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Abstract: Two-component adlayers consisting of zinc(II) phthalocyanine (ZnPc) and a metalloporphyrin,
such as zinc(II) octaethylporphyrin (ZnOEP) or zinc(II) tetraphenylporphyrin (ZnTPP), were prepared by
immersing either an Au(111) or Au(100) substrate in a benzene solution containing those molecules. The
bimolecular adlayers thus prepared were investigated in 0.1 M HClO4 by cyclic voltammetry (CV) and
electrochemical scanning tunneling microscopy (EC-STM). A supramolecularly organized “chessboard”
structure was formed for the ZnPc and ZnOEP bimolecular array on Au(111), while characteristic
nanohexagons were found in the ZnTPP and ZnOEP bimolecular adlayer. EC-STM revealed that the surface
mobility and the molecular re-organization of ZnPc and ZnOEP on Au(111) were tunable by manipulating
the electrode potential, whereas the ZnTPP and ZnOEP bimolecular array was independent of the electrode
potential. A “bottom-up” hybrid assembly of fullerene molecules was formed successfully on an alternate
array of bimolecular ZnPc and ZnOEP molecules. The bimolecular “chessboard” served as a template to
form the supramolecular assembly of C60 by selective trapping in the open spaces. A supramolecular
organization of ZnPc and ZnOEP was also found on the reconstructed Au(100)-(hex) surface. A highly
ordered, compositionally disordered but alternate array of ZnPc and ZnOEP was formed on the reconstructed
Au(100)-(hex) surface, indicating that the bimolecular adlayer structure is dependent on the atomic
arrangement of underlying Au in the formation of supramolecular nanostructures composed of those
molecules. On the bimolecular array consisting of ZnPc and ZnOEP on the Au(100)-(hex), no highly ordered
supramolecular assembly of C60 was found, suggesting that the supramolecular assembly of C60 molecules
is strongly dependent upon the bimolecular packing arrangement of ZnPc and ZnOEP.

Introduction

Since the establishment of the concept of supramolecular
chemistry,1,2 attempts have been made to fabricate functional
devices from simple molecular components mimicking biologi-
cal systems.3 For example, porphyrin-fullerene and phthalocya-
nine-fullerene supramolecular assemblies have been extensively
studied because of the interest in photoinduced energy and
electron-transfer processes for photonics and solar cells.4-8

Supramolecular organizations based on noncovalent interactions,

such as hydrogen bonding,9-11 dipole coupling,12,13 metal-
organic coordination,14,15 and intermolecular DNA recogni-
tion,16,17 have also been explored to control surface properties
and to construct two-dimensional (2D) nanoarchitectures on
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solid surfaces.18-22 The “bottom-up” supramolecular assembly
strategy is an attractive and promising approach for the con-
struction of nanoarchitectures. However, the preparation of high-
quality composite thin films based on the bottom-up approach
requires an understanding of the relationship between adlayer
structure and function at the nanoscale.13b,14,18,19To relate the
structure with the function, it is important to understand the
effect of the bicomponent arrays with different physical and
chemical properties on the formation of the bottom-up molecular
assembly.

One attractive “bottom-up” method is to prepare binary and
hybrid nanostructures on a solid surface by supramolecular
assembly of organic functional materials and to demonstrate
specific functions, such as catalysis, photoinduced electron
transfer, and conductivity derived from the formation of various
nanostructures. Specific optical properties, such as light-emission
and light absorption of porphyrin tape,20 nanoprism,21 and
nanosheets,22 are expected to result from controlled nanoarchi-
tectures. Especially, fullerenes are considered to be suitable
building blocks for three-dimensional molecular architectures
owing to their strongπ-electron accepting ability.23,24 If 2D-
ordered arrays consisting of porphyrin and phthalocyanine can
be patterned on a solid surface, 3D-supramolecular assembled
layers of C60 on the 2D-patterned surface will produce photo-
induced conductive nanodots or optical nanowires because the
excitation wavelength of porphyrin is different from that of
phthalocyanine.6

Scanning tunneling microscopy (STM) has been used to
understand and design two-dimensional nanoarrays by bottom-
up assembly.14,18,19The formation of mixed molecular adlayers
consisting of two or three components has been attempted
extensively by using vapor and wet deposition techniques.9-15,25-28

