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Abstract: Corannulene (COR) buckybowls were proposed as near ideal hosts for fullerene C60, but direct
complexation of C60 and COR has remained a challenge in supramolecular chemistry. We report the
formation of surface-supported COR-C60 host-guest complexes by deposition of C60 onto a COR lattice
on Cu(110). Variable-temperature scanning tunneling microscopy studies reveal two distinctly different states
of C60 on the COR host lattice, with different binding energies and bowl-ball separations. The transition
from a weakly bound precursor state to a strongly bound host-guest complex is found to be thermally
activated. Simple model calculations show that this bistability originates from a subtle interplay between
homo- and heteromolecular interactions.

Introduction

Molecular hosts that accommodate C60 and/or C70, for
example, calix[8]arene,1 porphyrins,2 and cyclothiophene,3 as
well as two- or three-dimensional (2D or 3D) supramolecular
networks hosting C60 have gained considerable interest due to
their importance in materials chemistry.4 Corannulene (C20H10,
COR),5 the simplest bowl-shaped fullerene fragment, offers a
natural structural advantage as a host for C60. For optimum
“face-to-face” contact, the host should have a complementary
structure to the convex surface of C60, as is the case for the
concave surface of COR. Moreover, the lower skeletal curvature
of COR renders it electron rich compared with fullerene and
deeper fragments,6 which is anticipated to augment the binding
to C60. COR forms a stable complex with (C60)+ in the gas

phase,7 and COR derivatives bearing electron-rich arms complex
neutral C60 in solution.8,9 Recently, a molecular cleft comprising
two COR fragements provided evidence for neutral buckyball-
buckybowl complexation through convex-concave “ball-and-
socket”π-π interactions.10

Here, we report the formation of a surface-supported COR-
C60 host-guest system on Cu(110) in ultrahigh vacuum (UHV).
On Cu(110), the COR bowl openings point away from the
surface, and a close-packed monolayer of COR thus represents
a highly regular host lattice.11 In situ variable-temperature
scanning tunneling microscopy (VT-STM) studies reveal two
distinctly different states of C60 on the COR host lattice, with
different binding energies and bowl-ball separations. The
transition from a weakly bound precursor state to a strongly
bound host-guest complex is found to be thermally activated.
This bistability originates from a subtle interplay between homo-
and heteromolecular interactions.

Experimental Section

Experiments were carried out in a commercial UHV VT-STM system
(Omicron Nanotechnology GmbH) equipped with low-energy electron
diffraction (LEED) and standard surface preparation facilities. The Cu-
(110) single crystal (Surface Preparation Laboratories) was prepared
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using repeated cycles of sputtering with argon ions (typically at an
argon pressure of 2× 10-5 mbar and an acceleration voltage of 1.5
kV) and annealing to∼700 K. Before deposition of COR, cleanliness
and surface order were monitored by STM and LEED. COR overlayers
were prepared by thermal sublimation from a Knudsen-cell-type
evaporator at a temperature of 360 K, while the Cu(110) substrate was
heated to 400 K. C60 was deposited on COR overlayers from a second
Knudsen-cell-type evaporator at a temperature of 670 K with the sample
held at low temperature (LT,∼100 K), room temperature (RT), or at
slightly elevated temperature (ET, 300-400 K). STM images were
acquired in constant-current mode at RT (for RT or ET deposits) or
after cooling of the sample to 40 K (for LT deposits).

Gas-phase calculations of the COR-C60 complex were performed
with the GAMESS-US package at the MP-2 level,12 with the CC-pVDZ
basis set and after correction of the basis set superposition error.13

Complementary molecular mechanics (MM) calculations were per-
formed with the AMBER99 force field as implemented in the
HyperChem, version 7, program.14 COR and C60 conformations as
determined from geometry optimizations in vacuum at PM3 level were
used for the MM calculations.

