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Hierarchical Organisation on a Two-
Dimensional Supramolecular
Network
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The spontaneous organisation of molecules into larger struc-
tures is pervasive in biological systems and has been identified
as a key pathway towards the realisation of “bottom-up” strat-
egies for controlled nanostructure formation."? A common
aspect of organisation in naturally occurring systems is the for-
mation of structures that display hierarchies of order. Currently
there are many examples of artificial self-assembled molecular
nanostructures which display a single level of order. The exten-
sion of organisation in this class of materials to hierarchies of
order provides a challenge which has recently attracted consid-
erable interest.™ This is of particular relevance to spontaneous
organisation on surfaces,”*?>' a rapidly developing research
field with great promise for applications such as biosensors
and molecular electronics. Example of hierarchical organisation
of molecular clusters was recently demonstrated by Blim
etal™ and Spillmann et al.” In addition, several examples of
systems which display multiple levels of organisation have
been realised through an interplay of molecular self-assembly
and a second physical ordering mechanism arising from, for
example, surface reconstruction®'*'7%2" gr dewetting.*®

Herein we show that hierarchies of organisation may be in-
troduced intrinsically by a self-assembled two-dimensional net-
work. Specifically, we show that a self-assembled template can
be used, not only to stabilise size-specific molecular nanostruc-
tures, but also influence their relative placement. The system
reported here is a new intermixed bi-molecular structure
formed by perylene tetra-carboxylic di-imide (PTCDI) and mela-
mine on Au(111) in which rows of pores are formed, each of
which has the capacity to stabilise a C¢, dimer. Importantly, we
observe a non-random pore occupancy with an enhanced
probability of filling for nearest neighbour sites along the
rows. These results imply that the supramolecular network im-
poses a hierarchy of organisation. At the lowest level of order
the network cavities provide size-controlled capture sites for
highly specific cluster geometries, while on a larger scale a cor-
relation of occupancy is promoted within the network.
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A Au(111) surface was prepared by loading a 5 mmx 10 mm
piece of gold on mica (purchased from Molecular Imaging Inc.)
into a UHV system with a base pressure of 1x107'° torr. The
surface was cleaned using Ar ion sputtering (4x107° torr, 1 kV,
1-3 pA) followed by annealing at 150-450°C for several hours.
Images of the surface were acquired using a scanning tunnel-
ling microscope (STM) housed within the UHV system operat-
ing in constant-current mode at room temperature and using
electrochemically etched tungsten tips. Following the sputter-
anneal cycle, we observed the characteristic (22x/3) herring-
bone reconstruction of the Au(111) surface.?” Both PTCDI and
Cqo Were sublimed onto the surface with the substrate held at
room temperature. Melamine was sublimed with the substrate
held either at room temperature or at an elevated temperature
of 80-90°C.

Sequential deposition of PTCDI and melamine (molecular
structures are shown in Figures 1a and b) onto the Au(111) sur-
face leads to the formation of an intermixed phase. Subse-
quent annealing in the range 60-80°C results in the formation
of hexagonal networks.” The ordering of closely related mole-
cules has also been reported by other groups recently.**3" By
annealing at higher temperature, ~90°C, the hexagonal net-
works are converted into a parallelogram arrangement (see
Figure 2). At the boundary between these two annealing con-
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Figure 1. Molecular structure of a) PTCDI and b) melamine. c) The triple hy-
drogen bond, identified by red dotted lines, between a PTCDI and melamine
molecule.

ditions, it is possible for both hexagonal and parallelogram
networks (labelled areas o and f in Figure 2a respectively) to
coexist. The same result is achieved by depositing melamine
onto a PTCDI covered sample, while the substrate was heated.
As illustrated in Figure 2b, these parallelogram networks form
large ordered domains, generating sizeable arrays of pores.
Figure 3a shows an STM image of a small area of a parallelo-
gram network, revealing the molecular arrangement of the
structure. As with the hexagonal phase, we are not able to re-
solve the herringbone reconstruction of the underlying Au(111)
surface beneath the network. The stoichiometry of the two bi-
molecular phases in Figure2 is the same, with a melami-
ne:PTCDI ratio of 2:3. The molecular arrangement corresponds
to rows (running approximately from bottom right to top left
in Figure 3) reqgularly interlinked by PTCDI molecules. Within
the rows there are equal numbers of PTCDI and melamine
molecules, with PTCDI molecular pairs in an approximate end-
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Figure 2. a) STM image of two co-existing bi-molecular phases of PTCDI and

melamine on Au(111), 285 Ax285 A, —1.8V, 0.03 nA; the hexagonal and par-
allelogram phases are labelled as o and {3 respectively; the [110] direction is

identified from the hexagonal network.”” b) Large area STM image of paralle-
logram networks, 975 Ax975 A, —1.8V, 0.03 nA.

