by the white cross as a reference. (C) Constant-height dI/dV maps of HBC measured at 2.10 V (NIR) and —1.37 V (PIR). (D)
Constant-height dI/dV maps of 6F-HBC measured at 1.80 V (NIR) and —1.47 V (PIR). Bond-resolved images of individual (E) HBC and (F) 6F-
HBC taken with the same CO-terminated tip. Arrows indicate the different distortions of the outer phenyl rings. Scanning parameters: (A) V = §

mV. (B=D) V,. = 10 mV. (E and F) V = 4 mV.

circles with a diameter of 2.5 nm (Figure 2A). Based on their
size, these ring-like structures apparently consist of several
molecules and a significant number of irregular structures were
also observed. Figure 2B shows a close-up view of the
molecular film. The ring-like structure is composed of three
condensed protrusions at the center (green arrows),
surrounded by six pairs of dimers, as indicated by blue arrows.
However, the arrangement varies between individual ring-like
structures; therefore, no clear periodicity was identified. Thus,
similar to 1, structural analysis of the molecular film was
challenging. After annealing the sample at 200 °C, periodic
self-assembled structures were observed, in which the
molecules were perfectly aligned along the [1 —1 0] direction
of the substrate (Figure 2C). The distinct appearance of the
herringbone pattern onto the film indicates weak molecular—
substrate interactions. The close-up view reveals that each
molecule has six bright spots, suggesting that fluorinated
phenylcarbene groups were dissociated to yield hexa(p-
fluorophenyl)benzene (S) (Figure 2D). The tilt direction of
the phenyl groups relative to the substrate varies, as indicated
by blue and green arrows (Figure S13). To synthesize 6F-
HBC, the sample was annealed at 250 °C. However, in
contrast to the stepwise thermal synthesis of HBC from
hexaphenylbenzene at 300 °C (see above), most of the
molecules were desorbed from the surface, indicating that the
fluorine substitution significantly weakens the molecule—
substrate interactions. To avoid desorption of 5 before

transforming to 6F-HBC, precursor 4 was directly deposited
on a clean Au(111) substrate kept at 300 °C, and we obtained
a self-assembled structure (Figure 2E). In contrast to HBC, the
absence of isolated molecules indicates that intermolecular
interactions are attractive. To resolve the inner structure, the
tip apex was terminated with a CO molecule. The bond-
resolved image confirms the synthesis of 6F-HBC (Figure 2F).
We also observed that side products were synthesized through
the elimination of an additional p-fluorophenyl fragment or the
formation of an additional hexagonal ring (Figure S14).
However, in contrast to HBC, the amount of defects was
relatively small, indicating that the thermal stability of 6F-HBC
is greater than that of HBC (Figure S15). Characterization of
the self-assembled structure using bond-resolved images
confirms that 6F-HBCs were condensed by C—F--H-C
hydrogen bonding.*

To investigate the structural and electronic properties of
both HBC and 6F-HBC using the same tip, cycloheptatriene
precursors 1 and 4 were co-deposited on a clean Au(111)
surface kept at a higher temperature (325 °C) than that for the
separate deposition to ensure complete planarization of 2.
Subsequently, the tip apex was terminated with a CO molecule
for bond-resolved imaging (Figure 3A). We identified single
molecules as well as the formation of self-assembled domains
on the surface (Figure S16). Based on individual observations
of HBC and 6F-HBC (Figures 1E and 2E), we assigned the
single molecules to HBCs and the self-assembled molecules to

