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Dehydrogenation, an important chemical transformation involving the  microscop
removal of one or more hydrogen atoms, has broad synthetic utility’™.  C-H bond activation

Deng-Yuan Li®"' /, Zheng-Yang Huang? Li-Xia Kang? Bing-Xin Wang?,
Jian-Hui Fu?, Ying Wang? Guang-Yan Xing? Yan Zhao?, Xin-Yu Zhang? &
Pei-Nian Liu® "2

Cyclodehydrogenation is an important ring-formation reaction that can
directly produce planar-conjugated carbon-based nanomaterials from non-
planar molecules. However, inherently high C-H bond energy necessitates a
high temperature during dehydrogenation, and the ubiquity of C - H bonds in
molecules and small differences in their bond energies hinder the selectivity of
dehydrogenation. Here, we report a room-temperature cyclodehydrogenation
reaction on Au(111) via radical addition of open-shell resonance structures and
demonstrate that radical addition significantly decreases cyclodehydrogena-
tion temperature and further improves the chemoselectivity of dehy-
drogenation. Using scanning tunneling microscopy and non-contact atomic
force microscopy, we visualize the cascade reaction process involved in
cyclodehydrogenation and determine atomic structures and molecular orbi-
tals of the planar acetylene-linked oxa-nanographene products. The nonplanar
intermediates observed during progression annealing, combined with density
functional theory calculations, suggest that room-temperature cyclodehy-
drogenation involves the formation of transient radicals, intramolecular radi-
cal addition, and hydrogen elimination; and that the high chemoselectivity of
cyclodehydrogenation arises from the reversibility and different thermo-
dynamics of radical addition step.

510 providing valuable experimental insights for selective

714 surface/adatom catalytic mechanism'™, and

For example, dehydrogenation is a fundamental chemical process in
the petrochemical industry for transforming low-value alkanes into
high-value-added chemicals®®. The intramolecular dehydrogenation
coupling reaction in solution chemistry is one of the key steps for
achieving planarization and aromatization of molecules to synthesize
functional large m-conjugated systems“*. Over the past 15 years,
dehydrogenation reactions on surfaces under ultrahigh-vacuum (UHV)
conditions have been developed and visualized by scanning probe

covalent polymerization at the molecular level'*%°, Particularly, intra-
molecular cyclodehydrogenation’®, as a key step in achieving planar-
ization and aromatization from nonplanar molecules or reaction
intermediates on surfaces, has been frequently used to fabricate var-
ious low-dimensional covalent carbon-based nanostructures”°, such
as nanographenes'®*°~¢, graphene nanoribbons®*?, and other carbon
allotropes*?, whose synthesis can be challenging through conventional
solution chemistry. However, cyclodehydrogenation reactions usually
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require harsh conditions (high temperature, approximately 573 K on
the Au(111) surface) owing to the inherently high C —H bond energy.
The ubiquity of C-H bonds in molecules and the small difference in
bond energy also hamper the selectivity of the dehydrogenation
reactions. Therefore, realizing highly selective cyclodehydrogenation
on surfaces under mild conditions is desirable, although it remains a
great challenge.

Free radicals are highly chemically reactive species with at least
one unpaired valence electron and are key intermediates in many
chemical transformations***%. Generally, free radicals on surfaces
(Fig. 1a) are generated by homolyzing covalent o-bonds (such as
carbon-halogen bonds)**° or m-bonds (intramolecular electro-
cyclization of unsaturated groups)*>*. However, the free radicals on
surfaces are easily quenched by metal surfaces or adatoms, generating
more stable organometallic intermediates®>>*>°. The highly active free
radicals also tend to self-passivate to form new covalent bonds™*%¢.,
These radical quenching effects hinder the application in controlling
on-surface covalent reactions. Another possible route for forming free
radicals is molecular resonance (Fig. 1b), which may generate transient
radicals and avoid the quenching effects because the energy difference
between the closed-shell and open-shell resonance hybrid structures is
small®>**, As a typical example, Fasel et al. reported a lateral fusion of
open-shell indeno[2,1-blfluorene polymers on Au(l11l) at approxi-
mately 573 K to form porous ribbons®. In contrast, room-temperature
cyclodehydrogenation on Au(111) remains underexplored and the
selectivity of dehydrogenation needs to be improved.

