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Abstract: Scanning tunneling microscopy (STM) manipula-
tion techniques have proven to be a powerful method for
advanced nanofabrication of artificial molecular architectures
on surfaces. With increasing complexity of the studied systems,
STM manipulations are then extended to more complicated
structural motifs. Previously, the dissociation and construction
of various motifs have been achieved, but only in a single
direction. In this report, the controllable scission and seamless
stitching of metal-organic clusters have been successfully
achieved through STM manipulations. The system presented
here includes two sorts of hierarchical interactions where
coordination bonds hold the metal-organic elementary motifs
while hydrogen bonds among elementary motifs are directly
involved in bond breakage and re-formation. The key to
making this reversible switching successful is the hydrogen
bonding, which is comparatively facile to be broken for
controllable scission, and, on the other hand, the directional
characteristic of hydrogen bonding makes precise stitching
feasible.

The direct identification of intermolecular interactions and
the delicate tailoring of structural motifs with molecular
precision on solid surfaces have recently attracted consider-
able interest because of the prospect for artificial design of
functional molecular nanostructures and nanodevices. Scan-
ning tunneling microscopy (STM), especially under ultrahigh
vacuum (UHV) conditions, has proven to be a powerful
method for the precise manipulation of single molecules to
trigger various single-molecule behaviors, such as transla-
tion,™! rotation,*™ flipping,['’! cis—trans isomerization,'"!
tautomerization,'* ' dehydrogenation,” ! and dehalogena-
tion.”” Not limited to single molecules, STM manipulations
have also been extended to larger molecular structural motifs
with great progress in the following aspects: 1) moving
clusters,”"! chains,”*?! and patches;?" 2) dissociating dimers,
clusters, and complexes by breaking hydrogen bonds,””
coordination bonds,”®*" and carbon-metal bonds,”" respec-
tively; 3) constructing structural motifs by forming new bonds
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ranging from hydrogen bonds,’? coordination bonds,***! to
robust covalent bonds;****3 and 4) probing different hier-
archical interactions®™ and identifying hydrogen-bonding
configurations?”! and covalent bonding sites.””’ Most of the
previous studies mentioned above mainly exhibited either the
dissociation or construction of various structural motifs.
However, to the best of our knowledge, the reversible
switching of complicated structural motifs by controllable
breakage and re-formation of certain bonds through STM
manipulations has not been reported to date. It is therefore of
great interest to explore the feasibility of utilizing STM
manipulations to achieve controllable scission and precise
stitching of complicated structural motifs in a comparatively
facile manner, which may open a new avenue for the artificial
fabrication of desired surface nanostructures with more
complexity.

To achieve this goal, the strategy employed in this study
entailed to first design a system that includes two sorts of
hierarchical interactions. We chose a nucleobase, namely
uracil (U; see Figure 1b), as a potential candidate to interact
with Ni atoms.®® From the interplay of STM imaging and
lateral STM manipulations together with density functional
theory (DFT) calculations, we show that 1) co-deposition of
U molecules and Ni atoms on the Au(111) surface results in
the formation of isolated triangular metal-organic coordina-
tion clusters. Subsequently, these triangular clusters can serve
as the elementary motifs and be connected with another one
or more through hydrogen bonds to self-assemble into
parallelogrammic clusters or even more complicated higher-
level structures. 2) Interestingly, lateral STM manipulations
allow us to achieve the controllable scission of higher-level
structures into their elementary motifs by breaking the
hydrogen bonds while the coordination bonds holding the
triangular clusters are kept unperturbed. 3) Moreover, the
seamless stitching of elementary motifs into higher-level
structures through re-formation of hydrogen bonds is also
achieved. 4) Furthermore, the reversible switching of metal—-
organic motifs provides us with an effective way to modulate
the electronic properties of the metal centers, which is
confirmed by DFT calculations.

