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Abstract: The design of novel low-dimensional carbon
materials is at the forefront of modern chemistry.
Recently, on-surface covalent synthesis has emerged as
a powerful strategy to synthesize previously precluded
compounds and polymers. Here, we report a scanning
probe microscopy study, complemented by theoretical
calculations, on the sequential skeletal rearrangement of
sumanene-based precursors into a coronene-based orga-
nometallic network by stepwise intra- and inter-molec-
ular reactions on Au(111). Interestingly, upon higher
annealing, the formed organometallic networks evolve
into two-dimensional coronene-based covalently linked
patches through intermolecular homocoupling reactions.
A new reaction mechanism is proposed based on the
role of C—Au—C motifs to promote two stepwise carbon-
carbon couplings to form cyclobutadiene bridges. Our
results pave avenues for the conversion of molecular
precursors on surfaces, affording the design of unex-
plored two-dimensional organometallic and covalent
materials. )

Introduction

Two-dimensional (2D) materials have emerged as a cutting-
edge research area in the field of materials science, offering
a unique set of properties and potential applications that are

unattainable in their bulk counterparts. Since the pioneering
discovery of graphene, a significant portion of research
efforts have been dedicated to inorganic materials. How-
ever, recent trends indicate alternative focus on the synthesis
of 2D metal-organic, organometallic, and covalent nano-
materials. This growing interest is driven by their extensive
design variability, potential biocompatibility, environmental
benignity, flexibility, ultra-thin structure, cost-effective fab-
rication methods, and a compelling array of optical,
electronic, magnetic, topological, sensing, and catalytic
properties.['

Within this frame, on-surface synthesis has been re-
vealed as a powerful strategy to synthesize defect-free low-
dimensional organic and organometallic materials, fre-
quently introducing unique reactions while, at the same
time, allowing the capabilities of scanning probe micros-
copies for structural, electronic and magnetic character-
ization at the atomic scale.”*”! Seminal examples include the
synthesis on metallic surfaces of nanographenes,*"! the
formation of 1D nanowires,>*'” the engineering of quasi-
1D conjugated ladder polymers (graphene
nanoribbons),!"*? or even the atomically precise production
of 2D covalent networks.[**?!

Particularly relevant to the on-surface synthesis field is
how to exploit intramolecular reactions to engineer func-
tional organic molecules.” Among them, rearrangement
reactions have proven to be significant in chemical research,
serving as an excellent alternative for inducing the formation
of novel nanostructures that are otherwise inaccessible.
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Only recently a few skeletal rearrangement reactions
induced by atomic manipulation®™ " or via intramolecular
thermal rearrangement>*'¥ have been studied on surfaces
at the single-molecule level. Consequently, further inves-
tigations into these types of chemical reactions are essential
to gain deeper molecular mechanistic insights, while afford-
ing novel chemical products.

Therefore, inspired by our recent discovery of intra-
molecular rearrangements of acene and indenofluorene
derivatives functionalized with carbon gem-dibromoalkene
functional groups (=CBr,) upon annealing on a Au(111)
substrate,’”) here we report the synthesis and on-surface
reactivity of precursor 1, which is a sumanene derivative, i.e.
iconic bowl-shaped [60]fullerene fragment,*” endowed with
three = CBr, groups, each one of them placed at the apex of
a five-membered ring, to steer intramolecular rearrange-
ments by thermal stimuli. It is worth mentioning that the
study of fullerene fragments on surfaces, also known as
buckybowls, have attracted significant interest in view of
their peculiar structure, electronic properties and rich metal
coordination chemistry, serving as building blocks for novel
nanostructures with prospects for organic electronics. !

Our comprehensive scanning tunneling and non-contact
atomic force microscopy (STM / nc-AFM) studies under
ultra-high vacuum (UHV) conditions, complemented by
density functional theory (DFT) computations, reveal that
the deposition of a submonolayer coverage of sumanene
derivative (1) on a pristine Au(111) substrate held at room
temperature (RT) gives rise to a supramolecular self-
assembly based on two distinct adsorption geometries:
concave and convex (phase a). Further annealing induces
competing reactions: i) full debromination and homocou-
pling resulting in disordered patches, and ii) intramolecular
rearrangements. Notably, by repeating such deposition
protocol, but this time holding the sample at 150 C, there is
a controlled transformation of the sumanene moieties into
coronene ones, thanks to a triply intramolecular rearrange-
ment. Such backbones interact supramolecularly affording
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an organometallic lattice (phase f) based on two-fold
C—Au—C bonds. A subsequent annealing step induces the
formation of 2D covalent porous patches consisting in
coronene moieties bridged by cyclobutadiene rings (phase
7)-

Our findings offer novel strategies for the synthesis of
organometallic and covalent low-dimensional nanoarchitec-
tures, by exploiting the intramolecular transformation of
molecular precursors and their ulterior intermolecular
reactivity.