In this work, we report a room-temperature cyclodehydrogena-
tion reaction with high chemoselectivity on Au(111) via radical addition
of open-shell resonance structures and demonstrate that radical
addition can significantly decrease the temperature of cyclodehy-
drogenation. Through debromination coupling of gem-dibromides,
cumulene-containing nonplanar coupling products are first produced
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on Au(lll) and can generate transient radicals via resonance from
cumulene to internal alkyne. The subsequent intramolecular radical
addition gives nonplanar cyclized intermediates that easily undergo
dehydrogenation to attain planarization and aromatization, affording
planar acetylene-linked oxa-nanographene products (Fig. 1c). The
atomic structures and molecular orbitals of oxa-nanographenes are
determined by a combination of scanning tunneling microscopy/
spectroscopy (STM/STS), bond-resolved STM (BR-STM), non-contact
atomic force microscopy (nc-AFM), and density functional theory
(DFT) calculations. The diverse nonplanar intermediates, along with
the DFT calculation results demonstrated that room-temperature
cyclodehydrogenation involved the formation of transient radicals,
intramolecular radical addition, and hydrogen elimination; and that the
high chemoselectivity of the cyclodehydrogenation arises from the
reversibility and different thermodynamics of the radical addition step.

Results
Initially, 10-(dibromomethylene)-[1,2"-bianthracen]-9(10H)-one (1) was
selected as a model precursor for the in situ formation of cumulenic
dimer on the Au(lll) surface through selective debrominative C-C
coupling reaction of gem-dibromides®>*°. This dimer is expected to be an
ideal active intermediate for the generation of transient radicals via
resonance from cumulene to internal alkyne on Au(lll) (Fig. 1c and
Supplementary Fig. 1). Moreover, the radical shift from C to O through
resonance from cyclohexadienone radical to the phenoxyl radical
(similar to the keto-enol tautomerism) and intramolecular radical addi-
tion with the adjacent phenyl group give a nonplanar radical inter-
mediate. As a result, the nonplanar radical intermediate may easily
undergo dehydrogenation to attain planarization and aromatization,
affording planar acetylene-linked oxa-nanographene products (Fig. 1c).
After depositing precursor 1 on the Au(111) surface held at room
temperature (approximately 300 K) for 12 h under UHV conditions, the
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Fig. 1| Strategy for inducing room-temperature cyclodehydrogenation on
Au(111). a Formation and quenching of free radicals on metal surfaces (“M” indi-
cates the metal adatom or metal surface. “R” indicates the substituent groups).
b Formation of transient radicals. ¢ Inducing room-temperature

cyclodehydrogenation on Au(111) via radical addition of open-shell resonance
structures (The gray chemical structure represents the part of the molecule closer
to the Au(111) surface).
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Fig. 2 | Formation and structural characterization of planar oxa-
nanographenes on Au(111) via room-temperature cyclodehydrogenation.

a-c Large-scale and high-resolution STM images after depositing precursor 1 on
Au(111) held at 300 K for 12 h and the corresponding statistical analysis of products.
d, e Zoom-in STM, BR-STM, and nc-AFM images of two representative planar
dimers formed by the removal of a-H and the corresponding chemical structures.
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f, g Zoom-in STM, BR-STM, and nc-AFM images of two representative planar
monomers (f: cis-monomer; g: trans-monomer) and the corresponding chemical
structures. The red arrows and yellow dotted circles indicate O atoms and methyl
groups. Scale bars: a 20 nm. b 5 nm. d-g 0.5 nm. Scanning parameters:a U=0.5V,
I=10 pA.b U=0.2V, /=50 pA.d,e U=0.1V, /=100 pA. f U=0.1V, /=10 pA.

g U=0.2V, /=8 pA. d-g BR-STM: CO tip, constant height, U=10 mV.