Results and Discussion

Vapor deposition of COR onto the Cu(110) surface results
in a close-packed monolayer exhibiting enantiomorphous do-
mains (Figure 1a).11 The unit cells of the quasi-hexagonalλ
and F domains account for three different nearest-neighbor
distances of 10.5, 10.8, and 11.1 Å. Intramolecular resolution
images such as the one shown in Figure 1b illustrate that the
COR bowl openings point away from the surface. Synchrotron-
radiation X-ray photoelectron diffraction (XPD) experiments
reveal that theC5V molecular axis is inclined away from the
surface normal by 6° along the close-packed<11h0> surface
direction, toward an adjoining six-membered ring.11 Figure 1c
presents the corresponding structural model of theF-domain of
the COR monolayer on Cu(110) with molecular orientations as
reported previously.11 Molecular arrangements ofλ and F
domains are related to each other by mirror symmetry with
respect to the (1h10) plane perpendicular to the surface. Due to
the 2-fold rotational symmetry of the Cu(110) surface, both
enantiomorphous domains (λ and F) furthermore take two
equivalent orientations related by a 180° rotation around the
surface normal.

In order to explore the ability of this surface-supported lattice
of COR bowl openings to accommodate C60 guests (Figure 1d),
the fullerene C60 was evaporated onto the buckybowl array at
different substrate temperatures. For 0.15 monolayer (ML) of
C60 deposited onto the host lattice held at RT or ET, we observe
individual C60 molecules on top of the COR lattice, as well as
small C60 aggregates accumulated at domain boundaries and
step edges (Figure 2a), suggesting a high mobility of C60 on
the COR lattice before its stabilization. Although the C60

aggregates are not close-packed, they indicate a net attractive
or cohesive intermolecular interaction between C60 molecules.
A detailed analysis of close-up STM images such as the one
shown in Figure 2b reveals that each C60 guest is located directly
above a COR host. The C60 guests appear as featureless spherical

protrusions in high-resolution STM images acquired at RT, in
contrast to the ones located at defect sites which show
intramolecular features (see Figure S1 of the Supporting
Information), suggesting a quasi-free rotation of the C60 ball
within the COR bowl. Such rotation is not unexpected given
the minor differences in binding energy (∼0.02 eV) between
different relative COR-C60 cage orientations.15 The apparent
height of C60 measured with respect to the COR layer is 4.5(
0.2 Å (see parts b and f of Figure 2), similar to that of C60

adsorbed on a porphyrin monolayer at RT.2a Figure 2c shows a
schematic representation of the corresponding COR-C60 host-
guest complex on Cu(110).

To verify that the C60 molecules are indeed located directly
above a COR bowl and not simply embedded within the COR
overlayer, we separately deposited COR and C60 on the clean
Cu(110) surface. The apparent heights of COR and C60 both
sitting directly on Cu(110) are measured to be 1.1( 0.2 Å and
4.5 ( 0.2 Å, respectively, with respect to the bare substrate
surface. Assuming that each C60 replaces a COR and binds to
the Cu(110) surface after C60 deposition on the COR lattice,
the apparent height of C60 with respect to the COR layer is thus
expected to be about 3.4 Å, much lower than the measured value
of 4.5 Å. For further confirmation of the proposed host-guest
structural model, we performed repositioning of C60 with the
STM tip. Most of our attempts failed even with tunneling
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different C60 orientations and vertical positions above the COR bowl.

