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The seminal work of Novoselov et al.!'! has stimulated great
interest in the controllable growth of epitaxial graphene
monolayers.>'? While initial research was focussed on the
use of SiC wafers,?! the promise of transition metals as
substrates has also been demonstrated*'” and both
approaches are scalable to large-area production.>%1? The
growth of graphene on transition metals such as Ru, Rh and Ir
leads to a moiré-like superstructure,®”*1%1213) similar to that
observed for BN monolayers.'"*!) Here we show that such a
superstructure can be used to control the organization of
extended supramolecular nanostructures. The formation of
two-dimensional supramolecular arrays has received increas-
ing attention over recent years primarily due to potential
applications in nanostructure fabrication as well as funda-
mental interest in self-assembly processes.'!¥] Such studies
can be highly dependent on the nature of the substrate used,
and the interplay between surface and adsorbed supramolec-
ular structure is a topic of significant conjecture. Until now
metallic surfaces'”! or highly oriented pyrolytic graphite
(HOPG)"™ have typically been the surfaces of choice for
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such studies. Our results demonstrate that graphene is
compatible with, and can strongly influence molecular self-
assembly.

We have studied the adsorption of perylene tetracarbox-
ylic diimide (PTCDI) and related derivatives on a graphene
monolayer grown on a Rh(111) heteroepitaxial thin film
(Figure 1). In particular, we show that a near-commensur-
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Figure 1. a) STM image of graphene monolayer on Rh(111)/YSZ/
Si(111) substrate (sample voltage 1.0V, tunnel current 200 pA). The
periodic features (period 2.95 nm) arise from a moiré pattern because
of the mismatch between the graphite and Rh lattice constants.

b) Diagram of honeycomb mesh (dark blue) representing graphene
overlaid on an array of gray circles representing Rh atoms. The
superstructure formed by 12x 12 unit cells of graphene overlaid on

11x 17 unit cells of Rh gives rise to a long range periodic pattern (unit
cell highlighted in light blue) with lattice vectors marked by arrows—
these are also identified in the zoomed image shown in the inset to
(a). c—e) Structure of the three molecules under investigation:

c) PTCDI, d) DP-PTCDI, €) DB-CTCDI.

ability between the PTCDI molecular dimensions and a
moiré-like superstructure leads to the stabilization of
extended one-dimensional supramolecular assemblies. The
stabilization is due to NH:--O intermolecular hydrogen bonds
between imide groups on neighboring molecules."** This
interaction may be systematically modified by the attachment
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of alkane chains to the “bay” area of the fused aromatic core
resulting in a stabilization of a triangular, rather than linear,
molecular junction. Specifically we investigate 1,7-dipro-
pylthio-perylene-3,4:9,10-tetracarboxydiimide (DP-PTCDI)
(Figure 1d)® and 1,7-di(butyl)-coronene-3,4:9,10-tetracar-
boxylic acid bisimide (DB-CTCDI; Figure 1e; see Ref. [22]
and Supporting Information for synthetic details).

Our experiments were performed under ultra-high
vacuum (UHV) conditions using scanning tunnelling micros-
copy (STM; operated at room temperature) as the primary
experimental technique. The preparative procedures for the
Rh(111) substrate are described in detail elsewhere!™” (see
also Ref. [23]). In summary, a heteroepitaxial yttria-stabilized
zirconia (YSZ) buffer layer is first grown on a Si(111) wafer.
A Rh thin film (150 nm) is then grown on the YSZ buffer
layer. A piece of the wafer (area ca. 1 cm?) is cleaned in UHV
using a cycle of Ar ion sputtering followed by annealing in a
partial pressure of oxygen (see Supporting Information). To
form a graphene monolayer we first extract the sample from
UHYV, then immerse it in an organic solvent (acetone or
paraldehyde (C¢H;,05)) for 10-15 seconds and then return it
to the UHV system. After gradually annealing up to ca.
500°C over 24 h the sample is heated to 800°C for 30 min
resulting in the formation of a graphene monolayer. This
method of graphene production has provided insights into the
mechanism of formation of epitaxial graphene. Investigations
using low energy electron diffraction, photoelectron spec-
troscopy and STM support a model in which the precursor
molecules undergo a decomposition process with dicarbon
species (C, radicals) as intermediates, which then finally
combine to form a graphene monolayer.'”’ An STM image
acquired following this procedure shows clearly the super-
structure arising from the moiré pattern associated with the
graphene monolayer (see STM image and diagram in
Figure 1a and b). The superstructure arises from 12x12
graphene unit cells overlaid on 11 x 11 Rh(111) unit cells and
has an overall period, a,,=2.95 nm."”