Co-deposition of U molecules and Niatoms at a low
surface coverage (ca. 0.05 monolayer (ML)) on a Au(111)
surface held at 400 K led to the formation of triangular
clusters discretely distributed on the surface (Figure 1a).
Statistical analysis revealed that there are only two adsorption
orientations (the included angle between the two orientations
is 60°) for the triangular clusters. After further annealing the
sample at 400 K for 15 minutes, we found that parallelogram-
mic clusters appeared and coexisted with the triangular
clusters as shown in Figure 1b. The close-up STM images
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Figure 1. a,b) STM images showing the formation of triangular and
parallelogrammic clusters on Au(111), respectively. ¢,d) Close-up STM
images showing two triangular clusters with distinct orientations
(indicated in blue and green) and a parallelogrammic cluster, respec-
tively. ) Simulated STM images of triangular and parallelogrammic
clusters superimposed with the DFT-optimized models on Au(111);
the substrate is omitted for clarity. f) The corresponding top and side
views of the models on Au(111). Scanning conditions: I,=1.03 nA,
V,=1.25V; STM image simulations at a bias voltage of 1.2 V.

(Figure 1c¢) reveal that the triangular clusters consist of three
bright protrusions attributed to the U molecules, and in
a special tip state, a central spot was also visible (Supporting
Information, Figure S1), which should be related to the
electronic states of the Ni atoms. The blue and green triangles
drawn in Figure 1c represent two distinct orientations of the
triangular clusters. The close-up STM image (Figure 1d)
showed that the parallelogrammic cluster is composed of two
triangular clusters with different orientations as intuitively
depicted by the blue and green triangles. It is noticeable that
the molecules1 and 2 in the original triangular clusters
(indicated in Figure 1¢) become dim (with an apparent height
difference of ca. 0.5 A as determined by the line scan profiles
shown in Figure S2d,e) when forming a parallelogrammic
cluster (indicated in Figure 1d).

To unravel the atomic-scale structures of the triangular
and parallelogrammic clusters, detailed DFT calculations that
included the Au(111) substrate were performed. First, we
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built up structural models of the triangular clusters based on
the canonical form of the U molecule; however, we identified
that the most stable parallelogrammic model did not agree
with the experimental configuration as illustrated in Fig-
ure S3. As it is known that the nucleobases can undergo
tautomerization on surfaces,”**! we then re-built our models
taking into account the non-canonical forms of the U mole-
cule. After an extensive structural search and comparison
with STM images, we identified the energetically favorable
models of the triangular and parallelogrammic clusters, which
were overlaid on the corresponding simulated STM images
(Figure 1e); good agreements are achieved when comparing
them with the experimental morphologies and dimensions.
The optimized models showed that the triangular cluster was
formed by three U molecules coordinating to three Ni atoms,
and that the parallelogrammic cluster was formed by two
homochiral triangular clusters linked together through double
N—H:--O hydrogen bonds. Interestingly, we found that the two
dim molecules mentioned above are just the ones that are
involved in the formation of hydrogen bonds. We thus believe
that the change in apparent heights of molecules 1 and 2
(Figure 1¢,d) should be attributed to the corresponding
change in their molecular adsorption configurations upon
hydrogen-bond formation.””

Furthermore, from the models of the triangular clusters,
one would expect that such a cluster can be linked to another
one (with the same chirality but a different orientation) from
three distinct directions by the equivalent double N—H:--O
hydrogen bonds, which results in the formation of three kinds
of parallelogrammic clusters. Experimentally, we indeed
observed three different parallelogrammic clusters (Fig-
ure S4a—c), and the corresponding enantiomers were also
detected (Figure S4 d—f). We then expected that the formation
of more complicated higher-level structures should also be
possible. By increasing the surface coverage (up to ca.
0.2 ML), we obtained various self-assembled clusters (Fig-
ure 2a). The close-up STM images together with the relaxed
gas-phase models shown in Figure 2b-i show that all of the
higher-level structures consist of different numbers of homo-
chiral triangular clusters linked through the same double N—
H--O hydrogen bonds as in the parallelogrammic cluster.
Interestingly, the rule that the molecules become dim when
participating in the formation of hydrogen bonds is also
applicable here (the translucent ellipse in each model
indicates the hydrogen-bonding sites).