In particular, the report on the two-component array of phtha-
locyanine and porphyrin by Hipps and co-workers encouraged
us to investigate bimolecular adlayers prepared by wet
deposition.25a Since our first report on the hydrophobic cobalt-
(II) teteraphenylporphyrin (CoTPP) adlayer prepared from
benzene solution,29 we have investigated and clarified important
factors determining molecular assemblies of various porphyrins
and phthalocyanines at electrode surfaces.26,30 The formation
of characteristic two-dimensional arrays is controlled by chemi-

cal structure, central metal ion, crystallographic orientation
(underlying Au atomic arrangement), and potential manipula-
tion.19,26,30 A unique and precise control of 2D molecular
assemblies is of great interest for exploring further applications.
For example, the formation of a 2D supramolecular nano-
porous network using hydrogen bonding10 or metal-organic
coordination14b has been reported. The supramolecular network
arrays can distinguish between C60 and C84 molecules as guest
molecules. We succeeded in forming a 1:1 supramolecular
assembly consisting of fullerenes such as C60, open-cage C60

derivative, and ferrocene-linked C60, and metalloporphyrins such
as zinc(II) octaethylporphyrin (ZnOEP)31a-31d and nickel(II)
octaethylporphyrin (NiOEP)31e on both Au(111) and Au(100)
surfaces. Such a supramolecular assembly produced through
donor-acceptor interaction improves electrochemical perfor-
mances by the control of molecular orientation.19,31Furthermore,
very recently, Sto¨hr and Jung’s group reported “supramolecular
bearing” through piece-by-piece assembly of weakly aggregated
ZnOEP-C60 complex trapped in the hexagonal molecular
network forming hydrogen bonding among 4,9-diaminoperyle-
nequinone-3,10-diimine (DPDI) molecules on Cu(111) in
UHV.32 Thus, the knowledge on the formation of bifunctional
array consisting of porphyrin and phthalocyanine should be
extendable to the supramolecular nanodevices based on the
layer-by-layer growth at heterogeneous interfaces.

In the present paper, we propose a guide for designing two-
dimensional (2D) alternate arrays consisting of bicomponents
and for producing patterns of fullerene nanodots on surface-
supported supramolecular nanostructures from solution phase.
The formation of supramolecularly patterned fullerenes on the
2D bimolecular structure consisting of porphyrin and phthalo-
cyanine molecules was investigated on Au(111) and Au(100)
electrode surfaces by using electrochemical scanning tunneling
microscopy (EC-STM).

Experimental Section

Fullerene (C60) was purchased from MER Corp. (purityg99.98%).
Zinc(II) phthalocyanine (ZnPc), 5,10,15,20-tetraphenyl-21H,23H-por-
phine zinc(II) (ZnTPP), and 2,3,7,8,12,13,17,18-octaethyl-21H,23H-
porphine zinc(II) (ZnOEP) were purchased from Aldrich and used
without further purification. Benzene was obtained from Kanto Chemi-
cal Co. (spectroscopy grade).

Au(111) and Au(100) single-crystal electrodes were prepared by the
methods described in our previous papers.19a,24,26Adlayers of ZnOEP
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and ZnPc binary arrays were formed by immersing either Au(111) or
Au(100) substrate for 10-30 s into a saturated ZnPc benzene solution
containing∼1-3 µM ZnOEP or into an∼100 µM ZnTPP benzene
solution containing∼1 µM ZnOEP. Prior to the immersion, the Au-
(111) substrate was annealed in hydrogen flame and cooled down in a
clean bench for 3 min to avoid contamination.24,26 The modified Au-
(111) substrate was then immersed into an∼1-5 µM C60 benzene
solution for less than 5 s. The Au(111) substrate with a C60 array on
the bimolecular ZnPc and ZnOEP adlayer thus produced was rinsed
with ultrapure water and transferred into an electrochemical STM cell
filled with 0.1 M HClO4 (Cica-Merck, ultrapure grade).

Electrochemical STM measurements were performed in 0.1 M
HClO4 by using a Nanoscope E system (Digital Instruments, Santa
Barbara) with a tungsten tip etched in 1 M KOH. To minimize residual
faradaic currents, tips were coated with either nail polish or polyeth-
ylene. STM images were obtained in the constant-current mode with a
high-resolution scanner (HD-0.5I). All potential values (both substrate
and tip) are referred to the reversible hydrogen electrode (RHE).

Results and Discussion

Formation of Supramolecularly Organized Bimolecular
‘‘Chessboard’’. Figure 1a shows cyclic voltammograms of
ZnPc and ZnOEP-modified Au(111) electrodes in 0.1 M HClO4.
Results reported in our previous papers indicated that ZnPc-
and ZnOEP-modified Au(111) electrodes undergo phase transi-
tion and desorption at 0.10 V and-0.05 V, respectively (black
and blue dotted lines).30f,31a By comparing the current density
on the CV for the Au(111) electrode modified with a mixture
of ZnPc and ZnOEP with that for the electrode modified
separately with either ZnPc or ZOEP, the ratio in number of
ZnPc to ZnOEP molecules present on the Au(111) surface was
roughly estimated to be equal to unity. After the CV profiles
were confirmed, in situ STM measurements were performed in
0.1 M HClO4. Figure 1b shows a typical large-scale STM image