https://doi.org/10.1021/acs.jpclett.6c01675
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6F-HBCs, respectively. Their electronic properties were
analyzed with dI/dV curves measured at the sites indicated
with red and blue crosses in Figure 3A as well as with a white
cross for reference. The energies of PIR and NIR for HBC
were —1.37 and 2.10 V, respectively (Figure 3B). Thus,
fluorine substitution causes downward shifts of both PIR and
NIR levels by approximately 0.1 and 0.3 V, respectively. The
observed fluorination effect on the electronic property was also
reported in perfluoropetacene®®*” and was further confirmed
by our density functional theory calculation at the B3LYP/6-
311+G(d,p) level (Figure S17). The calculated electrostatic
potential map of HBC (Figure S18) indicates that the positive
values on the outer regions are responsible for the repulsion
between HBCs. In contrast, the presence of both positive and
negative values in 6F-HBC suggests that the self-assembly is
caused by hydrogen bonding, as observed in Figure 3A. To
investigate the spatial distributions of HBC and 6F-HBC,
constant-height dI/dV maps were recorded at the correspond-
ing energies (Figure 3C and D). Although the energy levels of
NIR and PIR were shifted, the contrast of the molecular
orbitals were almost identical. Note that since the measure-
ments were performed using a CO-terminated tip, the spatial
resolution of the dI/dV maps was significantly increased due to
the effect of the p, CO orbital.”® Taking advantage of the
coexistence of HBC and 6F-HBC in the same scan area, we
investigated the detailed contrast of the corresponding bond-
resolved image using the same CO-terminated tip (Figure 3E
and F). A significant difference in the distortion of the outer
phenyl rings was identified, as indicated by the blue arrows.
The non-fluorinated phenyl moieties appear wider than the
fluorinated ones. These different distortions of the phenyls
result from different distributions of the total charge density,””
caused by fluorine substitution. Furthermore, p-fluorophenyl
fragments exhibit a faint feature pointing outward, which
corresponds to the C—F bond. Based on these features, careful
inspection of the fluorophenyls revealed that several 6F-HBCs
located at the edge of the molecular film incorporated a non-
fluorinated phenyl group, which is likely synthesized by
hydrodefluorination (Figure S19).

In summary, we successfully synthesized HBC and 6F-HBC
from heptaphenylcycloheptatriene (1) and hepta(p-
fluorophenyl)cycloheptatriene (4), respectively, via dissocia-
tion of phenylcarbenic fragments followed by cyclodehydroge-
nation on a Au(111) surface. Their chemical structures and
electronic properties were characterized by using high-
resolution STM and STS. While HBC was obtained through
the stepwise thermal synthesis of hexaphenylbenzene, the
fluorinated analogue was desorbed from the surface upon
annealing at 250 °C. We discovered that depositing hepta(p-
fluorophenyl)cycloheptatriene on a clean Au(111) surface kept
at 300 °C yielded 6F-HBC. To investigate both HBC and 6F-
HBC with the same CO-terminated tip, both precursors were
co-deposited on a hot Au(111) substrate. We observed that
the fluorine substitution lowers the NIR and PIR levels by 0.1
and 0.3 V, respectively. However, the spatial distribution of
both orbitals of HBC are almost identical to that of 6F-HBC.
In contrast, fluorination modulates the total charge density at
the outer phenyls, resulting in distinct contrast in the bond-
resolved images. These findings highlight the potential of the
retro-Blichner reaction as well as the role of the cyclo-
heptatriene core and fluorine substitution for on-surface
synthesis.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c01675.

Synthesis and characterization (H, 'F, and *C NMR
and mass spectrometry) of hepta(p-fluorophenyl)-
cycloheptatriene 4 and its precursors, methods including
details of STM experiments, additional STM images, and
DFT calculations of HBC (3) and 6F-HBC (6)
(DOCX)

B AUTHOR INFORMATION
Corresponding Authors

Shigeki Kawai — Center for Basic Research on Materials,
National Institute for Materials Science, Tsukuba, Ibaraki
305-0047, Japan; Graduate School of Pure and Applied
Sciences, University of Tsukuba, Tsukuba, Ibaraki 305-8571,
Japan; ©® orcid.org/0000-0003-2128-0120;

Email: kawai.shigeki@nims.go.jp

Gwénaél Rapenne — Division of Materials Science, Nara
Institute of Science and Technology, Ikoma, Nara 630-0192,
Japan; Université de Toulouse, CNRS, CEMES, 31055
Toulouse, France; © orcid.org/0000-0002-4993-4213;
Email: gwenael-rapenne@ms.naist.jp

Authors

Haruka Tsuji — Center for Basic Research on Materials,
National Institute for Materials Science, Tsukuba, Ibaraki
305-0047, Japan

Donglin Li — Center for Basic Research on Materials, National
Institute for Materials Science, Tsukuba, Ibaraki 305-0047,
Japan

