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A Kagome lattice is a two-dimensional (2D) pattern composed
of interlaced triangles whose lattice points have four neighboring
points each.1 As the most geometrically frustrated magnetic system,
the Kagome lattice has long been a toolkit for theorists,2 but
molecular Kagome lattices are very rare. To date, only a few organic
Kagome lattices have been fabricated on surfaces through
metal-organic coordination or supramolecular self-assembly of
specific molecules including groups with special functions.3

Phthalocyanines (Pc’s) are a family of highly stable molecules
with a single metal ion in the central position of a macrocycle
consisting of alternating carbon and nitrogen atoms (Figure 1a inset).
Depending on the central metal ion, Pc molecules take various spin
configurations, so they can be viewed as tunable single-molecule
magnets.4-7 As a 2D honeycomb lattice of sp2-bonded carbon
atoms, graphene has attracted great interest because of its novel
properties and potential applications.8 Recently, we synthesized a
highly ordered graphene monolayer (MG) on a Ru(0001) substrate.9

The lattice mismatch between MG and the Ru(0001) surface results
in the formation of a regular moiré pattern,9 which might serve as
a desirable template for fabrication of unique nanoarchitectures.10

However, no 2D organic Kagome lattice on graphene has been
reported to date.

Herein, we report on the template-directed formation of su-
pramolecular Kagome lattices of Pc molecules on epitaxial MG.
Taking advantage of the inhomogeneous moiré pattern of MG
epitaxy on Ru(0001), we observed the formation of regular Kagome
lattices that duplicate the lattice of the moiré pattern of MG. Varying
the central metal ion of the Pc molecule affords Kagome lattices
with tunable molecular spins, providing ideal 2D model systems
for studying spin frustration.

Prior to the deposition of Pc molecules, highly ordered single-
crystal MG was grown on an atomically cleaned Ru(0001) surface
via chemical vapor deposition (see the Supporting Information).
Scanning tunneling microscopy (STM) of the as-prepared MG
revealed a hexagonal moiré pattern composed of atop, fcc, and hcp
regions9,10a having different apparent heights, suggesting different
properties for molecular adsorption.10 After vapor deposition of
∼0.75 monolayer (ML) of iron(II) Pc (FePc) on MG at room
temperature (RT), we observed by STM at a sample temperature
of ∼5 K complete coverage of MG with regular hexagonal open
networks (Figure 1a) that show a pore-to-pore distance of ∼3 nm,
precisely matching the lattice constant of the moiré pattern of the
as-prepared MG on Ru(0001).9 Despite the presence of Ru(0001)
terraces with a typical width of several hundred nanometers, the
open networks of FePc illustrate an identical lattice orientation on
different terraces. Since MG epitaxy on Ru(0001) yields a continu-
ous single crystal with a lateral size on the millimeter scale,9 the
fact that the open networks of FePc follow the periodicity of the
moiré pattern of MG highlights the key role that the MG template
plays in the self-organization of FePc molecules.

Images of high magnification (Figure 1b and Figure S2 in the
Supporting Information) demonstrate that the FePc molecules of
the open networks occupy both the fcc and hcp regions of MG,
leaving the atop regions entirely empty. Each FePc molecule is
imaged as four dim lobes around a central bright spot, consistent
with the molecular geometry. Each molecule is attached to four
neighboring molecules, whereas three molecules form a three-
branch joint, thus constructing a Kagome lattice. The distinct
geometric features of a 2D Kagome lattice, namely, a semiregular
trihexagonal uniform tiling, can be clearly seen after straight lines
are drawn across the molecular central ions, as illustrated in Figure
1b. It is noteworthy that the Kagome lattice of FePc illustrates a
molecular orientation disorder, as shown in Figure 1b. This behavior
might originate from the weak, less-specific van der Waals
interactions between FePc molecules, in contrast to the directional
hydrogen bonds or metal-organic coordination that can guide
molecular connection during the formation of Kagome lattices with
ordered molecular orientation arrangements.3 The structural model
of the Kagome lattice of FePc on MG is shown in Figure 1c.