Figure 2 a shows an STM image acquired (see Supporting
Information for experimental details) after deposition of
PTCDI in which rows with a width corresponding to one
molecule and lengths up to 25 nm are clearly resolved running
parallel to the principal directions of the surface. There are
many examples of pairs of extended rows which are adsorbed
on neighboring sites of the moiré superstructure with a
spacing of v/3a,, /2, although this appears to be the minimum
spacing for neighboring rows. The molecular arrangement on
the graphene superstructure differs significantly from that
observed for a graphite substrate, on which three-dimensional
islands are formed and the PTCDI/substrate interface is
buried, precluding a direct comparison with the ordering
observed here.* Single-molecule rows of PTCDI have been
observed on Ag passivated silicon, but these rows are short
and unstable and are rapidly converted to two-dimensional
islands."”’ The PTCDI morphology also differs significantly
from that reported for C¢, and other organic molecules on a
SiC/graphene “nanomesh”, where close-packed two-dimen-
sional islands are observed.*!

Previous experimental estimates of the spacing of mole-
cules within PTCDI rows range from 1.41-1.46 nm.!*”! Noting
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Figure 2. a) STM image acquired following deposition of PTCDI on a
graphene monolayer formed on Rh(111)/YSZ/Si(111); inset: structure
of deposited molecule. b) PTCDI-PTCDI dimer with a center—center
separation of d stabilized by two hydrogen bonds. c) Small area scan
showing intramolecular double lobe contrast of PTCDI molecules on
graphene. d) Placement of PTCDI rows on graphene superstructure as
depicted in Figure 1b. e) STM image of PTCDI on a BN nanomesh
formed on Rh(111)/YSZ/Si(111) in which isolated molecules are
trapped in nanomesh “pores” in contrast to the rows formed on
graphene. f) Placement of molecules on BN nanomesh. g) Higher
coverage of PTCDI (0.11 molecules nm™?) showing prevalence of
molecular rows spaced regularly on graphene. Imaging parameters
are: a) —1V, tunnel current 200 pA; d) —1V, 150 pA; e) —1.7V, 30 pA;
f) =1V, 200 pA.
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the near match between this spacing and a,,/2 (1.47 £ 0.05 nm)
of the graphene superstructure, we propose below a structural
model for commensurate PTCDI rows (Figure 2b-d). Fig-
ure 2c shows an STM image of PTCDI in which intra-
molecular features are resolved in the form of two bright
lobes which run parallel to the long axis of symmetry of the
molecule. These lobes have previously been shown to
correspond to the highest occupied molecular orbital
(HOMO)™! of PTCDI and allow us to confirm that the
orientation of the molecule and its placement on the graphene
superstructure is in agreement with the proposed model in
Figure 2d.

The importance of a commensurate match between
molecular dimensions and the moiré periodicity is highlighted
by a comparison (see Figure 2 e) with adsorption of PTCDI on
a boron nitride “nanomesh” monolayer"! also formed on the
Rh(111)/YSZ/Si(111) surface (see Supporting Information).
This monolayer is isoelectronic with graphene, and also
displays a moiré pattern but with a slightly larger periodicity
of 3.2 nm which does not have a simple commensurability
with the molecular dimensions. On this surface we observe
individual isolated PTCDI molecules (Figure 2 f) trapped in
energy minima associated with the moiré pattern very similar
to that reported previously for napthalocyanine on the same
surface.”) We attribute the absence of extended PTCDI
structures on this surface to the lack of commensurability
between the rows and the BN superstructure. Consequently,
molecules cannot be adsorbed in positions where they
minimize, independently, their energies of interaction with
both the surface and their neighboring molecules. The double
lobe intramolecular structure is also resolved for molecules
adsorbed on the BN nanomesh, from which we deduce that
there is no preferred in-plane orientation. In contrast, on
graphene, we do not observe isolated PTCDI and the
molecular orientation is non-random. The commensurability
on the graphene surface leads to the formation of continuous
rows, and the stabilization of the molecule in an orientation
directed at a neighboring occupied site.