to-end configuration® oriented at an angle to the rows. The

interlinking PTCDI molecules are aligned at an angle 76.3 +£2°
to the rows as illustrated by the line in Figure 3a. This non-per-
pendicular alignment leads to the parallelogram shape of the
pores, highlighted in Figure 3a. The network unit cell, defined
by the unit cell vectors b, and b, shown on Figure 33, is ap-
proximately rectangular and is measured from our STM images
to be b;=30.74+04A and b,=19.4+03 A, with an internal
angle of 8742°. We observe two distinct alignments corre-
sponding to the interlinking PTCDI molecular orientations
(green line in Figure 3) either parallel to, or at 17+2° to the
< 110 > directions. The arrangement is chiral and domains of
both chiralities have been observed.

We propose a model, shown in Figure 3b, for the observed
molecular ordering based upon the internal alignments and
unit cell dimensions. The structure is stabilised by triple hydro-
gen bond junctions (see Figure 1c) between melamine and
the interlinking PTCDI molecules. Within the rows, one end of
each PTCDI forms a triple hydrogen bond with a melamine
and the other end is stabilised by a PTCDI-PTCDI double hy-
drogen bond as has previously been observed'® and a
single hydrogen bond with a melamine molecule. Overall the
structure is stabilised by fewer hydrogen bonds than the hex-
agonal network we have previously reported, although the sto-
ichiometry of the two phases is the same. However, we note
that the molecular density is higher in the parallelogram
phase. It has recently been shown theoretically®>*¥ that the
competition between isotropic intermolecular interactions, for
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Figure 3. a) Higher resolution STM image, showing the molecular arrange-
ment of a parallelogram network, 175 Ax 175 A, —1.5V, 0.03 nA; the direc-
tion through alternate pores and along interconnecting PTCDI molecules is
highlighted (----- line); the parallelogram nature of the pores is depicted by
the dashed box (right); the approximately rectangular unit cell, defined by
the unit vectors b, and b,, is also illustrated. b) Schematic of the proposed
bi-molecular ordering; the corresponding alternative pore/linking molecule
direction, parallelogram pore and unit cell vectors are represented as for (a).

example van der Waals interactions, and directional interac-
tions such as hydrogen bonding can lead to the formation of
more highly compact surface phases.

We have investigated the potential for the pores in the par-
allelogram networks to trap sublimed C4, molecules, in analogy
with previous work.®” In Figure 4a we show STM images ac-
quired following the deposition of ~0.1 monolayers (ML)
which clearly show that a number of the parallelogram pores
are occupied by Cg, dimers. A heptameric cluster (labelled o)
in an unconverted hexagon is seen on the edge of a parallelo-
gram domain, offering a clear comparison to the dimers. A
high resolution image of a filled pore alongside a vacant pore,
clearly revealing two individual C¢, molecules, is shown in Fig-
ure 4b. The size-selective stabilisation of the dimer is illustrated
in Figure 4 c using our proposed model.

Figure 4d shows a large scale image of the surface after the
deposition of ~0.1 ML of Cg, while Figure 4e shows an array at
a coverage of ~0.2 ML. Images such as these give the impres-
sion that there is a non-random occupancy of pores and in
particular that there is a higher then expected frequency of ex-
tended rows of dimers occupying neighbouring pores along
the direction highlighted in Figure 4d. We have investigated
this effect quantitatively through a statistical analysis of the oc-
cupancy of the parallelogram pores for a range of fullerene
coverages. Data extracted from a number of images, show a
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Figure 4. a) STM image of an array of parallelogram pores following a depo-
sition of ~0.1 monolayers (ML) of Cy, 147 Ax 110 A, —2.3V, 0.03 nA. b) High
resolution image of two parallelogram pores, with one pore occupied by a
fullerene dimer, 51 Ax41 A, —1.0V, 0.03 nA . ¢) Schematic representation of
the two pores highlighted in (b). d) Large area STM image of parallelogram
array, illustrating the correlation of captured Cg, dimers (~0.1 ML coverage)
along the row direction (arrow), 395 Ax395 A, —1.0V, 0.03 nA. e) STM
image of parallelogram array at a coverage of ~0.2 ML of Cg, 488 Ax305 A,
—2.0V, 0.03 nA; the correlated row direction is highlighted (arrow).

