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ABSTRACT: The Kagome lattice of iron phthalocyanine (FePc) on
the graphene moiré pattern is employed as host template for two
kinds of guest molecules, FePc and tert-butyl zinc phthalocyanine ((t-
Bu),—ZnPc), to fabricate stable host—guest molecular superstructures.
Both FePc and (tBu),—ZnPc molecules prefer to occupy the
nanoscale pores of the Kagome lattice. Ordered superstructures with
alternate rows of FePc and (t-Bu),—ZnPc are formed after

coadsorption of these two species with a ratio of 1:1 on the Kagome
lattice. We elucidate that formation of ordered superstructures of guest FePc and (t-Bu),—ZnPc are controlled by long-range
interaction between the guest molecules mediated by the host Kagome lattice with additional contribution from the graphene/

Ru(0001) substrate.

B INTRODUCTION

Constructing highly ordered multicomponent supramolecular
structures on solid surfaces has been attracting considerable
attention for potential applications in molecular devices.'”® In
recent years a variety of two-dimensional (2D) porous
networks have been fabricated through directional and selective
noncovalent intermolecular interactions,'™® e.g., hydrogen
bonding”™"* metal coordination,'® and dipolar coupling.'*
Accommodation of additional guest molecules in the cavities of
the open networks has been demonstrated.”'>">*° However,
such 2D open networks are usually prepared on metal surfaces.
Thus, the strong coupling between the molecules and the metal
substrates might result in significant modifications of the
intrinsic electronic and geometric structures of the molecules,
hindering potential application of such supramolecular
architectures.

As a 2D honeycomb lattice of sp>-bonded carbon atoms,
graphene has attracted great interest because of its novel
properties and potential applications.** >’ Recently, monolayer
graphene (MG) has been epitaxially grown on various metal
surfaces, e.g, Ru(0001),>°7** 1Ir(111),** Pt(111),*>3°
Ni(111),>”** and Cu(111).* MG grown on metal surfaces
can be used as a buffer layer to electronically decouple the
adsorbed molecules from the substrates and preserve the
intrinsic molecular electronic structures.**™** Moreover,
adopting the moiré pattern of MG that originates from the
lattice mismatch between MG and the Ru(0001) surface as a
template,®® regular Kagome lattices of metal phthalocyanines
(MPc) molecules were fabricated.*> The Kagome lattice, which
is a 2D pattern composed of interlaced triang}es whose lattice
points have four neighboring points each,”™ duplicates the
lattice of the moiré pattern of MG and provide regular arrays of
nanoscale pores that might be used to host additional
functional molecules.
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In this work, we report on the accommodation of iron
phthalocyanine (FePc) and tert-butyl zinc phthalocyanine ((t-
Bu),—ZnPc) molecules by the porous Kagome lattice of FePc
molecules on MG/Ru(0001). Scanning tunneling microscopy
(STM) studies show that after deposition upon the host
Kagome lattice each guest molecule of FePc or (t-Bu),—ZnPc
prefers to occupy a nanoscale pore of the Kagome lattice at low
coverage. With increasing coverage of guest molecules of either
FePc or (+-Bu),—ZnPc alone the guest molecules condense into
disordered aggregations. Ordered superstructures with alternate
rows of FePc and (t-Bu),—ZnPc are formed after coadsorption
of these two species with a ratio of 1:1 onto the Kagome lattice.

B EXPERIMENTAL SECTION

Experiments were performed in an ultra-high-vacuum low-
temperature STM system (Omicron) equipped with standard
surface preparation facilities. The Ru(0001) surface was
prepared by repeated cycles of sputtering with argon ions and
annealing to 950 °C. High-quality and large-area MG was
obtained via pyrolysis of ethylene on Ru(0001) substrate that
was held at 950 °C.*° The FePc, (t-Bu),—ZnPc, phthalocyanine
(H,Pc), and Cg molecules were deposited via vacuum
sublimation from a Knudsen-type evaporator onto the sample
that was kept at room temperature (RT). One monolayer
(ML) refers to completion of a close-packed layer on
Ru(0001), as estimated with STM. After vapor deposition of
~0.75 ML FePc upon MG at RT a regular molecular Kagome
lattice is formed, as described in our previous report.** STM
images were acquired in constant-current mode at a sample
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temperature of ~5 K. The bias voltage was applied to the
sample with respect to the tip.