The deposition of DP-PTCDI (Figure 3 a) also leads to the
formation of commensurate rows, but, as compared with
PTCDI, there are fewer examples of pairs of parallel rows and
there are many more junctions where three molecules meet
(the ratio of dimer:trimer junctions is 75:25; for PTCDI less
than 1% of junctions are trimers). For DB-CTCDI the
formation of analogous junctions between three molecules
dominates (we are not able to identify unambiguously any

Figure 3. STM images acquired following deposition of a) DP-PTCDI,
b) DB-CTCDI on a graphene monolayer formed on Rh(111)/YSZ/
Si(111). ¢, d) Diagram of junctions between DP-PTCDI dimers (c) and
trimers (d) stabilized, respectively, by two and three C=O---NH hydro-
gen bonds between neighboring molecules with dimer center—center
spacing of d and trimer vertex to molecule center spacing r. e) Place-
ment of DP-PTCDI trimers and dimers. f) DB-CTCDI trimer junction
analogous to (d) with vertex to molecule center spacing r and
placement of DB-CTCDI trimer on the graphene superstructure.

g,h) STM images of DB-CTCDI showing chirality of junctions and
intramolecular detail of molecules. The hexagons in (h) highlight the
chirality of the molecular arrangement. Imaging parameters: a) —1.0V,
100 pA; b) 1.0V, 100 pA; g) 1.5V, 50 pA; h) —1.5V, 50 pA.
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linear dimers) the observed molecular arrangements (Fig-
ure 3b). The array of trimers results in a honeycomb arrange-
ment of molecules which is aligned with the graphene
monolayer superstructure and encloses the areas of bright
contrast arising from the moiré pattern.

The presence of alkyl side-chains is known from previous
studies of DP-PTCDI to enhance the stability of a chiral
molecular trimer vertex (illustrated in Figure 3d) as com-
pared with the linear hydrogen-bonded PTCDI-PTCDI
junctions.” A comparison of Figures 2a and 3a,b indicates
a progressively enhanced stabilization of a trimer vertex as
the alkyl chain length increases from zero length (PTCDI)
through to the longest chain (DB-CTCDI). This leads to a
change in morphology from the rows, for PTCDI, through to
the honeycomb DB-CTCDI, with the DP-PTCDI being
considered as an intermediate case where linear segments
co-exist with junctions of three molecules. The enhanced
stability of the trimer vertex for molecules with longer alkane
chains is supported by density functional theory (DFT)
calculations (performed in the gas-phase in the absence of
the substrate; see Supporting Information) as summarized in
Table 1 which shows the greatest difference between trimer

Table 1: Calculated binding energies, intermolecular separations d and
vertex separations 2.

Ehg[eV] d[nm]  EigleV] 2r[nm]  Etyp—Elg[eV]
(DFT)
PTCDI 0.46 1.44 0.52 1.61 0.06
DP-PTCDI  0.46 1.45 0.57 1.63 0.1
DB-CTCDI  0.45 1.44 0.57 1.60 0.12

[a] E%s: energy per molecule in a row of dimers; E'ys: energy per
molecule in an extended honeycomb array of trimers. The values are
calculated as described in the Supporting Information. The relative
stability of the trimers over the dimers shows a trend of increasing
stability from PTCDI to DB-CTCDI, which is consistent with our
experimental observations. Also tabulated are the calculated intermo-
lecular separations for the dimer, d, and the vertex separation, 2r, for the
trimer (see Figures 2 and 3 for definition of distances).

and dimer binding energies is predicted for DB-CTCDI.
These data also indicate that, in the gas phase, the trimer is
more stable for DP-PTCDI and even for PTCDI. An
additional contribution to the stabilization energy arises due
to the van der Waals interactions of the alkyl chains, but is not
captured in the DFT calculations. This is estimated, using
classical force fields (see Supporting Information) applied to
the optimized geometries calculated using DFT. We find that,
for DP-PTCDI and DB-CTCDI, the difference in energies
between trimers and dimers is increased by ca. 0.2 eV due to
the presence of the alkyl chains.