of bifunctional ZnPc and ZnOEP arrays on Au(111) obtained
at an open circuit potential (OCP), which was approximately
equal to 0.80 V. The terrace was entirely covered with ZnPc
and ZnOEP molecules with the ratio nearly equal to 1:1, i.e.,
the adlayer was composed of three different regions: (1) a well-
ordered ZnPc and ZnOEP mixed region I, (2) a pure ZnOEP
region II, and (3) a compositionally disordered region III. These
adlayers were formed on the reconstructed Au(111) surface,
probably due to the donation ofπ-electrons of both ZnPc and
ZnOEP molecules to the Au(111) surface, i.e., the Au surface
becomes negatively charged upon adsorption of ZnPc and
ZnOEP. Such phenomena have been observed at single com-
ponent adlayers of ZnOEP,31a,31d ZnPc,30f and coronene.24

Further details of the internal structure, orientation, and packing
arrangement in region I are seen in the close-up view shown in
Figure 1c, which reveals that an alternate molecular arrangement
is present uniformly on Au(111). The arrangement of ZnPc and
ZnOEP resembles a “chessboard” in appearance. Individual
ZnPc molecules are propeller-shaped with a dark spot at the
center and four additional spots at the corners, whereas each
ZnOEP molecule in the dark row is in the shape of a doughnut
with several additional spots. In this domain, the image of each
ZnPc molecule is more enhanced in contrast compared to that
of ZnOEP, suggesting that the electronic state of ZnPc is
different from that of ZnOEP in the bimolecular chessboard
structure. These molecular shapes of ZnPc and ZnOEP have
already been identified by high-resolution STM imaging in our
previous papers.30f,31d According to a recent paper on ZnOEP
and DPDI systems in UHV, the rotation of ZnOEP molecules
in the hexagonal molecular network consisting of DPDI on Cu-
(111) is controlled by bias voltage and tunneling current at

Figure 1. (a) Cyclic voltammograms recorded at a scan rate of 50 mV s-1. The red solid line was obtained with a bimolecular ZnPc and ZnOEP-modified
Au(111) electrode. The blue and black dotted lines were obtained with Au(111) electrodes individually modified with ZnPc and ZnOEP, respectively. (b-e)
STM images obtained at (b) 0.78 V, (c) 0.60 V, (d and e) 0.80 V vs RHE, respectively. Tip potentials and tunneling currents were 0.40 V vs RHE and 1.00
nA for panel (b), 0.16 V vs RHE and 0.60 nA for panel (c), and 0.45 V vs RHE and 1.25 nA for panels (d) and (e), respectively. (f) Proposed model of
bimolecular chessboard consisting of ZnPc and ZnOEP on the Au(111) surface.

Fullerene on 2D Bimolecular “Chessboard” A R T I C L E S
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temperatures lower than 77 K.33 On the basis of the STM
images, it is judged that each ZnOEP molecule surrounded by
four ZnPc molecules does not rotate in the bimolecular
chessboard. The intermolecular distance between ZnPc (or
ZnOEP) molecules was measured to be approximately 2.0 nm.
The adlattice is in the shape of a square with one ZnOEP
molecule surrounded by four ZnPc molecules. Although the
bimolecular chessboard structure was predominantly formed
under the present experimental conditions, ZnPc molecular rows
arranged in zigzag fashion were also found on the terrace, as
shown in Figure 1d. The close-up view in Figure 1e reveals
that each set of two molecules of either ZnPc or ZnOEP is
arranged alternately, as indicated by the arrow signs. When the
modification condition was slightly changed by assembling in
a 1:3 mixed solution for 30 s on an Au(111) surface, highly
ordered ZnOEP domains were dominantly observed on a terrace,
indicating that the organization of ZnOEP molecules is more
stable than that of ZnPc molecules on Au(111). This finding
suggests that the formation of chessboard or zigzag structure
depends on the concentrations and the component ratio of the
mixed solution. The appearance of the chessboard domain
remained unchanged when the potential was manipulated
between 0.85 and 0.15 V. In region II, the single component
domain consisting of ZnOEP was stable in the potential range
between 1.00 and 0 V, as described in our previous paper.31a It
should be noted that the observed adlayers in air were identical
to those obtained at potentials near OCP in the aqueous solution
when STM measurements of the “as-prepared” adlayer were
performed under ambient conditions. We believe that the as-
prepared adlayers remain thermodynamically stable in both air
and aqueous solution at or near OCP.

