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We report the assembly of magic number (Cg),,-(Au), complexes on the Au(111) surface. These
complexes have a unique structure consisting of a single atomic layer Au island wrapped by a self-selected
number (seven, ten, or twelve) of Cgy molecules. The smallest structure consisting of 7 C¢y molecules and

19 Au atoms, stable up to 400 K, has a preferred orientation on the surface. We propose a globalized

metal-organic coordination mechanism for the stability of the (Cg),,-(Au),, complexes.
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Self-assembly of supramolecular structures represents
the most promising and practical route for bottom-up
nanotechnology [1]. During the last decade, there has
been a growing level of interest in transferring supramo-
lecular chemistry to solid surfaces [2—4] for a number of
reasons. First of all, there is the technological desire for
anchoring molecular structures on a substrate for the
purpose of device fabrication. Second, in terms of funda-
mental studies, there are a large number of characterization
techniques particularly suitable for analysis of molecules
attached to solid surfaces. Among them are scanning tun-
neling microscopy (STM) and atomic force microscopy,
both capable of imaging molecules with atomic resolution
and therefore able to provide direct information for correct
interpretation of the bonding mechanisms [2,3]. Moreover,
the solid surface itself plays a role in the assembly process,
providing the opportunity to build supramolecular archi-
tectures not viable in liquid.

Assembly of supramolecular structures on solid sur-
faces is based mostly on the same 3D noncovalent bonding
mechanism as that occurring in solution. The building
blocks are linked together by either hydrogen
bonding [5-10] or through metal-ligand coordination
[11-16]. The effects of dipolar interaction [17,18] and
the van der Waals interaction have also been investigated
[19,20]. Hydrogen bonding and metal-ligand coordination
share the common feature, that bonding occurs specifically
in between the relevant functional groups and so is direc-
tional. The localized nature of directional bonding
accounts for the formation of porous networks [2,6,10].
For molecules where the van der Waals force is the only
option for bonding, the range of structures that can be
achieved becomes very limited because this force tends
to drive the molecules into close-packed arrangements.
However, a unique property of the vdW force is that it
scales with the size of the molecule and is thus expected
to play a dominant role in assembly of large and nonplanar
molecules. In this work, we investigate the assembly of
Cgo molecules around a single atomic layer Au island. The
Cgo molecule is not functionalized, so its interaction with
Au is mainly caused by charge transfer from Au, while the
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interaction among the Cgy molecules themselves has a
strong vdW character. We find the formation of magic
number Cgy-Au hybrid clusters on the surface indicating
preferred Cgp/Au ratios. This behavior is similar to the
metal-organic coordination phenomenon, but without
explicit directional C-Au bonding. Instead, each molecule
interacts with a group of Au atoms as well as with neigh-
boring molecules. The stable structure is formed as a result
of global optimization of the collective Cgy-Au coordina-
tion. An earlier report by Schaub ef al. shows the formation
of a Kry,-Ag9 “complex” by decoration of step edges of a
planar Ag,q cluster with Kr atoms [21]. Moving from Kr to
Ceo, there is a dramatic increase in the strength of the vdW
force. As a result, the Cq, molecules are able to influence
the structure of the metal island.

