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Controlling molecular deposition and
layer structure with supramolecular
surface assemblies

James A. Theobald', Neil S. Oxtoby’, Michael A. Phillips’,
Neil R. Champness’ & Peter H. Beton'
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Nottingham, Nottingham NG7 2RD, UK

Selective non-covalent interactions have been widely exploited in
solution-based chemistry to direct the assembly of molecules
into nanometre-sized functional structures such as capsules,
switches and prototype machines'™. More recently, the concepts
of supramolecular organization have also been applied to two-
dimensional assemblies on surfaces®” stabilized by hydrogen
bonding®* ¢, dipolar coupling'>'” or metal co-ordination'®. Struc-
tures realized to date include isolated rows®"*", clusters™'®'®
and extended networks'*'*>", as well as more complex multi-
component arrangements'’. Another approach to controlling
surface structures uses adsorbed molecular monolayers to
create preferential binding sites that accommodate individual
target molecules'”*’. Here we combine these approaches, by
using hydrogen bonding to guide the assembly of two types of
molecules into a two-dimensional open honeycomb network that
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then controls and templates new surface phases formed by
subsequently deposited fullerene molecules. We find that the
open network acts as a two-dimensional array of large pores of
sufficient capacity to accommodate several large guest molecules,
with the network itself also serving as a template for the
formation of a fullerene layer.

We investigate an open honeycomb network formed when
perylene tetra-carboxylic di-imide (PTCD]; Fig. 1a) is co-adsorbed
with melamine (1,3,5-triazine-2,4,6-triamine; Fig. 1b) on a silver-
terminated silicon surface. Melamine, which has a three-fold
symmetry, forms the vertices of the network while the straight
edges correspond to PTCDI. The network is stabilized by mela-
mine-PTCDI hydrogen bonding. Melamine and PTCDI were cho-
sen for this application because they are expected to exhibit much
stronger hetero- as opposed to homo-molecular hydrogen bonding.
As shown in Fig. 1, the compatibility of molecular geometries results
in three hydrogen bonds per melamine—PTCDI pair, as compared
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Figure 1 Self-assembly of a PTCDI-melamine supramolecular network. a, b, Chemical
structure of PTCDI (a) and melamine (b). ¢, Schematic diagram of a PTCDI-melamine
junction. Dotted lines represent the stabilizing hydrogen bonds between the molecules.
d, STM image of a PTCDI-melamine network (sample voltage —2V, tunnel current
0.1nA). Inset, high-resolution view of the Ag/Si(111)-,/3 X /3R30° substrate surface;
the vertices and centres of hexagons correspond, respectively, to the bright (Ag trimers)
and dark (Si trimers) topographic features in the STM image (surface lattice constant,
a0 = 6.65A; ref. 22). Scale bars, 3nm. e, STM image of large-area network, with
domains extending across terraces on the Ag/Si(111)-/3 X /3R30° surface (—=2V,
0.1 nA). Scale bar, 20 nm. f, Schematic diagram showing the registry of the network with
the surface. g, Inverted contrast image (—2V, 0.1 nA) of the network. Scale bar, 3 nm.
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with just two for a PTCDI or melamine pair. The supramolecular
synthon used in the melamine-PTCDI interaction has been shown
to be very robust in solution-based supramolecular chemistry®"*.
The network is prepared under ultra-high vacuum (UHV)
conditions (base pressure ~5 X 10~ " torr). PTCDI and melamine
were placed in effusion cells and sublimed (by heating to ~360°C
and ~100 °C, respectively) onto a Ag/Si(111)-4/3 X /3R30° surface
that had been prepared using standard procedures®. The choice of
substrate was motivated by previous studies which showed that
molecules such as fullerenes, phthalocyanines and napthalene
tetracarboxylic di-imide (NTCD], closely related to PTCDI)"**¢
diffuse freely on the Ag/Si(111)-/3 X \/3R30° surface, and form
islands in which the order is predominantly governed by inter-
molecular interactions. Images of the surface were acquired using
a scanning tunnelling microscope (STM) housed within the
UHV system and operating at room temperature. The Ag/
Si(111)-4/3 X /3R30° surface (Fig. 1d inset) has been studied
extensively, and is described by the honeycomb-chain-trimer
model in which each surface Si atom is bonded to one Ag
atom””*%. To simplify the subsequent discussion, we represent this

Figure 2 Images of Cgo heptamers trapped within the ‘nanoscale vessels’. a, STM image
(—=2V, 0.1 nA) of Cgo heptamers on a PTCDI-melamine network. Inset, high-resolution
view showing an individual cluster. Scale bar, 5nm. b, Schematic diagram of a Cgg
heptamer.
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surface by a hexagonal network™.

The first step in the formation of the network is deposition of
0.1-0.3 monolayers (ML) of PTCDI onto a surface held at room-
temperature, after which close packed islands and short chains
similar to those reported in previous studies of PTCDI and
NTCDI™* are observed. Melamine is then deposited while the
sample is annealed at ~100°C. STM images of the resulting
molecular network are shown in Fig. 1. The network has principal
axes at 30° to those of the Ag/Si(111)-4/3 X {/3R30° surface, and a
lattice constant 3./3a, = 34.6 A. In images with inverted topo-
graphic contrast (Fig. 1g), the positions of the two molecules may
be clearly discerned, with melamine and PTCDI forming respect-
ively the vertices and edges of the network, which is stabilized by the
hydrogen bonding illustrated in Fig. lc. The maximum surface
coverage of the network observed to date is 50% (sample shown in
large-area STM image, Fig. le). The registry of the molecules with
respect to the underlying surface has been determined, and is shown
schematically in Fig. 1f. Numerical calculations (Austin method 1*°)
give the centre-to-centre spacing of a single PTCDI-melamine pair
as 10.2 A, close to the observed separation of 1.5a, = 9.98 A. Thus
the calculated melamine-melamine separation has a near-commen-
surability with the surface lattice.