The formation of open networks with the Kagome lattice on the
moiré pattern of epitaxial MG on Ru(0001) was also observed for
other Pc molecules, such as metal-free Pc (H2Pc) and nickel(II) Pc

Figure 1. STM images obtained after RT deposition of 0.75 ML of FePc
on MG/Ru(0001). (a) Overview image showing identical orientations of
the Kagome lattice of FePc across steps of the Ru(0001) substrate. The
structural model of Pc is shown in the inset. (b) Details of the Kagome
lattice of FePc. A trihexagonal tiling is highlighted. The unit cell of
the Kagome lattice is marked with blue lines. (c) Structural model of the
Kagome lattice showing molecular orientation disorder.
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(NiPc), as shown in Figure 2. The self-assembly of Pc molecules
on flat graphite and single-crystal metal surfaces has been intensely
explored in the past decade. In most cases, Pc molecules are densely
packed into 2D islands and overlayers, for instance, on graphite,11,12

Au(111),12,13 Ag(111), and Cu(111) surfaces.14 The formation of
unique Kagome lattices of various Pc molecules on the moiré pattern
of MG on Ru(0001) again demonstrates that the MG template plays
a key role in the self-organization of Pc molecules. For the large
Pc derivative (t-Bu)4-ZnPc on MG, which has four tert-butyl
spacers, a distorted Kagome lattice with slight local disorder was
observed (Figure S3 in the Supporting Information), suggesting that
the moiré pattern is highly selective with respect to the molecular
size in forming ordered Kagome lattice.

Usually, Pc molecules appear as featureless cross-shaped struc-
tures in STM images after direct adsorption on metal sub-
strates4,5,12-14 Interestingly, submolecular-resolution STM images
(Figures 1b and 2) revealing the molecular orbitals of Pc can be
routinely imaged after Pc adsorption on MG, akin to the direct STM
imaging of individual molecular orbitals of pentacene on NaCl(100)
films and naphthalocyanine on aluminum oxide films,15,16 which
suggests that MG can act as a buffer layer and efficiently decouple
the Pc molecules from the metal substrate, preserving the intrinsic
electronic properties of the molecules. This is highly desirable for
investigating spin properties of Kagome lattices, as it is known that
electronic coupling between Pc molecules and the metal substrates
upon which they directly lie can lead to complete or partial
quenching of the molecular spins.4,6

It has been shown that the corrugations and lattice constants of
the moiré patterns of epitaxial MG can be tuned by the underlying
metal substrates,9,10a,17 which in turn might result in fine tailoring
of the lattice constant of the Kagome lattices of Pc molecules. The
possibility of tuning the molecular spins of Pc molecules and
the lattice constant of the Kagome lattices, in combination with
the decoupling of the magnetic molecules from the metal substrates
by MG, makes the template-guided supramolecular Kagome lattices
of magnetic Pc molecules on epitaxial MG excellent model systems
for studying spin frustration. Investigation of the magnetic proper-
ties of such Kagome lattices is underway.

In summary, we have used STM to investigate the self-assembly
of magnetic Pc molecules on epitaxial MG at the submolecular
level. The formation of regular Kagome lattices that follow the
lattice of the moiré pattern of MG demonstrates that MG can act
as a wonderful template for fabrication of unique nanoarchitectures
with remarkable properties. Varying the central metal ion of the
Pc molecules potentially can afford Kagome lattices with tunable

molecular spins, providing ideal 2D model systems for studying
frustration physics.
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(15) Repp, J.; Meyer, G.; Stojković, S. M.; Gourdon, A.; Joachim, C. Phys.
ReV. Lett. 2005, 94, 026803.

(16) Ogawa, N.; Mikaelian, G.; Ho, W. Phys. ReV. Lett. 2007, 98, 166103.
(17) Preobrajenski, A. B.; Ng, M. L.; Vinogradov, A. S.; Mårtensson, N. Phys.
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Figure 2. STM images of Kagome lattices of (a) H2Pc and (b) NiPc
molecules on MG/Ru(0001).
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