In the next step, we explored the feasibility of utilizing
STM manipulations to perturb the hierarchically self-assem-
bled higher-level clusters. As shown in Figure 3a—d, lateral
STM manipulations were performed on a parallelogrammic
cluster and a more complicated cluster (consisting of three
triangular clusters). Interestingly, controllable scission of the
higher-level clusters into their elementary triangular clusters
was achieved by breaking the N—H:-O hydrogen bonds.
During this process, the metal-organic triangular clusters
were kept intact and moved on the surface as a whole. In this
sense, the applied STM manipulations successfully distin-
guished the hierarchical interactions (i.e., hydrogen bonding
and coordination bonding) within the higher-level clusters,
and moreover selectively broke the hydrogen bonds. Also, the
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Figure 2. a) STM image showing the formation of higher-level clusters
by increasing the surface coverage and annealing at 400 K for

15 minutes. b—i) Close-up STM images and the corresponding DFT-
relaxed gas-phase models of various higher-level clusters consisting of
different numbers of triangular clusters. Scanning conditions:

1,=1.03 nA, V,=1.25V.

Figure 3. a,b) and c,d) Lateral STM manipulations demonstrating the
controllable scission of higher-level clusters into isolated triangular
clusters. e,f) STM manipulations were used to delicately trim the
higher-level cluster. The green arrows indicate the directions of the
STM manipulations.

two dim molecules 1 and 2 (indicated in Figure 3a) recovered
their original appearance (i.e., became bright as indicated in
Figure 3b) after the parallelogrammic cluster had been cut
into two isolated triangular clusters, which implies that the
molecular adsorption configuration relaxes back when the
hydrogen bonds are broken. Furthermore, by employing such
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STM manipulations, we were able to delicately trim a more
complicated cluster into an artificial hexagonal pattern as
shown in Figure 3e,f. We were not only able to translate the
triangular cluster, but also to rotate it on the surface (as
indicated by the blue and green triangles in Figure 3 f).
Finally, a series of consecutive STM manipulations on
a variety of larger clusters were also performed (Figure S5).

Fabrication of artificial molecular nanostructures requires
reversible switching of structural motifs; therefore, we
performed further STM manipulations in an attempt to
achieve precise stitching of elementary motifs into higher-
level structures through re-formation of hydrogen bonds. As
illustrated in Figure 4a—-d, a series of STM manipulations
allowed us to achieve a reversible process of breaking
a parallelogrammic cluster into two triangular ones and,
more importantly, precise stitching them back into the
parallelogrammic cluster. The key to making this process
successful is the hydrogen bonding, which is comparatively
facile to be broken to achieve controllable scission, and on the
other hand, the directional characteristic makes seamless
stitching feasible. Furthermore, as previously reported,[”-%4!
STM manipulations have been employed on organic mole-
cules to either change the two-dimensional self-assembly or
break a peripheral C—H bond of a single molecule, and even
to directly perturb single coordination bonds to modulate the
electronic properties of the single metal centers. Inspired by
these reports, we speculated that the transformation from an
isolated elementary metal-organic motif into a higher-level
one and vice versa might have an influence on the electronic
properties of the metal centers as well. We then performed
further PDOS calculations on the different d orbitals of the
Ni trimer in an isolated triangular cluster and in the same
triangle within a parallelogrammic cluster (Figure 4e,f,
respectively). It is noteworthy that 1) the peaks of the d,,
and d,, orbitals of the Ni trimer in an isolated triangular
cluster overlap with each other (Figure 4 ¢), whereas they are
separated in the same triangle within a parallelogrammic
cluster (Figure 4 f). 2) As indicated by the purple arrows, the
main peak of the d.. orbital moves toward the Fermi energy
(the d,o, orbital shows the same tendency) when comparing
the isolated triangular cluster (Figure 4e) to that within
a parallelogrammic cluster (Figure 4 f). Consequently, the
reversible scission and stitching of metal-organic motifs by
STM manipulations provides an alternative way to modulate
the electronic properties of the metal centers.

In conclusion, by the combination of high-resolution STM
imaging/lateral manipulation with DFT calculations, we have
demonstrated the hierarchical self-assembly of metal-organic
clusters where coordination bonds determine the formation
of the elementary structural motifs in the first place, and
hydrogen bonds direct the subsequent formation of higher-
level structures. STM manipulations allowed us to selectively
perturb the relatively weak hydrogen bonding and achieve
controllable scission and seamless stitching of metal-organic
clusters on the surface and moreover, to modulate the
corresponding electronic properties of the metal centers.
The strategy presented in this work, that is, designing a system
that includes different interactions with hierarchical strengths,
can be extended to other related systems and warrants further
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