B RESULTS AND DISCUSSION

Clean MG grown on Ru(0001) exhibits a hexagonal moiré
pattern composed of atop, fcc, and hcp regions with a
periodicity of ~3 nm (Figure 1a) due to the lattice mismatch

Figure 1. (a) STM image of the highly ordered moiré pattern of MG
grown on Ru(0001) surface (scale bar = 2 nm). (b) Kagome lattice of
FePc molecules fabricated on MG/Ru(0001) (scale bar = 4 nm).
Dashed six-point star highlights the FePc Kagome lattice.

between MG and Ru(0001) surface.*>** After vapor deposition
of ~0.75 ML FePc upon MG at RT a regular molecular
Kagome lattice is formed,*’ as the FePc molecules preferentially
occupy the fcc and hep regions of the moiré pattern of MG on
Ru(0001) (Figure 1b). The unoccupied atop regions of the
moiré pattern constitute a hexagonal lattice that precisely
duplicate the lattice constants of the moiré pattern of MG on
Ru(0001), providing regular arrays of nanoscale pores for
accommodation of guest molecules.

In order to investigate the hosting property of the porous
Kagome lattice of FePc on MG/Ru(0001), guest FePc and (t-
Bu),-ZnPc molecules were separately deposited on top of the
Kagome lattice at RT. Figure 2a shows an STM image after
addition of ~0.01 ML FePc molecules upon the prepared
Kagome lattice of FePc on MG/Ru(0001). The most
pronounced feature is a bright protrusion located at a pore
site of the Kagome lattice. This pronounced protrusion is
surrounded by four dim lobes. These features are consistent
with the molecular structure of FePc,*>*>*¢ thus assigned to a
guest FePc molecule that is seated at the pore site of the
Kagome lattice. The four dim lobes show rather similar
apparent height, suggesting that the guest FePc molecule
adopts a flat configuration with its molecular plane parallel to
the surface.** Line profile analysis reveals that the apparent
height of the central protrusion of the guest FePc molecule is
~0.23 nm higher than that of the FePc molecules constituting
the host Kagome lattice, indicating that the molecular plane of
the guest molecule is higher than that constituting the Kagome
lattice. Each guest FePc molecule adopts a similar adsorption
configuration with one of its high-symmetry axes rotated by
~38° with respect to a lattice vector of the Kagome lattice. We
note that all guest FePc molecules are trapped at the pore sites
of the Kagome lattice and no guest FePc molecule is adsorbed
on top of individual FePc molecules constituting the Kagome
lattice, demonstrating the capability of the porous Kagome
lattice to accommodate guest molecules. The structural model
of the host—guest supramolecular structures of FePc molecules
on the Kagome lattice is shown in Figure 2c.

Figure 2. (a and b) STM images of single-guest FePc and (+-Bu),—
ZnPc molecules hosted by FePc Kagome lattice, respectively (scale bar
=2 nm). Dashed six-point stars highlight the FePc Kagome lattice. (c
and d) Schematics of guest FePc and (t-Bu),—ZnPc molecules on
FePc Kagome lattice, respectively. Guest FePc and (+Bu),—ZnPc
molecules are colored in green to enhance the contrast to the
surrounding FePc molecules of the host Kagome lattice.