The first step in our experiment is to deposit about
1 X 10" Au atoms onto the 1 cm X 0.5 cm sample at
110 K (the minimum temperature reachable with liquid
nitrogen cooling) inside an ultrahigh vacuum chamber, cre-
ating an array of Au islands pinned at the elbow sites of
the herringbone-reconstructed Au(111) (see Supplemental
Material [22] for STM images of the gold islands). This is
followed by the deposition of ~4 X 10'? of C¢, molecules
onto the substrate which is maintained at 110 K. The Cg,
molecules find the existing Au islands via surface diffusion
and encapsulate or partially encapsulate the Au islands as
shown in Fig. 1(a). The number of molecules at the elbow
site ranges from 1 to ~15. The presence of the small Au
island at the elbow site is demonstrated by the “open” shape
of the Cg trimers, tetramers, pentamers, etc., in contrast
to the close-packed structure formed by Cg alone [23]. The
sample is then brought gradually to room temperature (RT).
STM imaging performed at RT reveals a number of
well-defined Cgy-Au complex structures. One of the most
abundant structures consists of seven close-packed Cg
molecules, Fig. 1(b). The (Cgy); clusters in Fig. 1(b) are
located at the fcc region next to the bulged elbow site. They
all have the same azimuthal orientation with the molecules
close packed along one of the (112) directions. According to
the height profile across a cluster shown in Fig. 1(c), the
central molecule is taller than the six surrounding molecules
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FIG. 1 (color online). (a) STM image (25 nm X 40 nm)
obtained using —1.8 V sample bias and 0.03 nA tunnel current
showing Cgy molecules aggregating around Au islands at the
elbow site at 110 K. (b) (Cg); clusters with a uniform azimuthal
orientation formed at the fcc region next to the bulged elbow site
upon temperature rise to RT. The images in (a) and (b) are not
from the same location of the sample. (c) Blue curve: height
profile across a (Cqp); cluster. Red curve: height profile across a
larger, Cqo-lined Au island.

by 0.21 nm which is close to the height of a single atomic
step on Au(111). This is clear evidence that the central
molecule sits on a single atomic layer Au island and the
island itself is encircled by the remaining six molecules.
Because the seven molecules inside each cluster are close
packed, it points to a unique size, shape, and orientation of
the enclosed Au island. There are a small number of
circular-shaped Au islands surrounded by Cg, molecules
but with no molecule on top of the island. One of them is
shown as an inset in Fig. 1(c) together with its height profile.
Since the STM has no access to the Au atoms underneath the
Cgo molecule, direct counting of the number of Au atoms
within each island is not possible. Nevertheless, information
from the present work and that of earlier studies [24-30]
allows us to propose a model accounting for the most
probable and stable structure of the Cgy-Au complex.
Figures 2(a) and 2(b) show the proposed structural
model based on a hexagonal Au island consisting of

FIG. 2 (color). (a) and (b) Ball model showing the positions of
the seven Cgy molecules. Dark purple spheres are the Au atom in
the top-most layer of the substrate. Red spheres are top layer Au
atoms in direct contact with a hexagonal face of the Cgqy. Yellow
spheres represent the single atomic layer Au island consisting of
19 Au atoms (c) (Cgg)19-Auss cluster. Inset is an STM image of
such a cluster containing 10 Cg, molecules. The two “‘bright”
molecules are sitting side-by-side on top of the gold island.
(d) (Cgp)12-Auyg cluster. Inset shows an STM image of such a
cluster.

nineteen Au atoms. The six surrounding molecules occupy
the threefold fcc hollow site. The central molecule occu-
pies the atop site right at the center of the 19-atom island.
As far as the lateral positions of the molecules are
concerned, the (Cgp); cluster takes on exactly the same
configuration found within the (2./3 X 2,/3)R30° phase of
a Cgo monolayer on an extended Au(111) surface [24-28].
The footprint of the central molecule is equivalent to 12 Au
atoms, in good agreement with the (2./3 X 2,/3)R30°
phase of the Cqy monolayer which has one molecule for
every twelve surface Au atoms. The distance between the
step edge of the 19-atom island and the nearest carbon
atom within the Cgy molecule is ~0.25 nm, which is
very close to the calculated Au-C distance [28] for Cg
on Au(111). This distance depends obviously on whether
the molecule is sitting next to a {111}- or a {100}-faceted
step, but the difference is very small. Both the height of the
molecules and their uniform contrast indicate that the six
surrounding molecules are sitting on the surface without
involving the atomic vacancy at the interface.