Pranshu Pal — Department of Metallurgical and Materials
Engineering, National Institute of Technology Srinagar,
Srinagar, Jammu and Kashmir 190006, India

Oscar Custance — Center for Basic Research on Materials,
National Institute for Materials Science, Tsukuba, Ibaraki
305-0047, Japan; ©® orcid.org/0000-0001-7931-603X

Toshikaze Kariyado — Research Center for Materials
Nanoarchitectonics (MANA), National Institute for
Materials Science, Tsukuba, Ibaraki 305-0044, Japan;

orcid.org/0000-0002-3746-6803

Yorie Ohno — Division of Materials Science, Nara Institute of
Science and Technology, Ikoma, Nara 630-0192, Japan

Yohei Hattori — Division of Materials Science, Nara Institute
of Science and Technology, Ikoma, Nara 630-0192, Japan;

orcid.org/0000-0001-9281-0403

Thomas A. Hector — Université de Toulouse, CNRS, CEMES,
310SS Toulouse, France

Claire Kammerer — Université de Toulouse, CNRS, CEMES,
31055 Toulouse, France; ® orcid.org/0000-0002-5292-
5975

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.6c01675

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

https://doi.org/10.1021/acs.jpclett.6c01675
J. Phys. Chem. Lett. 2026, 17, 12171-12178

920z 1890300 62 U0 J8sn (SWIN) JONIIOS STLYIN MO LSNI T1LYN Aq 4pd°G291.009 WelodI 's0./9y660%29/L L LZ L/Zv/LLAPd-8jone/pojodl/Bio-soe sqnd woy pepeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6c01675/suppl_file/jz6c01675_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6c01675/suppl_file/jz6c01675_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6c01675/suppl_file/jz6c01675_si_001.docx
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c01675?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6c01675/suppl_file/jz6c01675_si_001.docx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shigeki+Kawai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2128-0120
mailto:kawai.shigeki@nims.go.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gwe%CC%81nae%CC%88l+Rapenne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4993-4213
mailto:gwenael-rapenne@ms.naist.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haruka+Tsuji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Donglin+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pranshu+Pal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oscar+Custance"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7931-603X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Toshikaze+Kariyado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3746-6803
https://orcid.org/0000-0002-3746-6803
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yorie+Ohno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yohei+Hattori"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9281-0403
https://orcid.org/0000-0001-9281-0403
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+A.+Hector"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claire+Kammerer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5292-5975
https://orcid.org/0000-0002-5292-5975
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c01675?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.6c01675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported in part by Japan Society for the
Promotion of Science (JSPS) KAKENHI Grants 22H00325,
24KF0269, 25H00422, and 25K2471S. H.T. acknowledges
financial support from Grant-in-Aid for JSPS Research Fellow
(JP25KJ1768). This work was also partly supported by the
ARIM Program of the Ministry of Education, Culture, Sports,
Science and Technology (MEXT), Japan
(JPMXP1224NRS041 and JPMXP1225NRS5016) and Grant
NanoX ANR-17-EURE-0009 in the framework of the
“Programme des Investissements d’Avenir”. G.R. thanks the
CNRS for its support through the International Research
Project POEMES (2024—2028). T.A.H. thanks the University
of Toulouse for a Ph.D. fellowship. P.P. thanks the National
Institute for Materials Science for an internship program.

B REFERENCES

(1) Winberg, H. E. Synthesis of cycloheptatriene. . Org. Chem. 1959,
24, 264—265.

(2) Von E. Doering, W.; Knox, L. H. The cycloheptatrienylium
(tropylium) ion. J. Am. Chem. Soc. 1954, 76, 3203—3206.

(3) Biichner, E.; Curtius, T. Uber die einwirkung von diazoessigather
auf aromatisch kohlenwasserstoffe. Ber. Dtsch. Chem. Ges. 1888, 18,
2377-2379.

(4) Anciaux, A. J.; Demonceau, A.; Noels, A. F.; Hubert, A. J.; Warin,
R.; Teyssié, P. Transition-Metal-Catalyzed Reactions of Diazo
Compounds. 2. Addition to Aromatic Molecules: Catalysis of
Buchner’s Synthesis of Cycloheptatrienes. J. Org. Chem. 1981, 46,
873—876.

