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Abstract: The structure and conformation of three self-assembled supramolecular species, a rectangle, a
square, and a three-dimensional cage, on Au(111) surfaces were investigated by scanning tunneling
microscopy. These supramolecular assemblies adsorb on Au(111) surfaces and self-organize to form highly
ordered adlayers with distinct conformations that are consistent with their chemical structures. The faces
of the supramolecular rectangle and square lie flat on the surface, preserving their rectangle and square
conformations, respectively. The three-dimensional cage also forms well-ordered adlayers on the gold
surface, forming regular molecular rows of assemblies. When the rectangle and cage were mixed together,
the assemblies separated into individual domains, and no mixed adlayers were observed. These results
provide direct evidence of the noncrystalline solid-state structures of these assemblies and information
about how they self-organize on Au(111) surfaces, which is of importance in the potential manufacturing
of functional nanostructures and devices.

Introduction

Self-assembly1 and self-organization2 are natural and spon-
taneous processes that are of ever increasing importance in
chemistry and material science. These processes depend on both
intermolecular and molecule/substrate interactions. Self-
assembly also plays an important role in the “bottom-up”
strategy used in nanofabrication and is considered to be a
promising supplement to microfabrication.3-8 Considerble effort
has been made to distribute and/or arrange molecules into thin
films or on surfaces, with the expectation that the new fabricated
film or surface will possess beneficial properties.9-18 However,

it is well known that the performance and functionality of a
microfabricated device designed on a solid surface are dependent
on the molecular substrate as well as a defined adlayer.14-20

Supramolecular assemblies, which make use of dative metal-
ligand bonding (e.g., Pt-N or Pd-N),21-26 exhibit ample
functionality. A wide variety of aesthetically pleasing structures
have been prepared, from simple parallelograms (e.g., rectangles,
triangles, squares, etc.)27-36 to complicated three-dimensional
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polyhedra (e.g., tetrahedrons, cubes, dodecahedron, etc.).25,37-43

Possessing magnetic, photophysical, electronic, and/or redox
properties that may not be accessible from purely organic
systems, these metallamacrocyclic supramolecular assemblies
are ideal building blocks for constructing molecular nano-
devices.11,43-49 Fabricating desirable and stable devices from
these assemblies on solid surfaces and understanding the rules
governing their self-organization on solid supports are significant
fundamental steps toward realizing useful nanodevices and
nanostructures.50

Scanning tunneling microscopy (STM) has proven to be a
powerful tool for characterizing supramolecular self-assemblies
on surfaces, formed via self-organization.51-53 From high-
resolution images, the stability of the adlayer can be assessed,54

and details about its structure can be determined, including
proximity of the nearest molecule as well as the orientation and
conformation of the assembly on the surface.55-66 For example,
the electronic and magnetic properties of [2×2] grid-type Zn(II)

and Co(II) complexes on highly oriented pyrolytic graphite
(HOPG) have been investigated.55,56 The orientation of the
assembly on HOPG could be tuned by making subtle changes
(e.g., addition of a methyl group) in the complexes.55 Kurth
and co-workers57 were able to prepare straight chains of a
supramolecular coordination complex on HOPG using long alkyl
chains as a template.

We recently reported the self-organization of a supramolec-
ular rectangle, [(1,8-bis(trans-Pt(PEt3)2)anthracene)(1,4′-bis(4-
ethynylpyridyl)benzene)](PF6)4, on HOPG and Au(111) sur-
faces.65 The orientation of the rectangular adlayers was depend-
ent on the surface, demonstrating the importance of molecule/
molecule and molecule/substrate interactions in nanofabrication.
In this article, we report the STM images obtained from three
supramolecular metallamacrocyclic self-assemblies, a small
rectangle,67,68a square,69 and a three-dimensional cage70 (Figure
1), on Au(111) surfaces. The assemblies spontaneously self-
organize on Au(111) and form well-ordered two-dimensional
adlayers. High-resolution STM images clearly show the ar-
rangement of the assemblies on the surfaces.

Results and Discussion

Supramolecular Rectangle [(1,8-Bis(trans-Pt(PEt3)2)anthra-
cene)(4,4′-bpy)]2(PF6)4. The chemical structure and space-filling
model of the supramolecular rectangle are shown in Figure 1A.
From the large-scale STM image (Figure 2A), it can be seen
that the rectangle adsorbs on the Au(111) surface and forms an
ordered molecular adlayer. The molecular network extends over
the atomically flat terrace of Au(111) surface (>100 nm× 100
nm) as a single domain, with only minor molecular defects.
The stable adlayer consists of regular molecular rows of the
rectangles, aligned along theA andB directions. The perpen-
dicular rows cross, forming a 90( 2° angle. Although a
reconstructed Au(111) surface with herringbone lines can be
seen in the STM image, it has no effect on forming the defined
molecular adlayer.