The structural model presented in Figs. 2(a) and 2(b)
satisfies the following conditions that are essential for the
stability of the Cgy-Au cluster. (i) The optimal distance
among the C¢, molecules is maintained for close packing.
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Adding an extra Au atom to one side of the 19-atom
hexagonal island would force one of the molecules to
move sideways and hence weaken the molecule-molecule
bonding. (ii) Maximal interaction between the molecules
and the Au island is achieved by the proximity of the
surrounding molecules to the step edges. It is a known
from previous studies that Cg has a strong affinity towards
the steps on Au(111) [24,25,29,30]. Removing atoms
from the 19-atom cluster would increase the distance
between the molecule and the step edge of the island,
and hence destabilize the cluster. (iii) The 19-atom Au
island is expected to be a magic number supported planar
cluster due to its geometrically closed-shell structure [31].
The (Cgp)7-Aujg cluster depicted in Fig. 2(b) derives its
stability from the additional interaction between the mole-
cule and the Au island. In fact, bare Au islands of about 19
atoms in size are not stable on Au(111) beyond 200 K. Pure
planar Cg clusters containing ~7 molecules supported on
Au(111) disintegrate when the temperature reaches 240 K
[23]. In contrast, (Cgp)7-Au;g clusters like those seen in
Fig. 1(b) are stable up to 400 K. The Cg, shell acts as a
reinforcing layer for the enclosed Au cluster, and the Au
cluster in return prevents the molecules from escaping. This
type of interaction is similar to metal-ligand coordination
[1]. However, the interaction here is not localized between a
single metal atom and a specific ligand. Instead, there is
expected to be a global optimization process involving all
the molecules and the Au atoms within the cluster. As
mentioned already, due to the presence of two types of steps
of the 19-Au island, the six surrounding molecules are
positioned at two slightly different distances from the near-
est step edge. This would lead to different bonding strengths
of the molecules. Global optimization is able to iron out
these differences by allowing atoms and molecules to shift
slightly from the predicted positions shown in Fig. 2(a).
Furthermore, Cq, molecules are not exactly spherical in
shape and they have degrees of freedom of tilting or rotating.
The molecule on top of the Au island contributes extra
stability to the cluster by interacting with all six surrounding
molecules through van der Waals bonding.

Using the same approach as that shown in Fig. 2(a), a
family of (Cg),,-Au,, clusters can be generated. Fig. 2(c)
shows a (Cg)19-Auss cluster where two Cg, molecules are
sitting on a Auss island. Figure 2(d) shows a (Cgp)12-Auyg
cluster. Experimentally observed clusters containing ten
and twelve Cg, molecules are shown asinsets in Figs. 2(c)
and 2(d), respectively. For the (Cg)7-Aug cluster, the six
molecules surrounding the Au island are in a similar bond-
ing environment with each molecule interacting with a
three-atom long step edge. For the larger hybrid clusters,
there are molecules interacting with longer, V-shaped step
edges. There are two such molecules in Fig. 2(c) and three in
Fig. 2(d). This gives an impression that larger clusters may
become more stable. However, as the cluster size increases,
the number of molecules sitting on top of the Au island

increases, and these molecules are not as strongly bound to
the substrate as the ones sitting at the foot of the step edge.
Therefore, the bonding energy per molecule is not neces-
sarily going to increase with the size of the hybrid cluster.
This gives rise to the abundance of the (Cgy)7-Au,g cluster
on the surface as shown in Fig. 3. In Fig. 3, all the different
shaped clusters observed in the experiment are shown. The
two circled clusters in the figure are made of (Cgp)7-Aujg
plus one extra molecule. The cluster inside the rectangle has
six Cgo molecules. It has all the features of a (Cgg)7-Auyg
cluster but with a missing molecule. The Au island associ-
ated with this cluster must have a size and shape very similar
to that with the (Cgp)7-Au;g cluster. There is a (Cgg)ia
cluster, inside the oval, which can be viewed as a (Cg) ;g
cluster such as that shown in Fig. 2(c) plus four extra
molecules. In this Letter we will not discuss the less abun-
dant irregular clusters.

The herringbone reconstruction of the Au(111) surface
is not lifted in the presence of the (Cg),,-Au, clusters.
The clusters are confined within the fcc region at the
elbow sites. The (Cgg)7-Au,g cluster has the right size to
be comfortably fitted in between the discommensuration
lines. If more molecules are added to the (Cgy)7-Auig
cluster, these extra molecules will have to sit above the
discommensuration lines. In fact, for the larger (Cg),,-Au,,
clusters, there are always molecules sitting on top of the
discommensuration lines. There is plenty of experimental
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FIG. 3 (color online). Different types of (Cg),,-Au,, complexes.
A: (Cgp)7 cluster with an extra molecule. B: (Cq); cluster with a
missing molecule. C: (Cgg);o cluster with four additional mole-
cules. D: (Cgp)7 cluster with extra five molecules. E: A relatively
large irregular Au island with its step edges decorated by Cg,
molecules. F: Seven Cg molecules forming a closed cage around
a Au island with no molecule sitting on top of the island.
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FIG. 4 (color towards the stable

online).
(Cgp)7-Auyg cluster. The three clusters are followed continuously
as the sample temperature is slowly raised. The whole sequence
of image collection takes ~6 h. These six images are from a
collection of more than 100 images.