(5) Reisman, S. E.; Nani, R. R; Levin, S. Biichner and Beyond:
Arene Cyclopropanation as Applied to Natural Product Total
Synthesis. Synlett 2011, 2011 (17), 2437—2442.

(6) Clair, S.; de Oteyza, D. G. Controlling a Chemical Coupling
Reaction on a Surface: Tools and Strategies for On-Surface Synthesis.
Chem. Rev. 2019, 119, 4717—4776.

(7) Grill, L.; Dyer, M.; Lafferentz, L.; Persson, M.; Peters, M. V.;
Hecht, S. Nano-Architectures by Covalent Assembly of Molecular
Building Blocks. Nat. Nanotechnol. 2007, 2, 687—691.

(8) Otero, G.; Biddau, G.; Sdnchez-Sanchez, C.; Caillard, R.; Lépez,
M. F.; Rogero, C.; Palomares, F. J.; Cabello, N.,; Basanta, M. A,;
Ortega, J.; Méndez, J.; Echavarren, A. M.; Pérez, R.; Gémez-Lor, B,;
Martin-Gago, J. A. Fullerenes from Aromatic Precursors by Surface-
Catalysed Cyclodehydrogenation. Nature 2008, 454, 865—868.

(9) Treier, M; Pignedoli, C. A.; Laino, T.; Rieger, R;; Miillen, K;
Passerone, D.; Fasel, R. Surface-assisted Cyclodehydrogenation
Provides a Synthetic Route towards Easily Processable and Chemi-
cally Tailored Nanographenes. Nat. Chem. 2011, 3, 61—67.

(10) Cai, J; Ruffieux, P.; Jaafar, R,; Bieri, M.; Braun, T.;
Blankenburg, S.; Muoth, M.; Seitsonen, A. P.; Saleh, M.; Feng, X;
Miillen, K.; Fasel, R. Atomically Precise Bottom-Up Fabrication of
Graphene Nanoribbons. Nature 2010, 466, 470—473.

(11) Gao, H.; Wagner, H; Zhong, D. Y.; Franke, J. H; Studer, A,
Fuchs, H. Glaser Coupling at Metal Surfaces. Angew. Chem., Int. Ed.
2013, 52, 4024—4028.

(12) Wickerlin, C.; Gallardo, A.; Mairena, A.; Baljozovic, M.; Cahlik,
A.; Antalik, A,; Brabec, J; Veis, L.; Nachtigallovd, D.; Jelinek, P.;
Ernst, K.-H. On-Surface Hydrogenation of Buckybowls: From Curved
Aromatic Molecules to Planar Non-Kekulé Aromatic Hydrocarbons.
ACS Nano 2020, 14, 16735—16742.

(13) Li, D,; Ohto, T.; Nishiuchi, T.; Takeuchi, S.; Nishide, Y.;
Kimizuka, H.; Kubo, T.; Kawai, S. Systematic C—C Bond Cleavage in
Oligomers via Diels-Alder Reaction on Au(111). ACS Nano 2025, 19,
35825—-35832.

(14) Sun, K; Sugawara, K; Lyalin, A,; Ishigaki, Y.,; Uosaki, K;
Taketsugu, T.; Suzuki, T.; Kawai, S. Heterocyclic Ring Opening of
Nanographene on Au(111). Angew. Chem,, Int. Ed. 2021, 60, 9427—
9432.

(15) Wang, L,; Peng, X; Su, J.; Wang, J.; Gallardo, A,; Yang, H.;
Chen, Q;; Lyu, P,; Jelinek, P.; Liu, J.; Wong, M. W,; Lu, J. Highly
Selective On-Surface Ring-Opening of Aromatic Azulene Moiety. J.
Am. Chem. Soc. 2024, 146 (2), 1563—1571.

(16) Xiong, W.; Zhang, G.; Bao, D.-L; Ly, J.; Gao, L.; Li, Y.; Zhang,
H,; Ruan, Z; Hao, Z; Gao, H.-J,; Chen, L; Cai, J. Visualizing
Stepwise Evolution of Carbon Hybridization from sp® to sp? and to
sp. Nat. Commun. 2025, 16, 690.