Results and Discussion

Precursor 1 was synthesized following the procedure
described in the Supporting Information (see Figures S1-S3
for infrared and high-resolution mass spectroscopy), to
functionalize a sumanene backbone with three =CBr,
moieties. Recently, gem-dibromides were found to be
versatile for the on-surface synthesis of carbon
nanomaterials.['72!¥4] I particular, it has been reported
that the 1,1-dibromo-vinylene functional group can steer
polymerization when the precursor species are deposited at
RT and subsequently annealed,*'“* or directly afford
intramolecular rearrangement when the precursor is ad-
sorbed on a hot substrate.” To elucidate the dominant
reaction pathways on Au(111) for the sumanene derivative
bestowing three = CBr, groups, we inspected both scenarios.

The deposition of a submonolayer coverage of 1 on
Au(111) held at RT under UHV conditions gives rise to
extended self-assembled molecular islands (cf. Figure 1a).
An important aspect to take into account at this stage is the
three-dimensional shape of the molecular precursor.*”! In
fact, two distinct molecular adsorption geometries are
detected, stemming from the bowl-shaped conformation of
sumanene.**" One species faces the central six-membered
ring towards the surface (concave shape, termed bowl-down,
cf. Figure 1b-d), and the other one displays the =CBr,

g

(

Godudodudds/

min. Az (A)NLEd

Figure 1. Phase a: Self-assembly of 1 on Au(111). a) Large-scale STM image showing the coexistence of two different adsorption geometries, which
feature concave (convex) shapes with =CBr, moieties pointing upwards (downwards), highlighted in black (blue), respectively. The inset shows the
chemical sketch of the molecular precursor 1. V,=0.5 V, ;=50 pA. Scale bar: 3 nm. b), e) STM images of the bowl-down and bowl-up species,
respectively. V,=—0.5V, [;=>50 pA, scale bar: 1 nm. ¢), f) Simulated STM images of panels (b) and (e). Scale bar: 1 nm. d), g) Top view (upper
panel) and side view (lower panel) of the adsorption geometry simulated by DFT of the concave and the convex species, respectively.
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moieties pointing downwards and a bright protrusion in the
center (assigned to convex shape, named bowl-up, cf. Fig-
ure le-g). Both of them statistically occur in the same ratio,
presenting a very similar adsorption energy with less than
15meV of difference (see Figure S4). Such adsorption
behavior has been previously encountered for pristine
sumanene on metals.***” Regardless of the adsorption
geometry, the precursors are engaged in a one-layer thick
two-dimensional architecture to be termed phase o, presum-
ably based on Br--H interactions (see Figure S5). No sign of
three-dimensional growth is detected. The match between
the experimental visualization of the species and the
theoretical simulations is excellent (cf. Figures 1b,c for bowl-
down and Figures le,f for bowl-up conformations, respec-
tively), ratifying our rationalization.

Annealing at 150°C results in the formation of irregular
covalently linked networks, in which some species have
suffered an irregular internal rearrangement, while others
are covalently linked displaying a hexagonal pattern with
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very short-range order (Figure S6). Thus, deposition at RT
followed by annealing turns out to be an unsuccessful
approach to engineer regular two-dimensional covalent
networks.

Alternatively, we deposited a submonolayer coverage of
1 on Au(111) held at 150°C, which results in a drastically
distinct scenario (see reaction sketch in Figure 2a). The
surface is now covered by a 2D periodic hexagonal porous
network extending over dozens of nm (cf. Figure 2b and
Figure S7), to be termed phase p. High-resolution constant-
current STM imaging reveals that the molecular species
display a three-fold symmetry. They are connected to
adjacent monomers at their sides by three protrusions, a
circular central one and two elongated lateral ones.