Self-refining

evidence that molecules prefer either the fcc [32] or the hcp
[33] region of the surface by avoiding the discommensura-
tion lines. Therefore, in the present case, the discommensu-
ration line impedes the (Cgp)7-Au,g cluster from capturing
more molecules. In a few cases, the (Cgg)7-Au,q cluster has
been observed to uproot from the elbow site and drift along
the fcc region between the discommensuration lines.

Next, we demonstrate the self-refining phenomenon
of the hybrid clusters. By self-refining, we mean self-
organized transition from metastable to stable configura-
tions under thermal activation. In Fig. 4, three clusters with
different initial sizes and shapes are imaged with the STM
and their response to slow temperature rises is followed
continuously over several hours. The cluster at the bottom
of the image is a stable (Cgy)7-Aug, and it does not exhibit
any change as the temperature is raised. The cluster at
the top of the image consists of seven molecules around
a Au island forming a ringlike structure. The Au island
here is larger than Au;9 because seven molecules can be
fitted along its boundary. One of the seven Cgq, molecules
manages to jump up to the top of the Au island at 310 K,
and with the re-organization of the remaining six mole-
cules they form a new (Cg)7-Au g cluster. A number of Au
atoms may have been released from the island in the above
re-organizational process. The exchange of Cgy molecules
and gold atoms on the surface facilitates the ripening of the
magic-number clusters. In the middle of the image there is
a (Cgp) 12 cluster consisting of a stable (Cgp)7-Au,g cluster
as the core with five peripheral molecules. These five
peripheral molecules are seen to wander around the edges
of the stable core until they are detached at 308 K leaving
behind a stable (Cgg)7-Au,g cluster. At 310 K, we see three
clusters with the same size, shape, orientation, and likely
the same chemical composition. Further increase in tem-
perature has no effect on these three stable clusters until
they are fragmented at about 400 K.

The above analysis shows a clear thermally activated
self-refining capability of the (Cg),,-Au, clusters. Such a
self-refining process removes unstable structures, pro-
motes the transition from metastable structures to stable
structures. Structures similar to (Cgg)7-Au;9 have been
produced previously by depositing Au atoms onto a
uniform Cgy monolayer on Au(111) [34,35]. In that
case, deposited Au atoms manage to pass through the
molecular layer to the interface. The atoms then aggre-
gate at the interface into single layer Au island which
is inserted between the Cgy molecule and the Au(111)
substrate. Producing size-selected nanostructures with
well-defined shapes and composition has attracted a great
deal of attention. A number of interesting Cgy-based
structures have been successfully realized in the past
using the template effect of the supporting substrate
[36-39]. Our approach described here adds a new dimen-
sion to the already explored field of supramolecular
nanostructures.

In conclusion, magic number (Cgy),,,-Au,, hybrid clusters
are synthesized on the Au(111) surface. These clusters are
stabilized by a metal-ligand type of coordination where a
globalized optimization of molecule-metal and molecule-
molecule interactions is achieved. The clusters possess a
self-refinement capability by simultaneously fulfilling
size-, orientation-, and composition selection. The process
developed can be used, for example, to fabricate magnetic
quantum dot arrays for spin applications, by using either
magnetic seeding islands or single molecule magnets or a
combination of both. To narrow down the size distribution
even further, one can choose to deposit size-selected Au
clusters [40] such as Aujg as the seed. The magic number
hybrid clusters reported here should not be restricted to
Cgo-Au. Other molecule-metal combinations are expected
to produce similar complexes when the size and shape of
the metal island fulfill the requirements of the molecule.
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