A similar accommodation behavior is also observed for (-
Bu),—ZnPc molecules after separated sublimation of ~0.01 ML
(t-Bu),—ZnPc molecules on top of a Kagome lattice of FePc
molecules on MG/Ru(0001) at RT, as shown in Figure 2b. It is
seen that the guest (t-Bu),—ZnPc molecule is seated at a pore
site of the Kagome lattice and imaged as a cross with four bright
lobes surrounding a dim center.*>*” The four bright lobes show
similar apparent heights, which are ~0.35 nm higher than the
FePc molecules constituting the Kagome lattice, indicating that
the (tBu),—ZnPc molecule also adopts a flat adsorption
configuration with the molecular plane higher than the FePc
molecules of the Kagome lattice, due to a significant lift up of
the (t-Bu),—ZnPc molecules by their tert-butyl groups.* One
of the high-symmetry axes of (+-Bu),—ZnPc molecule is rotated
by ~38° with respect to a lattice vector of the Kagome lattice,
similar to that of guest FePc molecules. The structural model of
the host—guest supramolecular structures of (tBu),—ZnPc
molecules on the Kagome lattice is shown in Figure 2d.

Increasing the coverage of guest FePc molecules to ~0.1 ML
(a total coverage of ~0.85 ML that includes a coverage of
~0.75 ML for preparation of the FePc Kagome lattice) results
in condensation of the guest molecules into aggregations,
instead of random distributed single molecules with higher
density, as shown in Figure 3a. Zoom-in images such as the one
shown in Figure 3b reveal that all guest FePc molecules are
located at the pore sites of the Kagome lattice. Each guest
molecule appears as a pear-shaped protrusion, indicating that it
adopts a tilted adsorption configuration with one of its lobes
partially inserted into a pore of the Kagome lattice.** However,
the pores of the Kagome lattice around the guest FePc
molecules are greatly shrunken, showing a distortion of the
Kagome lattice. At a total coverage of ~1 ML, the Kagome
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Figure 3. (a and b) STM images of guest FePc molecules on FePc
Kagome lattice (scale bar = (a) 5 and (b) 3 nm). (c and d) STM
images of guest (+Bu),—ZnPc molecules on FePc Kagome lattice
(scale bar = (c) S and (d) 3 nm). Dashed six-point star in d highlights
the Kagome lattice of FePc.

lattice is completely destroyed and the FePc molecules are
rearranged into a close-packed square lattice with a lattice
parameter of a = 1.0S nm (see Supporting Information). A
similar square lattice was also reported for FePc monolayer on
Au(111).*

In contrast to the case of guest FePc molecules, no significant
distortion of the host Kagome lattice is observed after
increasing the coverage of guest (+-Bu),—ZnPc molecules to
~0.08 ML, as illustrated in Figure 3c and 3d. Nevertheless, the
guest (+-Bu),—ZnPc molecules also condense into aggregations
(Figure 3c), similar to guest FePc molecules. Each guest (t-
Bu),—ZnPc molecule sits at a pore site of the host Kagome
lattice. The guest molecules adopt either a flat adsorption
configuration or a tilted one, indicated by the apparent heights
of their lobes (Figure 3d). Further increasing the coverage of
guest (tBu),—ZnPc molecules to ~0.25 ML leads to an entire
occupation of the pores of FePc Kagome lattice. However, the
Kagome lattice is greatly distorted and the long-range order is
absent for both FePc and (tBu),—ZnPc molecules (see
Supporting Information).

Interestingly, a highly ordered host—guest superstructure is
formed after coadsorption of guest FePc and (+Bu),—ZnPc
molecules with a ratio of 1:1 on the Kagome lattice, as depicted
in Figure 4a. Survival of the Kagome lattice is clearly seen,
despite complete occupation of the pore sites of the Kagome
lattice by the guest molecules. The guest molecules showin%
pear-shaped protrusions are assigned to FePc molecules,”
whereas those crosses with a dim center and lobes showing
nonequivalent apparent heights are attributed to (t-Bu),—ZnPc
molecule.”’” The guest FePc and (t-Bu),~ZnPc molecule are
located at the pore sites of the Kagome lattice and arranged
into a highly ordered superstructure with alternate rows. The
asymmetrical features that the guest FePc and (¢+-Bu),—ZnPc
molecules have are evidence that these guest molecules adopt