(17) Gao, H.; Held, P. A,; Amirjalayer, S.; Liu, L; Timmer, A;
Schirmer, B.; Diaz Arado, O.; Moenig, H.; Mueck-Lichtenfeld, C,;
Neugebauer, J.; Studer, A.; Fuchs, H. Intermolecular On-Surface o-
Bond Metathesis. J. Am. Chem. Soc. 2017, 139, 7012—7019.

(18) Kawai, S.; Krejci, O.; Foster, A. S.; Pawlak, R.; Xu, F.; Peng, L.;
Orita, A,; Meyer, E. Diacetylene Linked Anthracene Oligomers
Synthesized by One-Shot Homocoupling of Trimethylsilyl on
Cu(111). ACS Nano 2018, 12, 8791—8797.

(19) Ma, K; Zhang, T.; Qin, Y.; Hu, Z,; Sun, Z.; Han, Y.; Zhao, D,;
Gao, H. Desilylative Coupling Involving C(sp?)—Si Bond Cleavage on
Metal Surfaces. . Am. Chem. Soc. 2022, 144, 8789—8796.

(20) Xu, X.; Di Giovannantonio, M.; Urgel, J. L; Pignedoli, C. A;
Ruffieux, P.; Miillen, K.; Fasel, R.; Narita, A. On-surface activation of
benzylic CH bonds for the synthesis of pentagon-fused graphene
nanoribbons. Nano Res. 2021, 14, 4754—4759.

(21) Biswas, K; Chen, Q.; Obermann, S.; Ma, J.; Soler-Polo, D.;
Melidonie, J.; Barragdn, A.; Sénchez-Grande, A.; Lauwaet, K.; Gallego,
J. M,; Miranda, R; Ecija, D.; Jelinek, P.; Feng, X; Urgel, J. I. On-
Surface Synthesis of Non-Benzenoid Nanographenes Embedding
Azulene and Stone-Wales Topologies. Angew. Chem., Int. Ed. 2024,
63, No. €e202318185.

(22) Stabel, A; Herwig, P.; Miillen, K; Rabe, J. P. Diodelike
Current—Voltage Curves for a Single Molecule—Tunneling Spectros-
copy with Submolecular Resolution of an Alkylated, peri-Condensed
Hexabenzocoronene. Angew. Chem., Int. Ed. Engl. 1995, 34, 1609—
1611.

(23) Kikuzawa, Y.; Mori, T.; Takeuchi, H. Synthesis of
2,5,8,11,14,17-Hexafluoro-hexa-peri- hexabenzocoronene for n-Type
Organic Field-Effect Transistors. Org. Lett. 2007, 9, 4817—4820.

(24) Saha, P. K; Mallick, A.; Turley, A. T.; Bismillah, A. N.; Danos,
A.; Monkman, A. P.; Avestro, A.-J.; Yufit, D. S.; McGonigal, P. R.
Rupturing aromaticity by periphery overcrowding. Nat. Chem. 2023,
15, 516—525.

(25) Li, Q; Han, C.; Horton, S. R.; Fuentes-Cabrera, M.; Sumpter,
B. G; Lu, W; Bernholc, J.; Maksymovych, P.; Pan, M. Supra-
molecular Self-Assembly of #-Conjugated Hydrocarbons via 2D
Cooperative CH/ 7 Interaction. ACS Nano 2012, 6, S66—572.

(26) Stockl, Q. S.; Hsieh, Y.; Mairena, A,; Wu, Y.; Ernst, K.-H.
Aggregation of C,y-Fragment Buckybowls on Surfaces: 7—H and 7—7
Bonding in Bowl Up-Side-Down Ensembles. J. Am. Chem. Soc. 2016,
138, 6111-6114.

(27) Li, D, Seki, S.; Ishikawa, A; Omoto, K; Yasuhara, K;
Rapenne, G.; Kawai, S. Procrystalline Self-Assembly of Desymme-
trized Pentaphenylcyclopentadiene. ]. Phys. Chem. Lett. 2024, 1S,
7628—7634.