In contrast, a structural change was observed in region III,
when the potential was held at various constant values. Figure
2, parts a-e, shows the potential-dependent STM images of
region III. In Figure 2a, the terrace was covered with several
small ordered domains consisting of ZnPc and ZnOEP. At 0.60
V, stripes of alternately arranged molecular rows were present
predominantly on the terrace, as shown in Figure 2b. The high-
resolution STM image of Figure 2c shows that two of the four
benzene rings in each ZnPc molecule fit into the space between
neighboring ZnPc molecules in the ZnPc molecular row. The
intermolecular distance between ZnPc (or ZnOEP) molecules
in each molecular row was found to be 1.45 nm, whereas the
periodic spacing between two ZnPc (or ZnOEP) molecular rows
was approximately 3.0 nm. The formation of the stripes was
also dependent on the time of image recording (see Figure S1
of the Supporting Information). The formation of stripes was
accelerated in region III by potential manipulation. At 0.15 V,
the STM image became unclear, and several domains consisting
of ZnOEP molecules only were immediately formed on the
terrace, as shown in Figure 2d. ZnPc molecules were highly
mobile on the surface because of the electrochemical phase
transition,30f whereas the pure ZnOEP adlayer was stable even
at or near this potential.31aHowever, when the electrode potential
was returned by stepping from 0.15 V to a value more positive
than 0.20 V, ZnPc domains began to appear on the terrace. The
squarely and hexagonally arranged regions in Figure 2e were
composed of ZnPc and ZnOEP molecules, respectively. Thus,

ZnPc molecules can be selectively desorbed from the surface,
whereas ZnOEP molecules take place to assemble each other
on the surface by the potential manipulation. Electrochemical
potential manipulation caused a similar phase separation in the
CoPc and CuOEP mixed array on Au(111).26a,26cThe present
results indicate that the electrochemical phase separation was
caused by the difference in scaffold between Pc and OEP,not
by the difference in central metal ion. However, the adlayer
structures observed in the present study were different from
those of the CoPc and CuOEP system.26a One possible reason
for this difference is that central metal ions play a significant
role in the formation of the characteristic chessboard, i.e., the
π-electron donating ability in the 2D supramolecular assembly,
which brings about a weak and subtle interaction such as van
der Waals interaction, may depend on the central metal ions.
The phase-separated domains were stable when the potential
was returned to 0.60 V, i.e., the bimolecular chessboard is a
meta-stable adlayer formed during the modification. Therefore,
the surface charge density at the electrochemical interface
appears to contribute not only to the molecule-substrate
interaction but also to the interaction between the molecules.

(33) Wahl, M.; Stöhr, M.; Spillmann, H.; Jung, T. A.; Gade, L. H.Chem.
Commun.2007, 1349.

Figure 2. Potential-dependent STM images (40× 40 nm2) of bimolecular
ZnPc and ZnOEP array on Au(111) in 0.1 M HClO4 obtained at (a) 0.60
V, (b) 0.44 V, (c) 0.53 V, (d) 0.15 V, and (e) 0.60 V vs RHE. (c) A close-
up view (10× 10 nm2) of (b). Tip potentials and tunneling currents were
0.20 V and 1.78 nA for panel (a), 0.19 V and 0.66 nA for panel (b), 0.19
V and 0.52 nA for panel (c), 0.38 V and 1.30 nA for panel (d), and 0.38 V
and 1.00 nA for panel (e), respectively. (f) Proposed model of alternately
arranged ZnPc and ZnOEP array on Au(111) surface.
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To examine and understand the effect of the chemical
structure on the formation of bimolecular array, ZnTPP which
has rotational phenyl moieties was mixed with ZnOEP, and the
formation of the bimolecular array was examined on Au(111).
In this case, ZnTPP molecules often formed its bilayer, as can
be seen in Figure 3a. The brighter parts with square packing
arrangement indicate bilayer formation of ZnTPP molecules,
as marked by the white arrows. As reported in our previous
paper, ZnTPP molecules easily form a multilayer on Au(111)
in benzene solution.30f ZnTPP has an attractive intermolecular
interaction perpendicular to the molecular plane, which is
derived from the characteristic property of ZnTPP. A large,
positive charge in the central cavity such as zinc ion of the
porphyrin π-system leads to a favorable interaction with
π-electrons of the pyrrole of the neighboring porphyrin.34 In
contrast, several parts showing squarely arranged ZnTPP
domains and disordered regions consisting of ZnTPP and
ZnOEP are seen in the first layer. Increasing the tunneling
current made it possible to observe the first adlayer consisting
of ZnTPP and ZnOEP. When the tunneling current was
increased up to 0.85 nA, a clearer first adlayer consisting of
ZnTPP and ZnOEP appeared on the terrace. In Figure 3b, several
zigzag patterns can be seen as brighter spots. Characteristic
nanostructures with a dark spot in each bright nanohexagon,
were found in the bimolecular array on Au(111). On the basis
of the observed ratio of ZnTPP to ZnOEP in number, it is
assumed that the bright spot is ZnTPP, whereas the dark spot
is ZnOEP. The result suggests that the electronic structure is
different between ZnTPP and ZnOEP molecules in the bimo-
lecular array. Thus, ZnTPP and ZnOEP molecules can be
distinguished based on image contrast. From the STM image
shown in Figure 3b, it seems that each ZnOEP molecule is
separated from ZnTPP molecules. A high-resolution STM image
of ZnTPP and ZnOEP is shown in Figure 3c. Although we failed
to obtain a high-quality molecular resolution image with distinct