sample was cooled to approximately 5K for further characterization.
Large-scale STM images reveal the formation of diverse individual
dimers and monomers that are adsorbed on the face-centered cubic
regions of Au(111) surfaces herringbone reconstruction aligning with
[11-2] and the equivalent direction of the substrate (Fig. 2a and Sup-
plementary Fig. 2). The high-resolution STM image reveals two fre-
quently observed species, including two types of dimers (blue frames
in Fig. 2b) and one typical cis-monomer (gray frame in Fig. 2b). As
shown in zoom-in STM images, one dimer has a mirror-symmetric
structure (Fig. 2d, left) and the other dimer has a centrosymmetric
structure (Fig. 2e, left). Further, BR-STM and nc-AFM images reveal that
the two dimers have planar geometries with their termini present in a
cis-configuration. These structural features suggest that the two planar
dimers are the desired acetylene-linked oxa-nanographene products
(Supplementary Fig. 3a, b). Notably, only a few bromide atoms are
observed between two planar cis-a,a-dimers (while dotted frames in
Fig. 2a and Supplementary Fig. 4). These results further demonstrate
that precursor 1 undergoes debrominative C-C coupling and intra-

Similarly, the zoom-in STM, BR-STM, and nc-AFM images (Fig. 2f
and Supplementary Figs. 3c and 5) of a common cis-monomer product
indicate a planar geometry with a bright protrusion at the terminal
(yellow dotted circles in Fig. 2f), and this bright protrusion can be
assigned to a methyl group (CH3)*”“, Moreover, the trans-monomer
product is occasionally observed in the experimental STM images, and
the chemical structure is identified from corresponding zoom-in STM,
BR-STM, and nc-AFM images (Fig. 2g and Supplementary Fig. 3d). The
results suggest that the debromination process is possibly accom-
panied by hydrogen passivation by the active hydrogen adatoms
(formed by the molecular hydrogen cracked by the filament in the
residual gas of the UHV chamber). Statistical analysis based on the
counting of the number of planar versus nonplanar species on the
Au(111) surface reveals that planar dimers and monomers account for
approximately 95%, corresponding to 62% dimers (more than 61% a,a-
dimers and less than 1% «,5- and S,5-dimers) and 33% monomers
(Fig. 2c). The selectivity of the a-site cyclodehydrogention is up to 99%
and only a few S-site cyclodehydrogenation products can be observed,

molecular cyclodehydrogenation by the removal of a-H on Au(111) at  suggesting that room-temperature intramolecular cyclodehy-
room temperature. drogenation is a highly chemoselective reaction.
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After further annealing at 333 K for 15 minutes, most planar dimer
and monomer products remain intact with the same statistical abun-
dance as at room temperature (Supplementary Fig. 6a, b). STM images
show that when the sample was annealed at 543 K for 15 min, most
planar dimers were still intact with only a few containing deformed
kinks in the middle of the molecular backbone (Supplementary
Fig. 6¢), which may be attributed to the high temperature-induced
intramolecular cyclization of the alkyne groups with two adjacent
anthracene moieties®. In contrast, the planar monomer products are
significantly less than that at room temperature or 333 K, which can be
attributed to the high temperature-induced desorption of smaller
monomers from Au(111). The chemical structures of the other config-
urational dimers are also determined from the zoom-in STM and BR-
STM images (Supplementary Fig. 7).

To demonstrate the radical addition-induced room-temperature
cyclodehydrogenation of precursor 1 on Au(lll), we performed a
control experiment using [1,2"-bianthracene]-9,10-dione (AAQ), which
does not contain dibromomethylene (CBr,) group, as a precursor. The
STM images obtained after dosing Au(111) with AAQ by exposing the
latter to the evaluated temperature show that no obvious planar spe-
cies are formed at room temperature even after annealing to 333 K and
that only dimers comprising the self-assembly of two nonplanar AAQ
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Fig. 3 | Electronic properties of three representative planar acetylene-linked
oxa-nanographenes on Au(111). a, ¢, e Chemical structures, STM images, and dI/
dV spectra recorded on different locations (marked in the inset STM image) of
three representative planar acetylene-linked oxa-nanographene dimers (a: a,a-
dimer; c: 8,B-dimer; e: a,8-dimer). The gray curves were taken on a bare Au(111)
surface, demonstrating the Shockley surface state of Au(111) at around -0.4V. b,
d, f Constant-current dI/dV maps of three representative planar acetylene-linked