(28) Teeter, J. D.; Costa, P. S.; Dobner, C.; Sarker, M.; Sinitskii, A.;
Enders, A. Structure Formation and Coupling Reactions of
Hexaphenylbenzene and Its Brominated Analog. ChemPhysChem
2021, 22, 1769—1773.

(29) Sénchez-Sinchez, C.; Briiller, S.; Sachdev, H.; Miillen, K;
Krieg, M.; Bettinger, H. F.; Nicolai, A.; Meunier, V.; Talirz, L.; Fasel,
R; Ruffieux, P. On-Surface Synthesis of BN-Substituted Hetero-
aromatic Networks. ACS Nano 2018, 9, 9228—9233.

(30) Wang, Y.; Li, H.; Wang, L.; Gao, T.; Zhang, H.; Miillen, K; Xie,
M,; Goddard, W. A, III; Chi, L. Direct Synthesis of Hexa-peri-
hexabenzocoronene on Au(111) Surfaces: Insights into Intra-

https://doi.org/10.1021/acs.jpclett.6c01675
J. Phys. Chem. Lett. 2026, 17, 12171-12178

920z 1890300 62 U0 J8sn (SWIN) JONIIOS STLYIN MO LSNI T1LYN Aq 4pd°G291.009 WelodI 's0./9y660%29/L L LZ L/Zv/LLAPd-8jone/pojodl/Bio-soe sqnd woy pepeojumoq


https://doi.org/10.1021/jo01084a635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01641a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01641a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cber.188501802119
https://doi.org/10.1002/cber.188501802119
https://doi.org/10.1021/jo00318a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00318a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00318a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0031-1289520
https://doi.org/10.1055/s-0031-1289520
https://doi.org/10.1055/s-0031-1289520
https://doi.org/10.1021/acs.chemrev.8b00601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2007.346
https://doi.org/10.1038/nnano.2007.346
https://doi.org/10.1038/nature07193
https://doi.org/10.1038/nature07193
https://doi.org/10.1038/nchem.891
https://doi.org/10.1038/nchem.891
https://doi.org/10.1038/nchem.891
https://doi.org/10.1038/nature09211
https://doi.org/10.1038/nature09211
https://doi.org/10.1002/anie.201208597
https://doi.org/10.1021/acsnano.0c04488?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c04488?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5c12424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5c12424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202017137
https://doi.org/10.1002/anie.202017137
https://doi.org/10.1021/jacs.3c11652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c11652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-024-55719-4
https://doi.org/10.1038/s41467-024-55719-4
https://doi.org/10.1038/s41467-024-55719-4
https://doi.org/10.1021/jacs.7b02430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b02430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b05116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b05116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b05116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12274-021-3419-2
https://doi.org/10.1007/s12274-021-3419-2
https://doi.org/10.1007/s12274-021-3419-2
https://doi.org/10.1002/anie.202318185
https://doi.org/10.1002/anie.202318185
https://doi.org/10.1002/anie.202318185
https://doi.org/10.1002/anie.199516091
https://doi.org/10.1002/anie.199516091
https://doi.org/10.1002/anie.199516091
https://doi.org/10.1002/anie.199516091
https://doi.org/10.1021/ol702158a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol702158a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol702158a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-023-01149-6
https://doi.org/10.1021/nn203952e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn203952e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn203952e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.4c01364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.4c01364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cphc.202100049
https://doi.org/10.1002/cphc.202100049
https://doi.org/10.1021/acsnano.5b03895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b03895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.4c06226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.4c06226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.6c01675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

molecular Dehydrocyclization and Molecular Modification Strategies.
ACS Catal. 2025, 15 (5), 3777—3788.

(31) Wang, L,; Han, Y,; Xie, M,; Li, X; Chen, Q.; Tang, Y.; Liu, Y,;
Ge, H,; Li, H,; Cai, L.; Meerholz, K,; Zhang, H.; Miillen, K.; Chi, L.
Synthesis of Hexabenzocoronene-Cored Graphdiyne Nanosheets
through Dehydrogenative Coupling on Au(111) Surface. Angew.
Chem., Int. Ed. 2024, 63, No. €202411722.

(32) Gross, L.; Mohn, F.; Moll, N; Liljeroth, P.; Meyer, G. The
chemical structure of a molecule resolved by atomic force microscopy.
Science 2009, 325, 1110—1114.