molecular shapes, it can be seen that one ZnOEP molecule (dark
image) is surrounded by eight ZnTPP molecules. The intermo-
lecular distance between the nearest ZnOEP molecules in
nanohexagon cavity is measured to be 2.8-3.0 nm, which is
slightly greater than the hexagonal molecular network consisting
of the DPDI system reported by Sto¨hr et al.32 On the basis of
the cavity size and the intermolecular distance, a structural model
of nanohexagon is proposed in Figure 3d. It is assumed that a
ZnOEP molecule is positioned at the center surrounded hex-
agonally by eight ZnTPP molecules. The adlayer was stable at
or near 0.10 V, i.e., no structural change occurred in the ZnTPP
and ZnOEP mixed system. The intermolecular interaction
between adjacent ZnTPP molecules is stronger than that between
ZnPc molecules, because the phenyl moieties between adjacent
ZnTPP molecules can attract each other throughπ-π interac-
tion. Actually, the single component adlayer of ZnTPP and that
of ZnOEP are more stable than that of ZnPc adlayer against
potential manipulation.30f

Selective Supramolecular Assembly of Fullerene.The
characteristic formation of C60 supramolecular assembly took
place on the bimolecular chessboard because the adlayer was
stable with respect to potential manipulation. Figure 4a shows
an STM image of the bimolecular chessboard on Au(111) at a
low coverage of C60. Interestingly, many bright spots were found
in the bimolecular chessboard (see also Figure S2 of the
Supporting Information), whereas no such bright spots were
observed in the pure ZnOEP domain (the lower portion of Figure
4a). The result demonstrates that the electronic state of ZnOEP
in the bimolecular chessboard is quite different from that of(34) Hunter, C. A.; Sanders, J. K. M.J. Am. Chem. Soc.1990, 112, 5525.

Figure 3. (a and b) Large-scale (50× 50 nm2) and (c) high-resolution (15
× 30 nm2) STM images of ZnTPP and ZnOEP bimolecular array on Au-
(111) obtained at 0.80 V vs RHE in 0.1 M HClO4. Tip potential and
tunneling current were 0.27 V and 0.54 nA for panel (a) and 0.27 V and
0.85 nA for (b) and (c). (d) Proposed model of nanohexagon consisting of
ZnTPP and ZnOEP.

Figure 4. (a) STM image (40× 40 nm2) of C60 array in the bimolecular
chessboard consisting of ZnPc and ZnOEP on Au(111) obtained at 0.75 V
vs RHE in 0.1 M HClO4. Tip potential and tunneling current were 0.27 V
and 0.41 nA. (b and c) STM images (10× 20 nm2) obtained at (b) 0.60 V
and (c) 0.67 V vs RHE. Tip potential and tunneling current were 0.27 V
and 0.74 nA for panel (b) and 0.23 V and 0.68 nA for panel (c). (d) Height-
shaded view of (c). (e) The cross-sectional profile aligned in the direction
of the arrow. (f) Proposed models for top and side views of C60 array in
bimolecular chessboard.
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pure ZnOEP domain. Further careful inspection revealed that
the incorporation of individual C60 molecules into the bimo-
lecular chessboard structure appears to be not uniform. One
possibility is that the strength of electron donation at the gap
site is different at different locations, because the bimolecular
adlayer with the so-called “herringbone” structure is formed at
both fcc and hcp sites on the reconstructed Au(111) surface. A
close-up view is shown in Figure 4b. Remarkably, each C60

molecule is located at the “gap” site between ZnPc molecules,
not at the center of each ZnPc or ZnOEP molecule, suggesting
that the electronic charge distribution on exposed Au (gap) sites
is locally enhanced by the formation of the bimolecular
chessboard because of the adsorption of those molecules which
haveπ-electron donating ability. According to the recent report
on the high-index plane of Au by Xiao et al.,23b a C60 regular
nanochain lattice forms on a vicinal Au(11 12 12) surface with
a {111} microfaceted step. Their result indicates that C60

molecules adsorb preferentially in the electron-rich regions near
the step edges. In the present case, the C60 molecules might
also adsorb preferentially on bare Au sites rather than on topmost
sites of ZnPc or ZnOEP, because the adsorption energy of C60