A high-resolution STM image of the rectangle (Figure 2B)
reveals the structural detail of the rectangular adlayer. The
molecules appear as sets of four bright spots, which correspond
to a supramolecular rectangle, with dimensions of 2.0 nm×
1.2 nm, consistent with the size of the rectangle previously
determined from single-crystal X-ray crystallography.68 The
supramolecular rectangle lies flat on the Au(111) surface, with
its molecular plane parallel to the Au(111) surface, and a dark
depression is seen in the center of each rectangle.

To determine the crystalline relationship between the adlayer
and substrate, the underlying Au(111) lattice was observed by
scanning the electrode potential to the hydrogen adsorption
region where the rectangular adlayer desorbs from the Au(111)
surface. A STM image of the underlying surface is shown in
the inset in the upper right corner of Figure 2B, showing the
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Au(111)-(1×1) lattice. Each bright spot corresponds to a gold
atom, with an interatomic distance of 0.29 nm, consistent with
the crystal parameter of Au(111). The molecular rows of the
adlayer,A andB, align along the〈110〉 and〈121〉 directions of
the underlying lattice, respectively. The intermolecular distances
in the rows were measured to bea ) 2.0 nm andb ) 1.5 nm.
From the adlayer symmetry and the intermolecular distance,
the structure of the adlayer can be defined as a (7× 3x3)
structure. The long edge of the supramolecular rectangle aligns
along the A-A′ direction (Figure 2C), and it deviates by
approximately 30( 2° from the underlying Au(111)-[110]
close-packed direction. A unit cell is described in Figure 2B.

A structural model is proposed in Figure 2C. For simplicity,
the〈110〉 and〈121〉 directions of the gold lattice are referred to
as I and II, respectively. TheA-A′ direction is defined as the
long edge of a supramolecular rectangle. The rectangle lies flat
on the Au(111) surface, preserving its shape. The orientation
of the rectangle forms a 30° angle with the〈110〉 direction of
the Au(111) lattice (Figure 2C). A close-packed array is self-
organized with strong molecule/molecule and molecule/substrate
interactions. The molecular rows cross each other, forming a
90° angle. However, due to the large size and complicated
chemical structures of the assembly, it is difficult to determine
the exact interactions that stabilize the molecular adlayers. For
these reasons, we have proposed a simplified model which
shows only the molecular organization of the assemblies on the
surface, such as those used to describe porphyrin and phthalo-

cyanine complexes on Au(111) surfaces.14,71 This model is in
good agreement with the observed STM images.

Comparing the present rectangle with the larger supra-
molecular rectangle previously reported,65 it is seen that both
molecules adsorb on Au(111) and self-organize into ordered,
close-packed arrays while preserving the rectangular structure.
Both rectangles lie flat on the Au(111) surface, and no
decomposition has been observed. The large rectangle also
adsorbs onto HOPG surfaces and forms an ordered self-
organized adlayer. However, all attempts to observe the small
rectangle on HOPG were unsuccessful, suggesting that the large
rectangle has stronger interactions between the molecule and
the underlying HOPG substrate, resulting in more stable
molecular architectures. Presumably, the differences in the size
of the molecules are responsible for the different symmetry and
parameters of the two systems.

Supramolecular Square [Pt(dppp)(4,4′-bpy)]4(CF3SO3)8.
The chemical structure and a space-filling model of the
supramolecular square are shown in Figure 1B. Along one
diagonal of the square, the PPh2 groups point out, extending
the size of the square, while along the other diagonal they point
inward. A large-scale STM image (50 nm× 50 nm) of the
molecular adlayer is shown in Figure 3A. The squares self-
organize onto the surface of the Au(111) substrate, and an area
of 50 nm× 50 nm is covered with a well-ordered array of the

(71) Yoshimoto, S.; Higa, N.; Itaya, K.J. Am. Chem. Soc.2004, 126, 8540-
8545.