Figure 1. The COR host lattice: (a) STM image of a COR monolayer on
Cu(110) revealing enantiomorphousλ- and F-domains. High-symmetry
directions of the Cu(110) surface (black arrows) and the close-packed
directions of the COR lattice (white arrows) are indicated. (b) High-
resolution STM image revealing the bowl shape of COR. (c) Structural
model of theF-domain with molecular orientations as determined from XPD
experiments.11 A 6° tilt of the C5V axis along the [11h0] direction causes a
C-C bond between a C6 and the C5 ring (highlighted in yellow) being
closest to the surface. (d) Schematic illustration of the surface-supported
COR host lattice, with some of the host sites occupied by fullerene C60

guests.
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conditions that lead to a disordering of the underlying COR
lattice. On the other hand, we occasionally succeeded in
manipulating C60 molecules away from their original positions
by an abrupt reduction of the gap voltage during scanning (See
Figure S2 of the Supporting Information). We found that C60

molecules have identical apparent height with respect to the
tip-created C60 vacancies and to the original ones (empty COR
hosts), confirming that C60 is indeed located above a COR bowl.
The difficulty of C60 relocation furthermore indicates the
formation of a strongly bound COR-C60 host-guest complex.

We have investigated the chemical binding of the COR-C60

host-guest complex by means of RT ultraviolet photoelectron
spectroscopy experiments and ab initio calculations at the MP2
level. Comparison of valence band spectra of the surface-
supported COR-C60 host-guest complexes, clean Cu(110), C60

on Cu(110), and the empty COR host lattice on Cu(110) (see
Figure S3 of the Supporting Information) reveals the absence
of significant charge transfer to the fullerene molecules.
Calculations for a gas-phase COR-C60 pair give a binding
energy of 1.1 eV in the (nonoptimal) geometry of two pentagons
facing each other, with an equilibrium distance between the
bottom of COR and the lower pentagon of C60 of 3.3 ( 0.1 Å,
and no evidence for charge transfer between the two molecules
(see the Supporting Information). We thus conclude that the
COR-C60 host-guest binding is mainly due toπ-π interaction
between the almost perfectly complementary convex and
concave faces of C60 and COR, with possibly a further (albeit
weaker) contribution resulting from CH-π interaction between
the rim of COR and C60.

Interestingly, the aggregates of COR-C60 host-guest com-
plexes shown in Figure 2a are not 2D close-packed, unlike
islands of C60 directly grown on the Cu(110) surface.16 Instead,
linear chains along two preferential directions (Figure 3a) are
observed. Although each COR domain has three close-packed
directions, C60 chains form only along one of them. Close-up

STM images reveal that the direction of linear chains relates to
the chirality of the COR domain: [11h6] for λ domains, and
[1h16] for F domains. The 6° tilt of the C5V axis of COR away
from the Cu(110) surface normal leads to an inhomogeneous
lattice,11 with “grooves” along the [11h6] and [1h16] directions

(16) (a) Pedersen, M. Ø.; Murray, P. W.; Lægsgaard, E.; Stensgaard, I.;
Besenbacher, F.Surf. Sci.1997, 389, 300. (b) Murray, P. W.; Pedersen,
M. Ø.; Lægsgaard, E.; Stensgaard, I.; Besenbacher, F.Phys. ReV. B:
Condens. Matter Mater. Phys.1997, 55, 9360. (c) Fasel, R.; Agostino, R.
G.; Aebi, P.; Schlapbach, L.Phys. ReV. B: Condens. Matter Mater. Phys.
1999, 60, 4517.

Figure 2. (a) Topographic STM image taken after the deposition of∼0.15 ML C60 on the COR lattice at ET. (b) Individual C60 molecules adsorbed on top
of underlying COR bowls at ET. (c) Schematic representation of an individual COR-C60 host-guest complex on Cu(110). (d) STM image showing random
distribution of small close-packed C60 clusters on the COR lattice after LT deposition of∼0.05 ML C60. (e) Close-up of a C60 cluster on the COR lattice
at LT. (f) Line profiles across C60 molecules deposited at ET and at LT, as indicated in b and e.

Figure 3. (a) Topography after deposition of∼0.4 ML C60 on the COR
lattice held at ET, showing the formation of C60-COR host-guest
complexes along two preferential directions indicated by arrows. A boundary
between CORλ- andF-domains is indicated by a dashed line. (b) Calculated
energy landscape for C60 diffusion on aF-domain of the COR lattice. The
diffusion barrier is lowest along the [1h16] direction. The corresponding
geometry of the COR cluster used for the calculations is shown in Figure
1c.

