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Novel surface coordination nanostructures based on
cyanosexiphenyl molecules are assembled on a gold surface and
investigated by scanning tunneling microscopy and density
functional theory. Their formation can be tuned by varying the
surface temperature during deposition. Diffusing gold adatoms act
as coordination centers for the cyano groups present on one end of
the nonsymmetrical molecules.

For the development of nanotechnology and atomic scale
electronics, it is crucial to control the formation of single
supramolecular structures at atomically clean surfaces with high
precision. A central goal of research is therefore to fabricate
atomically precise nanostructures with well-defined tailored
properties. As many of the properties of supramolecular assemblies
decisively depend on the nature of their intermolecular bonds, the
precise tuning of the bond formation is, in this respect, of
fundamental importance.!

Directed interactions, such as metal coordination, play a central role
in building well-defined and extended nanostructures in a
predictable and reproducible manner. In order to use metallic
substrates to guide nanostructure formation, it is crucial to
understand the interaction between the molecular building blocks
and to control diffusion processes. Among the different non-covalent
intermolecular bonds, metal coordination is especially important
because it allows for the formation of structures with specific
topologies and a high structural stability.! Extended metal
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coordination networks on surfaces have been intensively studied in
the last few years by scanning tunneling microscopy (STM) showins
that ordered networks with a high binding energy can be formed ¢
surfaces starting from a wide range of organic molecules and metal
centers.2 However, less attention has been paid to the formation  r
discrete metal coordination complexes on surfaces, which can form
stable non-covalent nanostructures with specific tailoi. .
properties.3

The formation of metal-coordination bonds requires both electror
donating ligands and metal centers. Such metal centers are eithe-
present on the metal surface under investigation,?> 2& 4 or can k-
provided in a separate deposition step.2 Several examples hav-
been recently reported where metal adatoms are used <
coordination metal centers for molecules with cyano functionz'
groups.2c 3¢5

Despite the recent interest in gold catalysis and the importance of
gold coordination chemistry,® coordination structures composei v
cyano functional groups and gold adatoms were rarely investigated
so far on a surface.” Several other functional groups are known to
strongly interact with gold atoms.8 In some cases,® the gold aton
were assumed to be extracted by the molecules from the substrat”
Self-assembly induced by cyano groups of porphyrins has bee
investigated,32 10 observing CN-NC dipolar interactions on Au(111}
and Cu(111). In such examples, the formation of CN-Cu-N."
coordination bond was observed on Cu(111) after thermal annealir,
above 150°C, whereas it was not observed on Ag(111) and Au(111).
On a gold surface however, adatoms are known to diffuse on tt 2
surface at room temperature.l! Furthermore, a few examples o1
surface metal-coordination bond involving Au atoms were rece .y
demonstrated.” 12

Here, we present the controlled fabrication of discrete coordinatior
nanostructures formed by two or three molecules on a gold surfacc
For this goal, we specifically designed the cyanosexiphenyl molecul .
schematically shown in Figure 1a, which is an evaporable,
nonsymmetrical, n-conjugated molecule.3 It consists of a sexiphen |
rod with a single terminal cyano group, which allows for selective
linking of the sexiphenyl terminus to a gold atom via a Au-N=C metz -
ligand coordination bond.
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The investigation was performed by STM at low temperature (5 K) in
UHV conditions, supported by density functional theory (DFT)
calculations. Without adding any metal atoms and by varying the
surface temperature, we can tune the formation of metal
coordination structures of two or three molecules. By increasing the
surface temperature during the deposition of the molecules, we can
increase the diffusion of molecules and nanostructures on the
surface. The nonsymmetrical molecules used in this work allow us to
study defined, discrete nanostructures at submonolayer molecular
coverage. This permits the investigation of metal-organic bonding in
a case where, at monolayer coverage, the structure formation is
dominated by hydrogen-bonding.3 In contrast to previous studies on
self-assembled monolayers, the nanostructures can further diffuse
and react on the surface, increasing the possibilities of molecular
combination and opening a new possibility for the on-surface
formation of specifically tailored functional nanostructures.
Cyanosexiphenyl molecules (Figure 1a) are sublimated at 415 K onto
Au (111) at submonolayer coverage and self-assemble into discrete
supramolecular structures. As in the case of many other organic
molecules, cyanosexiphenyl structures preferentially form at the fcc
domains of the Au(111) surface reconstruction.’* At step edges,
cyanosexiphenyl normally forms parallel arrangements of several
molecules (Figure 1b). No isolated molecules are visible on the
substrate. Overview STM images are shown in Figure S3 of the
Electronic Supplementary Information (ESI).