To elucidate the nature of the molecular backbones and
the supramolecular architecture, constant-height STM (cf.
Figure 2c¢) and constant-height frequency-shift nc-AFM
images (cf. Figures 2e—g) were acquired with a CO-function-
alized tip.’*? The sumanene backbone of the precursor has

Figure 2. Phase f3: On-surface synthesis of the organometallic network on Au(111). a) Chemical sketch of the on-surface chemical reaction pathway
when depositing precursor 1 on an Au(111) substrate kept at 150°C, inducing an intramolecular rearrangement of sumanene-based precursors
into coronene ones. b) Large-scale STM image of phase 5. V,=5 mV, ;=50 pA. Scale bar: 2 nm. c) Constant-height high-resolution STM image of
an organometallic hexamer acquired with a CO-functionalized tip. V,=50 mV, I,;=50 pA. Scale bar: 1 nm. d) Detailed constant-current STM image.
V,=50 mV, I,=50 pA. Scale bar: 8 A. e) Laplace-filtered constant-height frequency-shift nc-AFM image of the coronene unit indicated by a white
square in panel (c), and its three connections to adjacent monomers acquired with a CO-functionalized tip. Z offset: 115 pm above STM set point
(5 mV, 50 pA). Scale bar: 1 nm. f) Calculated frequency-shift nc-AFM image of panel (e). g) Calculated structural model of (e).
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clearly undergone a three-fold ring expansion, yielding a flat
coronene (also known as superbenzene) moiety.*>® Impor-
tantly, a terminal carbon from the monomer is connected to
the one from an adjacent species, tentatively through a two-
fold C—Au—C bond, which is visualized as a bright
protrusion in STM and as a straight line in nc-AFM.

Each coronene species is then interacting through
organometallic C—Au—C bonds with three adjacent species
in a chiral fashion, as summarized in the model (cf.
Figure 2a). Such rationalization is corroborated by the
excellent agreement between the experimental and the
calculated nc-AFM images (cf. Figures 2e.f,g). Importantly,
each coronene species still preserves three C-Au-Br moi-
eties, which are observed as elongated protrusions in STM
and as straight lines directing to the pore in nc-AFM images
(cf. Figure S8).

DFT calculations show that the ring rearrangement of a
five-membered to a six-membered moiety within a suma-
nene backbone has an activation energy of merely 0.25 eV
(cf. Figure S9). Considering that the molecular precursor
stays intact at room temperature, in combination with the
fact that debromination barriers"**"! have been calculated to
be significantly higher than this value, it is fair to assume
that the debromination is the rate-limiting step for the
overall sumanene to coronene expansion (cf. Figure S9 and
discussion therein).

Subsequent annealing of phase f at 225°C induces the
formation of a new nanoarchitecture, to be termed phase y
(cf. Figure 3a and Figure S7), which may also be directly
obtained from 1 when deposited on an Au(111) substrate
held at 225°C. High-resolution STM and nc-AFM images
and comparison to simulated ones allow us to discern the
chemical structure of phase y. It comprises periodic patches
based on coronene backbones which are connected in a
three-fold fashion to adjacent species by cyclobutadiene
rings (cf. Figures 3b—f and Figure S10).

A pore made up of six coronene monomers is displayed
in Figure 3b, justifying our chemical rationalization in Fig-
ure 3c. Further insights are provided by a monomer and its
three cyclobutadiene connections. The DFT simulation of
such a structure reveals a flat adsorption, corroborated by
nc-AFM imaging (cf. Figure 3e). The cyclobutadiene bridges
are distinguished and the overall patch agrees well with the
simulation (cf. Figure 3f) and the proposed rationalization
(cf. Figure 3g). Importantly, the bond length analysis of
phase y based on DFT calculations is in agreement with our
interpretation of the bridge as cyclobutadiene, as illustrated
in the calculated structural models in Figure 3d and 3h, and
in Figure S10. The electronic structure is probed by scanning
tunneling spectroscopy revealing a band gap of around
0.8 eV (cf. Figure S11).

To investigate the reaction mechanism driving the trans-
formation of phase f into y, we performed further DFT-
based calculations. For computational feasibility we chose
an initial phase f system that consists of two monomers
featuring an organometallic environment as depicted in
Figure 4, i.e. we only focused on the formation of one
cyclobutadiene bridge. Then, we proposed two different
reaction pathways. Mechanism 1 is the direct formation of
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Figure 3. Phase y: On-surface synthesis of cyclobutadiene-linked coro-
nene-based two-dimensional network on Au(111). a) Large-scale STM
image after deposition of 1 on a Au(111) substrate kept at 225 °C.
V,=—-1V, ;=50 pA. Scale bar: 5 nm. b) Constant-height high-
resolution STM image, acquired with a CO-functionalized tip, of a
patch of phase y. V,=5 mV, ;=50 pA. Scale bar: 1 nm. c) and d)
Chemical sketch and calculated structural model of (b). e) Laplace-
filtered constant-height frequency-shift nc-AFM image, acquired with a
CO-functionalized tip, of a coronene unit bonded to three adjacent
monomers by cyclobutadiene moieties. Z offset 60 pm above STM set
point (5 mV, 50 pA). Scale bar: 0.5 nm. f) Calculated frequency-shift nc-
AFM image of (d). g) and h) Chemical sketch and calculated structural
model of (e).