Buckybowl−Buckyball Host−Guest System A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 130, NO. 14, 2008 4769



in theλ- andF-domains, respectively (see Figure 1c). It is thus
anticipated that these grooves provide a lower energy barrier
for C60 diffusion than the other close-packed directions, where
the C60 has to “climb up” from the groove across the potential
well of the protruding edge of COR. The calculated energy
landscape (Figure 3b) for C60 diffusion on theF-domain of COR
confirms this picture:17 The path along the groove ([1h16
direction]) has the lowest diffusion barrier, which is, then, the
preferential direction for the formation of C60 linear chains. We
note that this mechanism is very different from the one reported
for the formation of C60 linear chains on a porphyrin monolayer
via C60-induced conformational changes of the underlying
porphyrin layer.2a

A totally different situation is encountered after deposition
of C60 onto the COR host lattice with the substrate kept at LT.
In contrast to deposition at ET, LT C60 deposition results in
small close-packed 2D clusters including several molecules (as
the one displayed in Figure 2e) even at a coverage of only∼0.05
ML. These clusters are randomly distributed on the COR lattice,
as seen in Figure 2d. Not surprisingly, the C60 molecules take
on almost the same (careful analysis reveals a difference within
a few percent, as described below) lateral adsorption site as they
do when deposited at ET: They are exclusively located on top
of underlying COR bowls (Figure 2e). However, line profiles
(Figure 2f) reveal dramatically different apparent heights of C60

with respect to the COR layer for LT and ET deposits (7.8(
0.5 Å and 4.5( 0.2 Å, respectively). Due to the importance of
electronic effects and tunneling matrix elements,18 this apparent
height difference can only qualitatively be related to an increase
in C60-COR separation distance. Nevertheless, it strongly
suggests two significantly different states for C60 on COR.
Although C60 is found directly on top of an underlying COR
bowl, the binding between C60 and COR is very weak for C60

molecules having an apparent height of 7.8 Å with respect to
the COR layer at LT. Scanning under “normal” tunneling
conditions (typically -2.2 V/0.02 nA) frequently leads to
displacement of C60, while the underlying COR lattice remains
intact. At RT and above, the C60 ball is strongly bound to the
COR bowl directly below and has a short intermolecular
distance, while the LT C60 adsorption state is only weakly bound
to the COR bowl, and there is a larger intermolecular distance.

The mechanism that leads to this bistable behavior cannot
be understood from ab initio calculations considering a single
COR-C60 pair only, since apart from the strongly bound host-
guest complex discussed above, they yield no second minimum
energy configuration at larger ball-bowl distances. In order to
understand the LT formation of weakly bound 2D C60 clusters
on top of the COR lattice, we have to recall that the natural
nearest-neighbor distance within a C60 layer isd ) 10.05 Å.19

Similar situations occurring in surface science have been under-
stood in the framework of the Frenkel-Kontorova (FK) model.20

The FK model, in its original version, describes the equilibrium
states of a linear chain of particles with harmonic lateral
interactions and a harmonic external potential with different

periodicity. We adapted this idea to our case (Figure 4): a C60

island is a finite overlayer, and the external potential is given
by the interaction of the island with the underlying COR lattice.
For numerical simulations (see the Supporting Information), we
chose the model substrate potential (COR-C60 interaction) to
be very selective with respect to the lateral position and selected
the Girifalco potential for the C60-C60 interaction.21 This results
in a strongly anharmonic corrugation, which favors the emer-
gence of two different classes of solutions when the island size
is larger than a critical value. The first class of solutions shows
C60 islands floating above the COR lattice with a C60-C60

spacing close to 10.05 Å (Figure 4b), whereas the other class
of solutions predicts the fullerenes to stay closer to the surface
and to adapt to the substrate potential given by the COR lattice
(Figure 4c). The two solutions are separated by an energy
barrier, in agreement with experiment. Already these simple
model calculations thus show how the collective effect of the
cohesive energy within a C60 island creates a barrier to COR-
C60 host-guest complex formation: Due to the lattice mismatch,
at LT the advantage of the cohesive energy overcomes the
nonideal matching with the substrate, and 2D C60 islands with
short intermolecular distances are formed at a height above the
COR lattice where the corrugation is small (see Figure 4).