on Au(111) is high, which has been estimated to be 40-60 kcal
mol-1.35 In addition, the C60 molecule has a strong electron-
accepting ability. The amount of transferred charge estimated
from photoemission is 0.8 electron per C60 molecule on Au-
(111).36 The C60 molecule favors the narrow Au site between
two neighboring ZnPc molecules. Indeed, each C60 molecule
in the bimolecular chessboard yields a semi “triangle-shaped”
image,not a round spot, as shown in Figure 4, parts b and c.
As can be seen in Figure 4d, the ZnPc and ZnOEP molecules
in the bimolecular chessboard array are separately and clearly
imaged, reminiscent of the chemical structure, whereas indi-
vidual C60 molecules appear elliptic in shape. This is not due
to a distortion effect during the scan. The height value of each
bright spot was measured to be approximately 0.15 nm from
the cross-sectional profile aligned in the direction of the arrow
in Figure 4e. In general, each C60 molecule in the adlayer on
Au(111) appears as a round spot because of its rotational motion.
It was reported that the electronic structure was observed as an
internal structure at the low temperature of 4.5 K in UHV only
when the rotational movement of C60 on Au(110) was hin-
dered,37 whereas featureless round spots were observed at room
temperature. Therefore, this electronic feature strongly suggests
that the bimolecular chessboard consisting of ZnPc and ZnOEP
molecules apparently plays a role in the specialπ-electron
donation from the Au surface as a template. As can be seen in
the models for top and side views in Figure 4f, the exposed Au
(gap) site between ZnPc (or ZnOEP) molecules marked by the
red circle pointed at by the arrow sign seems to be locally
enhanced. A similar phenomenon was found in the molecular
assembly of C60 on the coronene-modified Au(111) surface.24

In addition, Yokoyama and co-workers reported that linear C60

arrays were found in the supramolecular wires consisting of
5,15-bis(4-carboxyphenyl)-10,20-bis(3,5-di-t-butylphenyl)por-

phyrin (trans-BCaTBPP) molecules on Au(111) in UHV.38

High-resolution STM images revealed that each C60 molecule
was located on an open nanopore formed bytrans-BCaTBPP
molecules,not at the center of eachtrans-BCaTBPP molecule,
implying that the nanopores result from the strong electron
accepting ability of fullerene, i.e., fullerene molecules are
favorably adsorbed at electron-rich sites. Thus, the bimolecular
“chessboard” template can provide a special pattern of C60

molecules. As shown in Figures 4c and 4d, a nanosized “great
dipper” was found in the bimolecular chessboard.

In contrast, when additional C60 molecules were deposited
on the bimolecular chessboard, squarely arranged C60 arrays
were formed, as shown in Figure 5a. However, displacement
or disturbance of the bimolecular adlayer by C60 molecules was
often found to take place as shown in Figure 5a (and Figure S3
of the Supporting Information). Although squarely arranged
bright spots are clearly visible on the right half of Figure 5a,
the remaining regions are disordered. When the size of bimo-
lecular chessboard structure formed on the terrace was large
(more than 50 nm2), supramolecularly assembled C60 molecules
were found on the bimolecular chessboard. Characteristics of
squarely arranged C60 molecules were strongly influenced by
bias and tunneling conditions. Under the bias condition of 0.56
V with 0.24 nA, the topmost C60 layer was easily removed by
operating the scanning tip, suggesting that the interaction

(35) Pérez-Jiménez, AÄ . J.; Palacios, J. J.; Louis, E.; SanFabia´n, E.; Vergés, J.
A. ChemPhysChem2003, 4, 388.

(36) Tzeng, C.-T.; Lo, W.-S.; Yuh, J.-Y.; Chu, R.-Y.; Tsuei, K.-D.Phys. ReV.
B 2000, 61, 2263.

(37) Gaisch, R.; Berndt, R.; Gimzewski, J. K.; Reihl, B.; Schlitteler, R. R.;
Schneider, W. D.; Tschudy, M.Appl. Phys. A1993, 57, 207.

(38) Nishiyama, F.; Yokoyama, T.; Kamikado, T.; Yokoyama, S.; Mashiko, S.;
Sakaguchi, K.; Kikuchi, K.AdV. Mater. 2007, 19, 117.

Figure 5. (a and b) Large-scale (40× 40 nm2 for (a) and 30× 50 nm2 for
(b)) and (c) high-resolution (15× 25 nm2) STM images of supramolecularly
assembled C60 molecules on the chessboard structure of ZnPc and ZnOEP
on Au(111) obtained at 0.83 V vs RHE in 0.1 M HClO4, respectively. Tip
potential and tunneling current were 0.27 V vs RHE and 0.24 nA. (d) Height-
shaded view of (c) and the cross-sectional profile aligned in the direction
of the arrow. (e) Proposed model of supramolecularly assembled C60

molecules on the bimolecular chessboard.

A R T I C L E S Yoshimoto et al.