molecules are dispersedly adsorbed on the Au(111) surface (Supple-
mentary Fig. 8a, b); this is further supported by bias-dependent STM
images (Supplementary Fig. 8c) and the corresponding simulation
based on DFT-optimized structure model (Supplementary Fig. 8d).
These results further demonstrate that radical addition significantly
decreases the temperature of intramolecular cylodehydrogenation
on Au(111).

Next, differential conductance spectroscopy (dl/dV) was per-
formed to characterize the electronic structures of the planar
acetylene-linked oxa-nanographenes (Fig. 3). The dl/dV spectra of
three representative acetylene-linked oxa-nanographenes on Au(111)
show two typical resonance states at approximately —0.5 and 1.8 V for
the a,a-dimer (Fig. 3a), -0.6 and 1.6 V for the B,-dimer (Fig. 3c), and
-0.5 and 1.6 V for the o,B-dimer (Fig. 3e). The constant-current di/dV
maps reveal that three oxa-nanographenes exist in a similar state at
negative voltages and are mainly distributed in two middle anthra-
cenes connecting the alkynyl group, and the states at positive voltages
are slightly different and located at the armchair edge of the two
middle and terminal anthracenes (Fig. 3b, d, f). These features further
resemble the local density of states maps of the HOMO and mixed
LUMO containing LUMO and LUMO +1 (Fig. 3 and Supplementary
Fig. 9), demonstrating that the two states at the negative and positive

High
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oxa-nanographene dimers (b: a,a-dimer; d: §,8-dimer; f: a,8-dimer) conducted at
indicated energies and the corresponding calculated LDOS of HUMO and mixed
LUMO containing LUMO and LUMO +1 (HSEO6 results, see detailed settings in
Methods). The Fermi level is set to zero. Scale bars of STM images: 0.5 nm. Scanning
parameters of STM images:aU=0.6 V,/=200 pA.cU=0.1V,/=50pA.e U=0.5V,
/=50 pA.
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Fig. 4 | Structural characterization of representative nonplanar reaction
intermediates on Au(111). a Large-scale STM image after depositing precursor1on
a cold Au(111). b, e Zoom-in and c, f simulated STM images of two individual
debromination intermediates and the corresponding d, g structural models and
chemical structures. h Large-scale STM image after annealing at approximately
300K for 12 h. i Zoom-in STM, j simulated STM, I BR-STM, m nc-AFM, and

+H | Hydrogen
passivation

n simulated AFM images of an individual cyclization intermediate I and k the cor-
responding structural model and chemical structure. The gray chemical structure
represents the part of the molecule closer to the Au(111) surface. Scale bars: a,
h20nm. b, e, i, I, m 0.5nm. Scanning parameters:a U=1V, /=10 pA.b U=0.01V,
I1=10pA.e U=50mV,/=100pA.hU=0.5V,/=10pA.iU=0.1V,/=100 pA.1CO tip,
constant height, U=10 mV.

voltages can be assigned as the HOMO and mixed LUMO containing
LUMO and LUMO +1 of the planar oxa-nanographenes, respectively.
The experimental HOMO-LUMO gaps of three oxa-nanographenes
(approximately 2.1-2.3 V, Fig. 3a, ¢, e) are similar. In contrast, the cal-
culated HOMO-LUMO gaps of the three free-standing oxa-nano-
graphenes show that the gap for a,a-dimer (1.86 eV, Supplementary
Fig. 9a) is slightly larger than those for the f3,3-dimer (1.67 eV, Sup-
plementary Fig. 9¢) and o,f3-dimer (1.67 eV, Supplementary Fig. 9e).
These results may be ascribed to the differences in electronic coupling
between the molecule and the Au(111) substrate.