tilted configurations.***” Considering the 3-fold symmetry of

Figure 4. (a) STM image of the highly ordered superstructure with
alternate rows of guest FePc and (#-Bu),—ZnPc molecules on the host
Kagome lattice of FePc (scale bar = 3 nm). FePc molecules of the
Kagome lattice appear as dim dots constituting a background. Guest
FePc and (t-Bu),—ZnPc molecules are slantingly sitting in the pores of
the Kagome lattice, wherein the smaller ones with a brighter center are
assigned to FePc molecules, and the larger ones with a darker center
are attributed to (+Bu),—ZnPc. Structural model is superposed. (b)
Structural model of the highly ordered superstructure with alternate
rows of guest FePc and (t-Bu),—ZnPc molecules on the host Kagome
lattice of FePc.

the Kagome lattice and the 4-fold symmetry of the guest FePc
and (t-Bu),—ZnPc molecules, three different domains can be
distinguished (see Supporting Information). In each domain
the same guest species are tilted along an identical direction,
whereas different guest species are tilted along different
directions. Figure 4b illustrates the structural model of the
ordered host—guest complex consisting of alternate FePc and
(t-Bu)4—ZnPc molecular rows on the host Kagome lattice.
Formation of surface-supported host—guest complex is
essentially governed by the subtle interplay of the host—
substrate, guest—substrate, and host—guest interactions. As
both FePc and (t-Bu),—ZnPc molecules prefer to occupying
the fcc and hcp regions of the moiré pattern of MG/
Ru(0001),* preservation of the Kagome lattice of FePc after
inclusion of guest FePc and (t-Bu),—ZnPc molecules at the
pores indicates that the interaction between FePc and MG/
Ru(0001) is stronger than that between (t-Bu),—ZnPc and
MG/Ru(0001). It is noteworthy that a distorted Kagome lattice
with a mixture of FePc and H,Pc molecules is formed after
addition of ~0.05 ML FePc molecules on top of H,Pc Kagome

dx.doi.org/10.1021/jp3020244 | J. Phys. Chem. C 2012, 116, 11091-11095



The Journal of Physical Chemistry C

lattice (see Supporting Information), suggesting that the
interaction between FePc and MG/Ru(0001) is stronger than
that between H,Pc and MG/Ru(0001).

Selective adsorption of the guest FePc and (t+-Bu),—ZnPc
molecules at the pore sites of FePc Kagome lattice on MG at
low coverage indicates that the interaction between guest and
host molecules is not strong enough to attract the guest
molecules sitting on top of the host molecules. As the lateral
dipole field of MG/Ru(0001) originated from the inhomoge-
neous charge distribution, which are the dominant driving force
for the preferential adsorption of FePc molecules at the fcc and
hep regions,* are screened by the FePc Kagome lattice,
selective adsorption of the guest molecules at the pore sites of
FePc Kagome lattice is guided by the vertical dipole moment at
the atop sites of MG/Ru(0001) (the pore site of Kagome
lattice). We note that addition of ~0.05 ML Cg, molecules on
the FePc Kagome lattice results in an exclusive location of the
Cgo molecules on top of the FePc molecules instead of at the
pore sites of FePc Kagome lattice (see Supporting Informa-
tion), in contrast to the case of guest FePc and (¢+-Bu),—ZnPc
molecules on the FePc Kagome lattice.