Also tabulated in Table 1 are the calculated separations of
the intermolecular junctions. For dimers formed from all of
the molecules investigated, the calculated equilibrium sepa-
ration is very close (within 0.03 nm) to a,/2 (the observed
spacing of molecules in the commensurate rows is 1.47 £
0.05 nm). However, the predicted separation for intermolec-
ular trimer junctions (Table 1) is significantly lower (by up to
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0.1 nm) than their expected separation in an extended array,
a,,/v/3 (1.70 + 0.06 nm). Thus, we expect these junctions to be
strained in an extended honeycomb array, leading to a
reduced binding energy, and propose that this accounts for
the stability of rows for the two molecules PTCDI and DP-
PTCDI, whereas only the molecule with the strongest
predicted trimer junction, DB-CTCDI forms a honeycomb
array.

The images in Figures2 and 3 show clearly that the
adsorbed molecules experience a local potential due to the
graphene superstructure which is sufficiently strong to inhibit
the formation of two-dimensional islands. The origin of this
potential has recently been discussed by Brugger et al.'*! who
showed that for both graphene and boron nitride monolayers
on Ru(0001) (closely related to Rh(111)) variations in local
work function lead to a periodic potential. However, the
topography of the resulting potentials which arise for
graphene and BN show significant differences. In particular,
for graphene on Ru(0001) the high symmetry points (equiv-
alent to the centers of the light blue hexagon in Figure 1b)
were shown to be energy maxima, while the energy minima
were shown to form a honeycomb network corresponding to a
connected region following, approximately, the edges of the
light blue hexagon in Figure 1b). In contrast, molecular
adsorption on BN occurs preferentially approximately mid-
way between the center and edge of the unit cell of the moiré
superstructure as previously discussed by Dil et al.”®! The
placement of molecules which we observe is in excellent
agreement with the different potential landscapes arising
from the homoatomic character of graphene and the heter-
oatomic character of BN, respectively, as discussed by
Brugger et al.l'¥

There are parallels with other systems where molecules or
clusters are adsorbed at sites on an ordered array of local
potential wells arising from self-organization due to, for
example, surface reconstruction or dislocation arrays,* 2’
including those adsorbed on boron nitride!™™ and graphene
monolayers.”! However a distinguishing feature of our work is
the observation that the trapping potential is sufficiently
compliant to allow the molecules to relax and adopt a local
configuration which is controlled by interactions with mole-
cules trapped in neighboring energy minima so that extended,
connected structures may be formed. This represents an
example of a system which exhibits hierarchies of order,”!
since the formation of the molecular rows is determined by
intermolecular interactions but the placement and separation
of the rows is guided by the underlying level of organization
due to the moiré pattern. The control of row separation is
shown in Figure 2a and more clearly for a higher molecular
coverage in Figure 2 g.

The attachment of alkane chains to DP-PTCDI and DB-
CTCDI leads to a surface-induced chirality®®!! for these
molecules. Furthermore, the trimer junction is intrinsically
chiral. Images of the DB-CTCDI network shown in Fig-
ures 3g and h confirm that the molecules are in a chiral
arrangement (both chiralities have been observed with
domain sizes of up to 30 nm). Specifically in Figure 3h the
bright intramolecular features form a hexagon with an axis of
symmetry rotated with respect to the principal axes of the

Angew. Chem. Int. Ed. 2010, 49, 1-7
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molecular network (which are parallel to those of the
graphene superstructure). Note also that there are clear
gaps between some of the trimers in Figures 3g and h—
further evidence of strain arising from a small mismatch
between molecular and superstructure dimensions for the
trimer array.

Our results show that graphene superstructures offer a
suitable substrate for the formation of extended, hierarchical
self-assembled nanostructures. In addition to the intrinsic
interest in self-assembly processes our work also raises
interesting questions in relation to graphene electronics.
Recent papers have demonstrated that molecules can act as
molecular dopants® and also that the superstructure result-
ing from a moiré pattern of graphene grown on Ir(111) gives
rise to the formation of a band-gap®! raising interesting
connections with the self-assembled molecular structures we
report here. The interplay between the characteristic dimen-
sions resulting from graphene growth and molecular ordering
offer many possible routes for further investigation related to
both the electronic properties of graphene as well as the
formation of complex self-assembled structures.
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Quite comparable: A graphene mono-
layer is used as a substrate for the growth
of two-dimensional hydrogen-bonded
supramolecular structures (see STM
image). The formation of these extended
structures arises from a commensurabil-
ity between their dimensions and a moiré
pattern formed by the graphene.
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