To explore the reaction mechanism of room-temperature cyclo-
dehydrogenation on Au(111), we progressively annealed two cold
Au(111) samples with different coverage. For a submonolayer of pre-
cursor 1 deposited on a cold Au(111) surface, the STM images (Fig. 4a)
reveal that most of the species are randomly distributed to form
diverse aggregates consisting of nonplanar geometries, and only a few
individual monomers can be observed. The zoom-in and constant-
height STM images (Supplementary Fig. 10) of the three representative
aggregates show that two regular structures are self-assembled hex-
amer and tetramer, while the irregular structure is a self-assembly of
short chains. A careful comparison of the experimental STM images
and the simulations based on DFT-optimized structure models (Sup-
plementary Fig. 11) suggests that the hexamer is composed of six intact
precursors 1 species with a trans-up adsorption geometry

(Supplementary Fig. 10a, d), while the tetramer consists of four pre-
cursors—two with cis-up and two with trans-up adsorption geometry
(Supplementary Fig. 10b, €). The irregular short chain is composed of
multiple precursors with mixed adsorption geometries (Supplemen-
tary Fig. 10c, f).

Moreover, the STM images of two individual monomers on
Au(111) (Fig. 4b and Supplementary Fig. 12a, b) show a bright protru-
sion at the middle of the two monomers (pink dotted circles in Sup-
plementary Fig. 12a, b) and one slightly dark spot at the terminal (red
dotted circles in Supplementary Fig. 12a, b). A careful comparison of
the experimental and calculated results (Fig. 4c, f, and Supplementary
Fig. 12a, b) suggests that the bright protrusion originates from car-
bonyl with an upward adsorption configuration wherein this group is
disposed away from the surface, while the slightly dark spot originates
from unreacted alkenyl bromide. A surface-bound carbene inter-
mediate with a carbonyl disposed in an upward adsorption config-
uration was also observed and its STM image (Fig. 4e) is in agreement
with the simulation based on the DFT-optimized structure model
(Fig. 4f, g, and Supplementary Fig. 12c). These results demonstrate that
precursor 1 has undergone debromination to form the surface-bound
organometallic intermediates on the cold Au(l111) substrate, further
suggesting that the debromination involves the transformation from
low active dibromomethylene (sp2 C-Br activation) of closed-shell
resonance structures to highly active dibromomethyl radical (similar
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to sp3 C-Br activation) of open-shell resonance structures (Fig. 1c and
Supplementary Fig. 1)°"7°.

When the same sample is annealed at room temperature for 12 h, a
behavior similar to that of the previous room-temperature sample is
observed (Fig. 4h), except that some new regular molecule islands are
assembled from planar dimers with bromine adatoms (Supplementary
Fig. 13), which are composed of individually dispersed planar dimer
and monomer products. Notably, the same experimental results are
also obtained after depositing precursor 1 onto Au(111) held at room
temperature followed by direct annealing at 333K for 15 minutes.
These results indicate that the diffusion of surface-bound carbene
intermediates is slow at room temperature but significantly enhanced
at higher annealing temperatures, and thus, the same covalent reac-
tion requires a longer time at room temperature and a shorter time at
higher annealing temperatures.

Interestingly, the large-scale STM images reveal two kinds of
unique species corresponding to a slightly brighter region (Fig. 4i and
Supplementary Fig. 15). The zoom-in STM (Fig. 4i), BR-STM (Fig. 41),
and nc-AFM (Fig. 4m and Supplementary Fig. 14) images show that the
size of species I is the same as that of the planar monomer, although
the slightly brighter feature of the central backbone is different from
that of the planar monomer. A careful comparison of the experimental
results (Fig. 4i, I, and m) and simulations based on the DFT-optimized
structure models (Fig. 4j, k, n) suggests that species I is a nonplanar
intermediate derived from the hydrogen passivation of the intramo-
lecular radical addition intermediate®. Moreover, the zoom-in STM,
BR-STM and nc-AFM images of species Il (Supplementary Fig. 15) reveal
a similar geometry as that of the planar dimer, while the upper half of
the molecular skeleton is the same as that of the planar monomer, and
the lower half is similar to that of species I. These features further
demonstrate that cyclodehydrogenation involves intramolecular
radical addition. Notably, various other nonplanar species were also
observed, including monomers with a slightly dark region and dimers
with two slightly brighter regions (Supplementary Figs. 16 and 17).
However, because of the unique nonplanar features, their accurate
chemical structures were still not determined by STM, BR-STM, and nc-
AFM imaging and DFT calculations. The further experimental results
show that as the room temperature annealing time increases, the
nonplanar species gradually decrease until they disappear, suggesting
that the non-planar species are intermediates of forming desired pla-
nar products.