Structures composed of two molecules (dimers) are common when
the surface is kept at room temperature (a pair of dimers is shown in
Figure 1c). Interestingly, these dimers form islands with other dimers
and no single, isolated dimer can be observed on the surface. By
increasing the temperature of the substrate, structures formed by
three molecules (trimers) become dominant (Figure 1d). The
threefold symmetry of such structures reflects the symmetry of the
Au(111) surface. The probability of assembling the different
structures was experimentally investigated as a function of the
substrate temperature during deposition (varying between 20°C and
80°C). The fraction of molecules forming the different
nanostructures at different temperatures during
evaporation is given in Figure le. More than 800 molecular
structures were used for the statistics. As one can see, the fraction
of molecules adsorbing at step edges and defects remains nearly
constant with the substrate temperature in this range. However, the
fraction of dimers decreases by increasing the temperature while the
fraction of trimers increases. This suggests that the trimer structure
is the most thermodynamically stable assembly and that a certain
kinetic barrier has to be overcome to allow a dimer to accommodate

substrate

a third molecule.

In the following, we derive a structural model of the observed
nanostructures. The dimers form small islands in a parallel
alignment, where the cyano groups are directly facing each other.
This is only possible if the two cyano groups have a common binding
partner, which is a gold atom in the present case, and not by a CN-
NC bonding resulting in an off-center arrangement.52 5b. 15

Also for the trimers, the axes of the three molecules intersect in one
point, suggesting again the presence of a common binding partner,
as reported for similar systems in the literature.5® Structural models
superposed to Figure 1c and 1d are reported in the ESI (Figure S4 and
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S5). Such models show that a CN-NC bonding is geometrically 11 «
compatible with the observed structures.

fraction / %
B

temperature / °C

Fig. 1. (a) structural formula of cyanosexiphenyl (color code: nitroge »
= orange, carbon = black, hydrogen = blue); (b)-(d): STM images of
cyanosexiphenyl nanostructures on Au(111), (b) parallel structure 't
a step edge, (c) pair of dimers, (d) trimer (image parameters:
V =-0.5V, |=0.2nA, image size 7.5 nm x 7.5 nm); (e) Fraction f
cyanosexiphenyl nanostructures on Au(111) for different sample
temperatures during preparation. Orange squares: molecul: s
adsorbed on step edges and defects (b). Violet circles: dimer
structures (c) and the green triangles represent the trimer structi'~

(d).

Therefore, based on the molecular arrangement, we propose the*
both trimer and dimer structures are formed by coordination bona -
between the cyano groups and gold adatoms. From the mode s
reported in the ESI we estimate a Au-N bonding length of about 2 A.
As already observed in several experiments, the metal atoms ( t
metal coordination bonds are normally not resolved by STM.1a, 22, -
To confirm that the observed nanostructures are formed by meta:
coordination between gold adatoms and cyano functional group ,
we performed DFT calculations, comparing the adsorption of .
cyanosexiphenyl molecule on the bare surface with the adsorpt 'n
at a gold adatom. When the molecule binds to an adatom, ‘he
configuration of the adsorbed molecule changes and the cyanu
group is raised up. The bonding energy of the molecule adsorbed ' «
an adatom is calculated to be 6.64 eV. This is almost 0.4 eV larg: .
than in the case without the Au adatom and confirms that tt._
molecule preferentially adsorbs at gold adatoms on the surface (se .
ESI for further details). Moreover, DFT calculations show a distanc.
between Au and N in dimers of about 2.2 A. As the structure is nr

flat, the projected distance on the (x,y) plane is about 1.6 A. F--

This journal is © The Royal Society of Chemistry 20xx
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trimer, the calculated Au-N distance is slightly larger: 2.3 A, and
about 1.7 A on the (x,y) plane. This is in good agreement with the
value of 2 A estimated from the model based on the experimental
data (see ESI).