1090 J. AM. CHEM. SOC. 9 VOL. 130, NO. 3, 2008



between C60 and the bimolecular chessboard is quite weak. As
can be seen in Figure 5b, both the topmost C60 molecules and
the underlying bimolecular chessboard were clearly visible after
several scans. The height-shaded view reproduced in Figure 5c
shows that an individual C60 molecule was positioned exactly
between two benzene rings of each ZnPc molecule,not at the
center of ZnPc or ZnOEP molecule. The corrugation height of
each bright spot measured from the molecular plane of ZnPc
was approximately 0.45 nm, which is consistent with the value
obtained for the supramolecular layer of C60 molecules from
the 3-cyanophenyl-substited porphyrin layer on Ag(100), 0.44
nm, which was reported by Bonifazi and co-workers.39 C60

molecules also can be seen at the “gap” sites between ZnPc
molecules, indicating that the supramolecular assembly between
ZnPc and C60 is stabilized by the C60 molecule trapped between
ZnPc molecules in the bimolecular chessboard. This result
indicates that the bimolecular chessboard makes it possible to
form the supramolecular assembly of C60, resulting in enhance-
ment of subtle intermolecular interactions. As previously
reported by Spillmann et al., the formation of the assembled
C60 molecules was found on the porous network consisting of
the cyanophenyl-substituted zinc porphyrin derivative formed
on Ag(111) in UHV.13 Each C60 molecule was located precisely
on top of a porous porphyrin network, revealing that the selective
inclusion of fullerene occurs within the hosting cavities arranged
in a nanopatterned array. Thus, the bimolecular chessboard
structure consisting of ZnPc and ZnOEP molecules is one of
the building blocks of functional materials with tunable elec-
tronic and photophysical properties. It is noteworthy that the
supramolecularly assembled C60 adlayer on the bimolecular
chessboard is fairly stable at potentials where a structural change
or the desorption of bimolecular chessboard structure is brought
about by potential manipulation, although a potential dependence
of the electronic structure of incorporated C60 molecules might
be found when observations are made with greater care.

To explore further the effect of crystallographic orientation
of the underlying Au on the bimolecular arrays composed of
ZnPc and ZnOEP, the bimolecular adlayer on a reconstructed
Au(100)-(hex) surface was examined in the same manner as
described above. As shown in Figure 6, straight arrays consisting
of ZnPc and ZnOEP molecules were found on the terrace. Even
in the area of 75× 75 nm2 shown in Figure 6a, the surface was
predominantly covered with alternate binary arrays composed
of ZnPc and ZnOEP. As reported in our previous papers, this
aspect is similar to that observed with the CoPc and CuTPP
binary array on a reconstructed Au(100)-(hex) surface.26b,26c

Several dark gaps were also observed on the terrace in the
adlayer, suggesting that phase boundaries were formed as a
result of lattice mismatch in the underlying Au atomic structure,
i.e., these areas showed the (1× 1) structure exposed by the
lifting of reconstruction during the modification. Details of the
internal structure, orientation, and packing arrangement of the
binary ZnPc and ZnOEP adlayer on the Au(100)-(hex) surface
are seen in Figure 6b, which is a close-up view of Figure 6a. In
the area of 20× 20 nm2 shown in Figure 6b, it can be seen
that alternate molecular rows are uniformly formed on the Au-
(100)-(hex) surface. Molecular chains of ZnOEP were clearly
observed as slightly dark gaps between bright rows consisting

of two or three rows of ZnPc molecules in Figure 6b. Each
ZnPc molecule in the row marked by red arrows can be
recognized as a propeller-shaped image with a central dark spot
and four additional bright spots at the corners. These bright spots
can be attributed to the benzene rings in the ZnPc molecule.
One of four benzene rings in one ZnPc molecule fits into a
“gap” in the neighboring ZnPc molecule. This kind of packing
arrangement is found often in the single-component adlayer of
ZnPc on Au(100)-(hex). On the contrary, individual ZnOEP
molecules were found as a doughnut-shaped ring in the
molecular row aligned along the direction indicated by blue
arrows. Intermolecular distance between ZnPc (or ZnOEP)
molecules in the molecular rows aligned in the direction
indicated by the arrows was approximately 1.5 nm, which is
consistent with the alternate array of ZnPc and ZnOEP induced
by potential manipulation on Au(111). The shortest periodicity
between ZnPc (or ZnOEP) molecular rows was approximately
2.8 nm (see the proposed model illustrated in Figure 6d). No
gaps of bare Au surface were seen in the adlayer. Thus, the
packing arrangement of the dominant bimolecular adlayer
structure consisting of ZnPc and ZnOEP on Au(100)-(hex) was
different from that obtained on Au(111). Although we could
not observe the underlying Au atomic rows, the reconstructed
atomic rows of Au(100)-(hex) are also likely to play a role as
a molecular template, as shown in our previous papers.26c,40The
bimolecular ZnPc and ZnOEP adlayer was stable in the potential
range between 0.95 and 0.15 V.