When another cold Au(111) sample with high coverage precursor 1
was annealed at room temperature for 2 h, only a few planar dimer
products were formed and most species were debrominated carbene
intermediates stabilized by the Au(lll) surface (Supplementary
Fig. 18a). After annealing at room temperature for 6 h, the abundance
of the planar dimer products increases significantly (Supplementary
Fig. 18b). Further annealing at room temperature for 12 h reveal the
formation of large-scale regular molecule islands are assembled from
planar dimers with bromine adatoms (Supplementary Fig. 18c). These
results suggest that molecular coverage does not significantly affect
diffusion of surface-bound carbene intermediates and subsequent C-C
coupling as well as room-temperature cyclodehydrogenation.

To elucidate the mechanism of highly chemoselective room-
temperature cyclodehydrogenation on Au(1ll), we performed the
corresponding DFT calculations (Fig. 5). In the direct debromination of
precursor 1 with the most stable cis-up adsorption geometry on Au(111)
to form the surface-bound debromination intermediate (cis-Int3), the
calculated reaction barrier is 0.96 eV (Supplementary Fig. 19). In
comparison, the highest reaction barrier in the indirect debromination
process, including the transformation of the adsorption geometry
from a cis-up to cis-down configuration (0.65 eV, energy levels from cis-
IS1to cis-Intl in Fig. 5a), debromination (0.69 eV, energy levels from cis-
Intl to cis-Int2 in Fig. 5a), and transformation of the adsorption geo-
metry from a cis-down to cis-up configuration (0.32 eV, energy levels

from cis-Int2 to cis-Int3 in Fig. 5a), is 0.27 eV lower than that of the
direct debromination of precursor 1 with a cis-up adsorption geo-
metry. Moreover, the reaction barrier for the second debromination
from cis-Int3 to cis-Int4 is only 0.58 eV. Notably, the debromination
intermediate (cis-Int2) to carbene intermediate (cis-Int4) may also be
via the second debromination followed by transformation of the
adsorption geometry (Supplementary Fig. 20), in which the highest
energy barrier (0.61eV) is 0.08 eV lower than that of the first indirect
debromination. These results demonstrate that the indirect debromi-
nation pathways to form carbene intermediates (cis-Int4) are energe-
tically favorable.

The highest reaction barrier for the indirect debromination
pathway of precursor 1 with trans-up adsorption geometry is 0.79 eV
(Supplementary Fig. 21), which is only 0.1 eV greater than that of pre-
cursor 1 with cis-up adsorption geometry. In addition, the calculated
barrier of the C-C coupling of carbene intermediates (approximately
0.8 eV, Supplementary Fig. 22) is also similar to that of the highest
reaction barrier of the indirect debromination step, while the reaction
energy of this exothermic step is approximately 3.2 eV, reflecting the
irreversibility of the C-C bond formation. These results suggest that
the high chemoselectivity of cyclodehydrogenation does not originate
from the differences in the debromination and C-C coupling steps of
precursor 1 caused by the adsorption geometry.