Formation of a highly ordered superstructure with alternate
rows of guest FePc and (t+-Bu),—ZnPc molecules on the host
Kagome lattice of FePc evidence a net long-range attractive
interaction between guest molecules. Three different mecha-
nisms might count for the unusual long-range interaction
between the guest molecules: (1) direct electrostatic and/or
van der Waals (vdW) type of interaction between the guest
molecules, (2) indirect interactions mediated by the host
Kagome lattice due to local conformational modifications,">"”
and (3) electrostatic interaction through MG. The first
mechanism can be ruled out, as the shortest separation of ~3
nm between guest molecules excludes any significant vdW
contribution. The second mechanism favors formation of an
ordered superstructure of guest molecules by means of
conformational mediated indirect coupling between guest
molecules via the host Kagome lattice. Once a guest molecule
is trapped at a pore site, the conformational structure of the
surrounding host FePc molecules is expected to be distorted,
which in return will affect the adsorption configuration of
neighboring guest molecules. Such host—guest interplay
propagates and collectively directs formation of order super-
structures with alternate rows of guest FePc and (¢+-Bu),—ZnPc
molecules on the host FePc Kagome lattice. In fact, the
interaction between the host and the guest molecules can result
in the pore shrinking of the Kagome lattice around the guest
FePc molecules (see Figure 3a and 3b). The distortion of the
Kagome lattice and shrinking of the pores will apparently affect
the adsorption configuration of the forthcoming guest
molecules. A similar mechanism has also been proposed for
condensation of C4, molecules adsorbed on porphyrin
networks.'>'” The third mechanism should also be considered.
As selective adsorption of the guest molecules at the pore sites
of FePc Kagome lattice is guided by the vertical dipole moment
at the atop sites of MG/Ru(0001), the guest molecules can be
polarized by these dipole moments and thus coupled with each
other via the dipoles induced by the MG/Ru(0001) substrate.
Further experiment and theoretical calculation is under the way
in order to clarify the detailed mechanism of the formation of
highly ordered superstructure with alternate rows of guest FePc
and (t-Bu),—ZnPc molecules on the host Kagome lattice of
FePc.
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A variety of host—guest complexes have been fabricated on
solid surfaces using either 2D porous networks or organic
molecules with cavities.”'>'>*7>* However, most of such
host—guest complexes are directly adsorbed on metal
substrates. Thus, the intrinsic electronic structures of the
molecules and the host—guest complexes are inevitably
modified due to the coupling between the molecules and the
metal substrates. In our present work, efficient decoupling of
the molecules from the metal substrates by MG leads to
preservation of the intrinsic electronic structures of the
molecules,**™* making these graphene-based host—guest
superstructures ideal model systems for studying the intrinsic
properties of host—guest supramolecular complex.

B CONCLUSIONS

In summary, we used STM to investigate the accommodation
of FePc and (+Bu),—ZnPc molecules by the porous Kagome
lattices of FePc molecules prepared on MG/Ru(0001). The
nanoscale pores of the Kagome lattice of FePc on MG/
Ru(0001) exhibit a high affinity to guest FePc and (tBu),—
ZnPc molecules. With increasing coverage of guest molecules
of either FePc or (t-Bu),—ZnPc alone, the guest molecules
condense into disordered aggregations. Ordered superstruc-
tures with alternate rows of FePc and (t-Bu),—ZnPc are formed
after coadsorption of these two species with a ratio of 1:1 onto
the Kagome lattice. Condensation of guest molecules and
formation of ordered superstructures are controlled by long-
range interaction between the guest molecules mediated by the
host Kagome lattice with additional contribution from the MG/
Ru(0001) substrate. These graphene-based host—guest super-
structures might be ideal model systems for studying the
intrinsic properties of host—guest supramolecular complexes.

B ASSOCIATED CONTENT
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STM images showing the square lattice of FePc at a total
coverage of ~1 ML, disordered host—guest complex of (¢
Bu),—ZnPc molecules on FePc Kagome lattice at (t-Bu),—
ZnPc coverage of ~0.25 ML, various domains of host—guest
superstructure of FePc and (t-Bu),—ZnPc molecules on the
Kagome lattice of FePc, self-assembly of guest FePc molecules
on H,Pc Kagome lattice, and guest Cq, molecules on FePc
Kagome lattice. This material is available free of charge via the
Internet at http://pubs.acs.org.
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