(39) Bonifazi, D.; Spillmann, H.; Kiebele, A.; de Wild, M.; Seiler, P.; Cheng,
F.; Jung, T.; Diederich, F.Angew. Chem., Int. Ed.2004, 43, 4759.

(40) Yoshimoto, S.; Tada, A.; Suto, K.; Yau, S.-L.; Itaya, K.Langmuir2004,
20, 3159.

Figure 6. (a) Large-scale (75× 75 nm2) and (b) high-resolution (20× 20
nm2) STM images, obtained at 0.77 V vs RHE in 0.1 M HClO4, of a
bimolecular ZnPc and ZnOEP array formed on the reconstructed Au(100)-
(hex) surface. Tip potential and tunneling current were 0.25 V vs RHE and
4.00 nA for both panels (a) and (b). (c) Typical STM image (75× 75
nm2), obtained at 0.60 V vs RHE in 0.1 M HClO4, of C60 adlayer on the
bimolecular ZnPc and ZnOEP array on Au(100)-(hex). Tip potential and
tunneling current were 0.25 V vs RHE and 0.65 nA. (d) Proposed model
of supramolecularly organized ZnPc and ZnOEP array on reconstructed
Au(100)-(hex) surface.

Fullerene on 2D Bimolecular “Chessboard” A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 130, NO. 3, 2008 1091



After confirming the bimolecular adlayer on Au(100)-(hex),
further adsorption of C60 was examined on the ZnPc and
ZnOEP-modified surface. Figure 6c shows a typical STM image
obtained after C60 adsorption. Unfortunately, no clear and regular
patterns of individual C60 molecules are recognizable in the STM
image. The average size of bright spots obtained in the STM
image was approximately 2-3 nm, indicating that C60 molecules
are aggregated with each other. This might be due to the
difference in attractive interaction between the C60 molecules
and the alternate bimolecular adlayer formed on the recon-
structed Au(100)-(hex) surface. In the previous study on the
electronic structure of C60 molecules on a reconstructed Au-
(100) surface obtained in UHV, it was reported that a strong
chemical bond is formed between the C60 molecules and the
Au substrate, as shown by ultraviolet photoemission spectros-
copy and scanning tunneling spectroscopy experiments.41 Actu-
ally, we have not yet succeeded in forming 1:1 supramolecular
assembly of C60 on ZnOEP-modified Au(100)-(hex), whereas
open-cage C60 derivative was found to form a 1:1 supramo-
lecular assembled adlayer on the ZnOEP-modified Au(100)-
(hex) surface.31c These results suggest that the attractive
interaction of C60 molecules in the bimolecular array consisting
of ZnPc and ZnOEP on the reconstructed Au(100)-(hex)
surface is stronger than that on Au(111). To achieve a complete
supramolecular assembly of C60 molecules on the bimolecular
ZnPc and ZnOEP adlayer on Au(100)-(hex), much more careful
attention should be paid to the modification conditions.

Conclusions

We succeeded in the formation of a uniquely nanostructured,
bimolecular chessboard consisting of ZnPc and ZnOEP mol-
ecules and nanohexagon consisting of ZnTPP and ZnOEP. Our
results show that bimolecular adlayers consisting of ZnPc and
ZnOEP are controllable to generate various nanopatterns by
precise electrode potential manipulation at the Au(111) surface,
whereas the bimolecular ZnTPP and ZnOEP adlayer was
independent of potential manipulation up to and near the
hydrogen evolution potential. The electrochemical phase separa-
tion was caused by the difference in chemical structure,
depending on the molecular packing arrangement of the
bimolecular array.

We also demonstrated the formation of regular patterns of
hybrid, supramolecularly assembled adlayers. The supramo-
lecular assembly of C60 on the bimolecular chessboard on Au-
(111) yielded a regularly arranged fullerene nanodot pattern.
The incorporation of C60 molecules into cavities in the bimo-
lecular chessboard consisting of ZnPc and ZnOEP suggested
the presence of a special electronic state. Thus, the chessboard
structure consisting of ZnPc and ZnOEP plays an important role
not only in the control of electron donating ability of the Au
surface but also in the selective recognition of fullerene. A
supramolecular organization of ZnPc and ZnOEP was also found
on the reconstructed Au(100)-(hex) surface. The alternately
arranged striped structure of ZnPc and ZnOEP was stable on
the reconstructed Au(100)-(hex) surface. On the striped
structure, it was difficult to find a regularly patterned supramo-
lecular assembly of C60 molecules. The supramolecular assembly
of C60 molecules was strongly influenced by the bimolecular
packing arrangement of ZnPc and ZnOEP depending upon the
crystallographic orientation of Au. The findings of this study
provide a path toward the epitaxial growth of crystals on surface-
supported supramolecular nanostructures to create a hybrid
bilayer of supramolecularly assembled fullerenes, which will
open wide applications to devices such as an optical switch.
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