correlation of pore occupancy, along the row direction. Specifi-
cally we have counted the fractional occupation, f,...fy of
nearest-neighbour pores A-D (see upper Figure 5 insert). As ex-
pected, fy=f. and fy=f, within experimental error. We com-
pare this fractional occupation with the average pore occupan-
cy. For example, for a pore occupancy of 9.6 +0.8%, the mean
nearest-neighbour occupancy, f,=18.8+2.6%. This indicates a
non-random distribution whereby the formation of chains of
dimers along the row direction is correlated, as is apparent in
Figure 4d. We summarise our results in Figure 5 where the
nearest neighbour occupancy is plotted for coverages up to
50% occupancy and consistently shows non-random statistics.
Note that we also plot for comparison the probability of occu-
pancy for the nearest neighbour off-row sites, f;, where the
probability of occupancy is slightly lower than the average
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Figure 5. Plot of the fractional occupancy of nearest neighbour site A (or
equivalently C) versus average pore occupancy (filled symbols) and occupan-
cy of site B (or equivalently D)—open symbols. Best fit lines to the datasets
are also shown together with a line with unit gradient—the systematic ob-
servation of occupancy of A/C above this line confirms a correlation in clus-
ter placement. Upper inset shows a schematic of sites A-D; lower inset is a
schematic of a kinetic route to growth of cluster-rows.

pore occupancy. As the coverage is increased and the majority
of the pores become occupied, a correlation is observed with
respect to the vacant sites. For example, in Figure 4 e for which
24.2+6.1% of pores are unoccupied, the fraction of on-row
nearest neighbour vacancies (calculated in analogy with f,) is
34.5+5.2%. The non-random organisation of the placement of
fullerene dimers within the network provides clear evidence of
a hierarchy of organisation.

We propose a simple model, based on kinetics and shown
schematically in the lower inset to Figure 5, which could lead
to the growth of rows of occupied pores as observed. The end
of the row of occupied pores provides a site with sufficiently
high co-ordination to temporarily trap a C¢, molecule as illus-
trated in Figure 5 (inset). In this configuration, the molecule is
bound to two other Cg;, molecules which, on the basis of
simple theoretical arguments®” leads to an additional stabilisa-
tion energy of ~0.6 eV at this site. We argue that this leads to
a high residence time at this site, and acts to mediate dimer
formation through the interaction of this temporarily stabilised
molecule with a second molecule which hops into the neigh-
bouring cavity (see Figure 5 inset). Thus the probability of
dimer nucleation in this pore is enhanced over the average
rate of nucleation which is determined by the probability of a
random encounter between two freely diffusing molecules.

Finally, we identify interesting aspects of fullerene growth
related to the presence of defects in the parallelogram net-
work which can lead to the stabilisation of clusters with more
than two fullerenes. Some examples of relevant defects are
identified in the STM images shown in Figure 6. Some pores
appear occupied by excess PTCDI molecules (labelled a in Fig-
ure 6a), observed aligned along either of the diagonals of the
pores. These blocked pores are unable to stabilise fullerenes
(see Figure 4a). Additionally, ‘double pores’ (labelled f in Fig-
ure 6a) are relatively common through the absence of a single
linking PTCDI molecule. These “double pores” still offer size-se-
lective stabilisation of Cy, clusters, illustrated in Figure 6b, and
have been observed containing hexamer clusters (labelled v,
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Figure 6. a) STM image illustrating some defects in the parallelogram net-
work, 117 Ax117 A, —1.5V, 0.03 nA; a pore blocked by the presence of an
excess PTCDI molecule is labelled a; a “double pore” resulting from an
absent linking PTCDI molecule is labelled (3. b) STM image showing size-se-
lected stabilisation of diverse Cg, clusters at network defects, 117 Ax 117 A,
—2.0V, 0.03 nA; a hexamer (y) and trimer (d) cluster are identified. The stabi-
lisation of hexamer and trimer clusters within the network are schematically
demonstrated in (c) and (d), respectively.

Figure 6b). The stabilisation of a hexamer cluster is shown
schematically using our proposed model in Figure 6c. In other
instances, Cg, trimers (labelled 9, Figure 6b) have been ob-
served. We attribute these clusters to displaced, but not
absent, interlinking PTCDI molecules as shown in Figure 6d.

In conclusion, we have shown the existence of a parallelo-
gram PTCDIl-melamine bi-molecular network formed on the
Au(111) surface, which forms at a higher annealing tempera-
ture to the previously reported hexagonal phase. The network
generates large arrays of pores with attractive templating and
trapping properties for fullerene clusters. Our key observation
is that, in addition to the stabilisation of size specific molecular
structures the network also influences the relative placement
of clusters leading to a non-random pore occupancy. We argue
that this system provides an example of an artificial molecular
framework which displays hierarchical surface organisation.
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