Annealing provides sufficient thermal energy for molecules to
detach from PTCDI islands and diffuse across the surface. These
PTCDI molecules interact with melamine to nucleate the hexagonal

Figure 3 Images of the Cgo honeycomb network. a, Image showing the PTCDI-melamine
lattice, Cgo heptamers and the raised Cgg honeycomb network (—2V, 0.1 nA). Scale bar,
5nm. Inset, high-resolution view showing the Cgo honeycomb network. b, Schematic
diagram showing the registry of the raised Cgq network with the surface. The hexagonal
network of Cgo molecules, marked A and B, sit directly above the melamine and PTCDI,
respectively. These molecules are raised with respect to the heptamers by 2.1 and 2.8 A,
respectively. The elevation of molecules A and B results in an increase in their separation
from molecules at the heptamer edge (marked C) to ~10.3A (assuming no lateral
relaxation of the heptamer molecules — this cannot be resolved from STM images).

¢, Low defect termination of a PTCDI-melamine lattice with Cgo (—2V, 0.1 nA). Scale bar,
10nm.
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network, which then grows through further capture of diffusing
molecules. If deposition of PTCDI is continued or restarted during
formation of the network, the pores become ‘filled’ with other
PTCDI molecules, presumably by their direct impinging on the pore
area. The open network may only be formed from PTCDI molecules
released from pre-formed islands and thus constrained to two-
dimensional diffusion on the surface. The stepwise introduction of
the two components is thus vital for the synthesis of the PTCDI-
melamine network.

Hexagonal networks assembled from a single molecular species
have been reported previously'®'>". The open areas in such net-
works are small, comparable in size to that of a single molecular
component of the supramolecular array''. In contrast, the incor-
poration of linear PTCDI edge molecules into a bimolecular
assembly yields pores that are much larger than the constituent
building blocks of the network and thus capable of serving as traps,
or vessels, for the co-location of several large molecules. We
demonstrate this potential by subliming Cgo onto the hexagonal
network. As shown in Fig. 2a, which shows an STM image acquired
after deposition of 0.03 ML of Cg, heptameric Cg clusters with a
compact hexagonal arrangement of the individual molecules form
within the pores. Clusters formed in different pores are aligned, and
are all oriented parallel to the principal axes of the Si(111) surface.
The molecular arrangement of the heptamers has been deduced
from STM images (Fig. 2b). Clusters of fewer molecules are also
observed. For example, there are clusters of six molecules in Fig. 2a
and clusters of 2—5 molecules have also been observed, while many
pores remain empty for this coverage of Cg.

Previous studies of Cg on Ag/Si(111)-/3 X 4/3R30° observed
extended monolayers and multilayer islands, but not isolated
hexagonal heptameric clusters such as those in Fig. 2*>*°. Moreover,
whereas the most stable Cg islands on Ag/Si(111)-4/3 X {/3R30°
were previously found to be hexagonally close-packed, their
principal axes were misoriented with respect to the underlying
surface??® and the clusters were thus off-axis, unlike the on-axis
heptamers observed here. These observations clearly indicate that
the heptamers are stabilized by the PTCDI-melamine network.

The fraction of pores containing adsorbed molecules and stabil-
ized heptameric clusters increases with increasing Cy, coverage. In
addition, we observe adsorption of Cy, directly above the PTCDI
and melamine molecules, thus reproducing the underlying hexa-
gonal network. Figure 3a shows STM images of second-layer Ce,
heptamers and the PTCDI-melamine network in close proximity. A
further increase in Cg( coverage results in a near-perfect termination
of the second layer (see STM images in Fig. 3a, ¢). An array of Cyq
molecules sits directly above the melamine—-PTCDI network
(Fig. 3b), with the lateral positions within this array corresponding
exactly to those of a hexagonally close-packed layer. The elevation of
the hexagonal network’s constituent molecules increases their
separation from molecules at the heptamer edge, and this arrange-
ment thus constitutes a new fullerene surface phase that is con-
trolled and templated by the underlying hydrogen-bonded network.

Further deposition of Cg, up to a total of 3 ML, does not lead to
the formation of additional fullerene layers on the hexagonal net-
work. We attribute this observation to the termination layer (Fig. 3)
lacking sites for the stable nucleation of additional layers. In
particular, we find that the largest close-packed cluster that could
form in a subsequent layer would contain only three molecules,
rendering the cluster kinetically unstable at room temperature.
Molecules incident on the hexagonal network diffuse to regions of
the Ag/Si(111)-./3 X {/3R30° surface that are not yet terminated,
and where they are incorporated in close-packed fullerene islands
that act as a sink for incident Cgo. This suppression of nucleation,
which is likely to depend on preparation conditions such as
substrate temperature, accounts for the high degree of perfection
of the termination observed in Fig. 3c.

Our results show that large pore areas can induce the co-location
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of several molecules in a ‘nanoscale vessel. Such pores might also
prove useful in achieving the controlled co-location of a wider range
of guest species, which could in turn lead to the promotion of local
chemical interactions, controlled polymerization and the formation
of complex supramolecular surface structures. O
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