The final intramolecular cyclodehydrogenation step includes the
addition of O-radicals to the adjacent phenyl group and the hydrogen
elimination (Fig. 5b, c), which utilizes two simplified radical inter-
mediates (cis-IS3 and trans-IS3). The calculated reaction barriers for
the two possible radical addition pathways are similar and essentially
the same as the highest reaction barrier of the indirect debromination
step. Notably, DFT calculations show that the two possible radical
addition pathways are endothermic processes, wherein intermediate
cis-Int6 is more stable than trans-Int6. This result suggests that trans-
Int6 undergoes a reversible reaction more readily to recover trans-IS3,
which may further form cis-IS3 through the transformation of the
adsorption geometry. In addition, hydrogen elimination is a sponta-
neous exothermic aromatization process, excluding the possibility
that the difference in a- or §-H elimination controls the chemoselec-
tivity of cyclodehydrogenation. Therefore, the high chemoselectivity
of cyclodehydrogenation can be attributed to the reversibility and
different thermodynamics of the radical addition step.

Based on the geometric structures and configurations of the
experimentally observed products and intermediates and DFT calcula-
tions, a plausible mechanism involving stepwise debromination, C-C
coupling, and radical addition/dehydrogenation to form planar
acetylene-linked oxa-nanographenes with high chemoselectivity on
Au(111) was proposed (Supplementary Fig. 23). Precursors 1 or its open-
shell resonance structure first undergo stepwise debromination to form
surface-bound carbene intermediates. Subsequently, the C-C coupling
of carbenes gives the nonplanar dimer intermediates. Finally, intramo-
lecular radical addition generates nonplanar cyclized intermediates,
that easily undergo dehydrogenation to attain planarization and aro-
matization, affording the desired acetylene-linked oxa-nanographenes.

To further demonstrate the generality of the radical addition of
open-shell resonance structures in the on-surface synthesis of mole-
cular structures, we performed the same experiments on the Ag(111)
substrate. As shown in the Supplementary Fig. 24, an irregular mole-
cular island was formed after depositing precursor 1 on the Ag(111)
surface held at room temperature for 24 h under UHV conditions
(Supplementary Fig. 24a). High-resolution STM image shows that the
irregular molecular islands are mainly composed of a small amount of
monomers, a large amount of non-planar and planar dimer products,
and bromine atoms, indicating that at room temperature some
molecules on Ag(111) undergo a debromination C-C coupling and
cyclodehydrogenation cascade reaction similar to that on Au(111). It is
noteworthy that the slight difference in the reactivity of the two
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transition (TS), and intermediate (Int) states of the reactions are shown below the
energy diagrams (CI-NEB method, see detailed settings in Methods). The reaction
pathways of chemical structures are shown below the molecular structure models
(The gray chemical structure represents the part of the molecule closer to the
Au(111) surface).

substrates at room temperature may be due to the different interac-
tions between the reaction intermediates and the metal substrate.
When the same sample was further annealed at 333 K for 15 min, large-
scale regular phases were formed and composed of planar dimers and
Br atoms (Supplementary Fig. 24b). High-resolution STM and BR-STM
images further confirmed the chemical structure of planar dimer
products (Supplementary Fig. 24c). These results demonstrate that the
radical addition of the open-shell resonance structures in molecules on
Ag(111) is also effective in lowering the reaction temperature of intra-
molecular cyclodehydrogenation.

Discussion

In summary, we developed a room-temperature cyclodehydrogena-
tion on Au(111) via radical addition of open-shell resonance structures
and demonstrated that radical addition significantly lowered the
temperature of cyclodehydrogenation and further improved the che-
moselectivity of dehydrogenation. Various planar acetylene-linked
oxa-nanographenes were synthesized from a nonplanar precursor on
Au(111). The chemical structures of the oxa-nanographenes and the
diverse nonplanar intermediates were determined by a combination of
high-resolution STM, BR-STM, and nc-AFM. STS measurements
revealed the molecular orbitals of oxa-nanographenes on Au(lll),

whose HOMO and LUMO distributions were determined using the dl/
dV maps and verified using DFT calculations. The nonplanar inter-
mediates observed during progression annealing demonstrated that
the formation of the planar acetylene-linked oxa-nanographenes
involved stepwise debromination to form surface-bound carbenes,
C-C coupling of carbenes, and intramolecular radical addition/
hydrogen elimination to attain planarization and aromatization. In
addition, DFT calculations suggest that the high chemoselectivity of
the cyclodehydrogenation results from the reversibility and different
thermodynamics of the radical addition step. Our findings provide new
insights for realizing low-temperature dehydrogenation reactions and
hence improving the selectivity of on-surface reactions, which are
crucial in the controllable fabrication of planar carbon-based nano-
materials. Furthermore, the radical addition of open-shell resonance
structures may be applied in developing insulating surface covalent
coupling reactions, thereby enabling the direct synthesis and intrinsic
properties exploration of molecules on insulating surfaces.