This picture is experimentally supported by different observa-
tions. First, a careful analysis of STM images of LT C60 islands
reveals an imperfect matching with the substrate: Along the
[1h16] and [11h6] directions the ofF- andλ-domains, respectively,
C60-C60 distances were measured to be 10.5( 0.2 Å. This is
significantly smaller than the 11.1 Å periodicity of the underly-
ing COR lattice along this direction.22 Second, we note that the
LT C60 clusters exhibit a preferential elongation along the [3h34h]
and [33h4h] directions, which correspond to the shortest COR-
COR distance of 10.5 Å (Figure 2d). It is along this direction
that the lattice mismatch is smallest and thus the corresponding
energy penalty is lowest.

Finally, the behavior of the LT C60 clusters upon annealing
to RT also conforms to the picture outlined above: The random

(17) Calculations were performed with the AMBER99 force field, for C60 at
different lateral and vertical positions above the COR host lattice. A COR
cluster including 19 molecules with molecular orientations as determined
from XPD was used to model theF-domain, as shown in Figure 1c.
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C60 in the ET host-guest configuration along the same direction.

Figure 4. Schematic one-dimensional model of the bistable behavior for
a C60 island on a nonperfectly matched COR substrate. There is competition
between a state where all C60 guests lie close to the surface in the well of
the COR hosts (c) and a state where the C60 profit of the lateral interaction
but have to “pay” for the nonperfect matching with the substrate (b). The
minimum energy path between these two states shows an energy barrier
(a).
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distribution of close-packed C60 clusters on the COR lattice
transforms into linear chains (see Figure S4 of the Supporting
Information) of strongly bound COR-C60 host-guest com-
plexes. The retention of the random distribution of aggregates
and the formation of linear chains along the low diffusion barrier
[1h16] and [11h6] directions indicate that the crucial step toward
COR-C60 host-guest complexation is the dissociation of a C60

molecule from a close-packed island. Thus, during warm up,
shortly after a C60 molecule is freed from an island and before
its diffusion becomes efficient, it sinks into a COR bowl close
to its original position. Concerning the dissociation of a C60

cluster as the one shown in Figure 2e, energetically the most
expensive step would be for the bottommost molecule to reduce
its coordination from 2 to 0 and get free. From the cohesive
energy of a C60 monolayer (C60 coordination of 6) of∼1.31
eV,19 we thus obtain an estimate for the cluster dissociation
barrier of 0.44 eV. This translates into a temperature of 150(
20 K,23 in agreement with experiment, and gives an estimate
of the activation energy∆E (see Figure 4) of the observed
COR-C60 host-guest complexation.

Conclusions

In summary, we have demonstrated the formation of surface-
supported COR-C60 host-guest complexes by deposition of
buckballs onto a buckybowl lattice on Cu(110). COR-C60

host-guest complexation is a thermally activated process: At
LT, lateral interactions between C60 molecules inhibit C60-COR
complexation and stabilize 2D C60 islands floating far above

the COR lattice. Upon annealing to RT or above, C60 molecules
dissociate from the 2D islands, sink into the COR bowls, and
form strongly bound COR-C60 host-guest complexes. These
findings highlight the importance of anisotropic environments
at surfaces and the utility of convex-concaveπ-π interactions
in the fabrication of surface-supported supramolecular archi-
tectures. Due to their complementary faces, buckybowls and
their derivatives are useful components for host-guest com-
plexation with fullerenes.
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