Fig. 2. Diffusion barrier height calculated for the different
nanostructures on Au(111), considering cyanobiphenyl molecules.

We investigated the dependence of the nanostructure formation on
the substrate temperature shown in Figure 1e, calculating by DFT the
diffusion barrier for different nanostructures on Au (111) (Figure 2).
To reduce the computational effort, molecules with only two phenyl
rings (i.e cyanobiphenyl) instead of six as in the case of
cyanosexiphenyl are considered.

In order to determine the diffusion barriers of the different
structures, we performed single-point energy calculations for the
different possible adsorption sites. As one can see in Figure 2, the
diffusion barrier for the dimer pairs is the highest and about 0.3 eV
larger than that of the lone dimers. This suggests that, once the
dimer-pairs are formed from the lone dimers, which in turn are
formed from the molecular structures of Figure 3b and 3c, the dimer-
pairs tend to stay at one place. The trimers (Figure 3d) have a similar
diffusion barrier to the dimer-pairs and are not mobile after
formation, either. Since we omitted parts of the molecule to
minimize computational efforts, the exact numbers given in Figure 2
might be different for cyanosexiphenyl and we expect the diffusion
barriers to be considerably higher due to the increased molecule-
substrate interaction with the additional phenyl rings. Nevertheless,
the qualitative differences between the molecules and their self-
assembled structures will not be changed.

Increasing the substrate temperature induces flap dynamics in the
mobile dimer with the adatom being the pivot-point. The energy
barrier for this type of motion is low, so that the molecules in the
dimer can easily rotate or "flap" around the adatom, allowing a third
molecule to join and form a trimer. We investigated the formation of
such trimers by calculating the binding energy for single
cyanobiphenyl molecules on the surface diffusing towards the dimer
with fixed pivot angle 0 and found the approach to take place from
the convex side as shown in the inset of Figure 4.

The diffusion barrier for an approaching single cyanobiphenyl
molecule is large for an unbent dimer but vanishes for the largest
calculated convex angle of the bent dimer (see Figure 4), suggesting
that enhanced flap dynamics facilitate trimer formation by
productive collisions of the third molecule with the bent dimer. In
other words, simulations show that there are two competing
processes important near room temperature: The formation of

This journal is © The Royal Society of Chemistry 20xx
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dimers and dimer-pairs on the one hand, and the formation ..
trimers from dimers and single molecules on the other.
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Fig. 3. Calculated nanostructures (cyanobiphenyl). The structure .
the dimer-pair is shown in (a). A side view of a single molecu’
without adatom and a single molecule with adatom are presented i
(b) and (c), respectively. The structure of the trimer is shown in (a,
Note that for the calculations in this figure four phenyl rings ar
omitted to save computational effort.
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Fig. 4. Binding energy of the trimer build from a dimer with fixe 1
pivot angle 6 and an approaching single molecule. The approaching
way is shown schematically in the inset. The pivot angle 6 nd
approached distance Ad are marked in red, while the normal binc ~~
distance dnorm is marked in black. The energy surface as a function of
0 and Ad shows its minimum for the highest pivot angle and th»
lowest distance.

At room temperature, two cyanosexiphenyl molecules tend to for 1
a dimer-structure with a single gold adatom. These dimers are still
mobile on the Au (111) surface. Depending on the substra' 2
temperature, the dimers can arrange in a parallel fashion forriung
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islands or build isolated trimer-structures by docking one additional
cyanosexiphenyl molecule.

In conclusion, we have studied the formation of discrete metal
coordination nanostructures on a Au (111) surface composed of two
or three cyanosexiphenyl molecules. The nonsymmetrical molecules
designed for this work allow for the fabrication of defined
nanostructures at low coverage. The formation of the different
nanostructures can be controlled by varying the substrate
temperature during the evaporation of cyanosexiphenyl. DFT
calculations confirm the formation of metal-ligand coordination
bonds between the cyano groups and the Au adatom:s.

Assemblies of a few molecules bonded by metal coordination bonds
represent an alternative route for the fabrication of stable organic
nanostructures with defined properties. This is essential to increase
the reproducibility and diversity of surface-assembled nanomaterials
and thereby improve bottom-up nanotechnology.
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