Methods

Sample preparation and STM/AFM measurements

Single crystalline Au(111) surface was cleaned by cycles of Ar* sput-
tering and annealing under UHV (base pressure 2 x107° mbar).
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Precursor 1 was evaporated from a quartz crucible onto the Au(111)
surface held at the indicated temperatures, and the sublimation tem-
perature was approximately 150 °C. Then, the progression annealing at
evaluated temperatures and times was performed. The preparation
process of the two cold Au(111) samples is as follows: first, the Au(111)
substrate is precooled to 5K; second, the cold Au(11l) is quickly
transferred to the sample stage maintained at 293 K, and the precursor
1 is deposited on the cold Au(11l) surface; finally, the cold Au(111)
sample is quickly transferred to the sample stage maintained at 5 K (the
whole process takes less than 3 min). STM measurements were per-
formed on a Scienta Omicron POLAR-STM/AFM combined system
operated at approximately 5 or 77 K with an electrochemically etched
tungsten tip. The STM images were taken in the constant-current
mode using a tungsten tip and the voltages refer to the bias on samples
concerning the tip. The bond-resolved STM images were acquired with
alow-temperature STM (Scienta Omicron POLAR-STM/AFM combined
system) operated at approximately 5K. The gplus tip was modified
with a single CO molecule at the tip apex. AFM measurements were
performed in non-contact mode with a qPlus sensor at 5 K. The sensor
was operated in frequency modulation mode with a constant oscilla-
tion amplitude of 0.3A. AFM measurements were performed in
constant-height mode with U=2 mV. The dI/dV spectra were obtained
with a lock-in amplifier, while the sample bias was modulated by a
511 Hz, 20 mV sinusoidal signal under open-feedback conditions. The
dl/dV maps were acquired in constant-current mode.

Theoretical calculations

The calculations were carried out in the framework of DFT by using the
Vienna ab initio Simulation Package (VASP)”. The projector
augmented-wave (PAW) method described the interaction between
ions and electrons’. We used the generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerhof (PBE) formalism to treat
exchange-correlation interaction’, and van der Waals (vdW) interac-
tions were considered by using the DFT-D3 developed by Grimme’*.
The energy cutoff for the plane wave basis sets is 400 eV, and the
energy and force convergence value between two consecutive self-
consistent steps were set as 10 eV and 0.05 eV/A, respectively. The
simulations of the reaction barriers in the manuscript (Fig. 5 and
Supplementary Figs. 19-22) are performed with the climbing image
nudged elastic band (CI-NEB) method for finding saddle points and
minimum energy paths (http://theory.cm.utexas.edu/vtsttools/neb.
html), which is at T=0 without including entropy and vibrations”.
The STM simulations in Fiure 4 and Supplementary Figs. 11 and 12 were
performed with the Tersoff-Hamman method’. Besides, we calculated
the electronic properties of planar acetylene-linked oxa-nano-
graphenes (in Fig. 3 and Supplementary Fig. 9) using the hybrid
functional HSEQ6”” in the gas phase. The Brillouin zone (BZ) was
sampled in the Gamma centered Monkhorst-Pack grids witha2 x1x1
k-point sampling and a Gaussian smearing with an energy width
of 0.05eV.

Data availability

The authors declare that the main data supporting the findings of this
study are available within the paper and its Supplementary Informa-
tion files. Extra data are available from the corresponding authors
upon request. Source data are provided with this paper (see the data
https://doi.org/10.6084/m9.figshare.27202401).
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