(33) Temirov, R.; Soubatch, S.; Neucheva, O.; Lassise, A. C.; Tautz,
F. S. A Novel Method Achieving Ultra-High Geometrical Resolution
in Scanning Tunneling Microscopy. New J. Phys. 2008, 10,
No. 053012.

(34) Wagner, C.; Kasemann, D.; Golnik, C.; Forker, R.; Esslinger,
M,; Miillen, K.; Fritz, T. Repulsion between Molecules on a Metal:
Monolayers and Submonolayers of Hexa-Peri-Hexabenzocoronene on
Au(111). Phys. Rev. B 2010, 81, No. 035423.

(35) Kawai, S.; Sadeghi, A.; Feng, X,; Lifen, P.; Pawlak, R; Glatzel,
T.; Willand, A,; Orita, A; Otera, J; Goedecker, S.; Meyer, E.
Obtaining Detailed Structural Information about Supramolecular
Systems on Surfaces by Combining High-Resolution Force Micros-
copy with ab Initio Calculations. ACS Nano 2013, 7, 9098.

(36) Koch, N.; Vollmer, A.; Duhm, S.; Sakamoto, Y.; Suzuki, T. The
Effect of Fluorination on Pentacene/Gold Interface Energetics and
Charge Reorganization Energy. Adv. Mater. 2007, 19, 112.

(37) Wang, Q.; Yang, J.; Franco-Cafiellas, A, Biirker, C,;
Niederhausen, J.; Dombrowski, P.; Widdascheck, F.; Breuer, T;
Witte, G.; Gerlach, A.; Duhm, S.; Schreiber, F. Pentacene/
perfluoropentacene Bilayers on Au(111) and Cu(111): Impact of
Organic—Metal Coupling Strength on Molecular Structure For-
mation. Nanoscale Adv. 2021, 3, 2598—2606.

(38) Gross, L.; Moll, N.; Mohn, F.; Curioni, A.; Meyer, G.; Hanke,
F.; Persson, M. High-Resolution Molecular Orbital Imaging Using a
p-Wave STM Tip. Phys. Rev. Lett. 2011, 107, No. 086101.

(39) Moll, N.; Schuler, B.; Kawai, S.; Xu, F.; Peng, L.; Orita, A;
Otera, J.; Curioni, A,; Neu, M.; Repp, J.; Meyer, G.; Gross, L. Image
Distortions of Partly Fluorinated Hydrocarbons in Atomic Force
Microscopy with Carbon Monoxide Terminated Tip. Nano Lett.
2014, 14, 6127—6131.

12178

https://doi.org/10.1021/acs.jpclett.6c01675
J. Phys. Chem. Lett. 2026, 17, 12171-12178

920z 1890300 62 U0 J8sn (SWIN) JONIIOS STLYIN MO LSNI T1LYN Aq 4pd°G291.009 WelodI 's0./9y660%29/L L LZ L/Zv/LLAPd-8jone/pojodl/Bio-soe sqnd woy pepeojumoq


https://doi.org/10.1021/acscatal.4c06226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202411722
https://doi.org/10.1002/anie.202411722
https://doi.org/10.1126/science.1176210
https://doi.org/10.1126/science.1176210
https://doi.org/10.1088/1367-2630/10/5/053012
https://doi.org/10.1088/1367-2630/10/5/053012
https://doi.org/10.1103/PhysRevB.81.035423
https://doi.org/10.1103/PhysRevB.81.035423
https://doi.org/10.1103/PhysRevB.81.035423
https://doi.org/10.1021/nn403672m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn403672m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn403672m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.200601825
https://doi.org/10.1002/adma.200601825
https://doi.org/10.1002/adma.200601825
https://doi.org/10.1039/D1NA00040C
https://doi.org/10.1039/D1NA00040C
https://doi.org/10.1039/D1NA00040C
https://doi.org/10.1039/D1NA00040C
https://doi.org/10.1103/PhysRevLett.107.086101
https://doi.org/10.1103/PhysRevLett.107.086101
https://doi.org/10.1021/nl502113z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl502113z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl502113z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.6c01675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