covalent bonds between the molecules after the removal of
the Au adatoms in a two stepwise fashion (cf. Figure 4). The
alternative pathway (mechanism 2, cf. Figure S12) is moti-
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Figure 4. DFT-calculated pathway for transforming phase f3 into phase y. Total energy profile together with top and side views of local minima (S0—
S4, bottom row) and transition states (TS1 and TS2, upper row) of the reaction.

vated by recent literature about the [2+2] cycloaddition™*"

of hexabromotriphenylene species (HBTP) on Ag(111).1°"
In such findings, the adsorption of HBTP species on
Ag(111) and subsequent annealing gives rise to the
formation of an organometallic phase. Further annealing
afforded the expression of covalent patches, driven by the
elimination of Ag adatoms from the organometallic nodes
and ulterior formal [2+42] cycloaddition.

We found the most favorable mechanism to be the
stepwise elimination of the three Au adatoms in between
the monomers (mechanism 1), which implies two energy
barriers of 1.58 eV and 2.11 eV, respectively, and a final
barrierless process, reaching a final configuration making
the reaction exothermic with an overall energy gain of
0.50 eV. In Figure 4, we show the initial, intermediates, final
and transition state configurations of the three stages of the
transformation from phase f to y, along with the activation
energies associated to each step of the process. In the first
step (S0 to S1), the first Au atom is cleaved from the system,
and the molecules rotate to adopt the characteristic align-
ment of phase B. In the second step (S1 to S2), one of the
C—Au-C links is already replaced by a covalent bond.
Finally, the last organometallic link is spontaneously con-
verted in a covalent bond (S2 to S3), reaching the chemical
structure of phase y. The alternative reaction pathway
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(mechanism 2) in which the molecules diffuse after being
dissolved from phase f to form the covalent link by a formal
[2+2] cycloaddition is presented in Figure S12, though being
less favorable than mechanism 1. Thus, the transformation
of the organometallic phase f into the covalent phase y is
mediated by two consecutive carbon-carbon couplings
through C—Au—C bonds (mechanism 1).

Conclusions

In summary, we report the synthesis and on-surface
reactivity of precursor 1, a sumanene derivative endowed
with three =CBr, groups strategically placed in five-
membered rings to facilitate intramolecular skeletal rear-
rangements upon thermal stimuli. Our scanning probe
microscopy studies and DFT simulations reveal that the
deposition of a submonolayer coverage of 1 on a pristine
Au(111) surface at RT affords the formation of a
supramolecular architecture based on a random distribution
of bowl-up and bowl-down species (phase o). Such scenario
changes drastically when the species are deposited on a hot
substrate kept at 150°C, since a triple intramolecular
rearrangement is triggered upon deposition, converting the
sumanene moieties into coronene units. These coronene

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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backbones then interact supramolecularly, forming an orga-
nometallic lattice (phase f) characterized by two-fold
C—Au—C bonds. Subsequent annealing to 225°C, or deposi-
tion of sumanene derivative 1 on an Au(111) surface kept at
the same temperature, induces the formation of unprece-
dented 2D covalent porous patches, with four-membered
ring units bridging the coronene moieties (phase y). Based
on the role of C—Au—C to promote two stepwise carbon-
carbon couplings to steer the cyclobutadiene bridges, a new
mechanism that differs from formal [242] cycloadditions is
presented.

Our findings pave avenues for synthesizing organo-
metallic and covalent low-dimensional nanoarchitectures by
exploiting the intramolecular transformation of molecular
precursors and their subsequent intermolecular reactivity.
This work involving two singular organic molecules, namely
sumanene and coronene, expands the frontiers of on-surface
synthesis, while advancing the less-known chemistry of
bowl-shaped n-conjugated compounds.

Supporting Information

The authors have cited additional references within the
Supporting Information.
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