Figure 1. Chemical structure and space-filling/ball-and-stick model of (A) the self-assembled rectangle, (B) the square, and (C) the three-dimensional cage.
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assemblies.The rows of squares extending in theA and B
directions (Figure 3A) cross, forming a 90° angle. The rectangle
forms much nicer and larger adlayers than the square. The size
of the rectangular adlayers is routinely larger than 100 nm×
100 nm, while adlayers of this size, which are void of defects,
are rarely observed for the square. This phenomenon may be
due to the more complicated stereoscopic conformation of the
supramolecular squares.

From the high-resolution STM image (Figure 3B), the internal
structure, molecular orientation, and packing arrangement of
the adlayer are visible. Compared to the underlying Au(111)
lattice shown as an inset in the upper right corner of Figure
3B, the molecular rows in theA andB directions are found to
be parallel to the〈110〉 and 〈121〉 directions, respectively.
Individual molecules can easily be identified from the STM
image due to the structure of the molecular assembly, and one
square in the image corresponds to a supramolecular square.

Each square has a dark depression in the center (Figure 3B).
The size of a square was determined to be 2.1( 0.1 nm,
consistent with the size determined from the previously reported
single-crystal X-ray structure.69 Along A there is a periodic inter-
molecular distance of 2.3( 0.1 nm, while alongB it is 2.5 (
0.1 nm. Therefore, a unit cell defined as an (8× 5x3) structure
is superimposed on the STM image in Figure 3B. As observed
in the space-filling model, the PPh2 groups can be seen in the
high-resolution STM image (Figure 3B). Although the molecule
has a stereoscopic conformation, the STM image shows that
each molecule absorbs on the surface with its molecular plane
parallel to the substrate. Similar to the supramolecular rectangle,
the edge of the square forms a 15° angle with the〈110〉 direction
of the underlying Au(111) lattice. In this arrangement, the
squares form a close-packed adlayer on the Au(111) surface. A
structural model for the self-organization of the square on Au-
(111) surfaces is proposed in Figure 3C. It can be seen that

Figure 2. (A) Large-scale STM image (E ) 550 mV,Etip ) 392 mV, Itip ) 941.0 pA) of the self-assembled rectangles adsorbed on a Au(111) surface. (B)
High-resolution STM image (E ) 550 mV,Etip ) 370 mV, Itip ) 765.0 pA) of the rectangular adlayer and showing the underlying Au(111)-(1×1) lattice
in the upper right corner. (C) Proposed structural model for the adlayer.
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each molecule sits on the substrate with its edge deviating by
approximately 15° from the 〈110〉 direction.

Schalley and co-workers64 have reported STM images of a
self-assembled square, [Pt(en)(4,4′-bpy)]4(NO3)8 (en) ethylene-
diamine, 4,4′-bpy ) 4,4′-bipyridine), on a Cu(100) surface
modified with a chloride adsorbate layer. The negatively charged
chloride layer causes the cationic square to adsorb and lies flat
on the negatively charged surface. However, due to the acidic
conditions used to prepare the surface, the square slowly opens
and chainlike oligomers coadsorb with the square. The authors
also reported preliminary experiments performed on HOPG for
the ethylenediamine square as well as the [Pt(dppp)(4,4′-bpy)]4-
(CF3SO3)8 square, which we report here on Au(111). Under the
conditions used to deposit the square (solution casting) and to
record the images, the squares showed a striped pattern in the
STM images. From these data, it was concluded that inter-
molecular interactions dominate over molecule/substrate interac-
tions on neutral graphite surfaces. We also tried to record STM
images of the square on HOPG; however, no ordered mono-
layers were observed. Comparison of our results on a Au(111)
surface with those of Schalley and co-workers64 on Cu(100)

and HOPG demonstrates the importance of judiciously choosing
both the surface and conditions used in the self-organization
process.

Three-Dimensional Cage [(Tris(4-pyridyl)methanol)2(1,8-
bis(trans-Pt(PEt3)2)anthracene)3](PF6)5(NO3). The chemical
structure as well as a ball-and-stick model of the three-
dimensional cage is shown in Figure 1C. The structure of this
assembly is complicated, and the model as viewed from the
side and top is shown. From the top, the cage has a three-blade
propeller shape, while it looks like a rectangle when viewed
from the side. The cage adsorbs onto the surface of Au(111)
and forms a large-scale STM image (30 nm× 30 nm). It can
be seen that the assemblies self-organize into a well-ordered
two-dimensional array with regular molecular rows (Figure 4A).
The structural details of the supramolecular cage adlayer can
be seen in the high-resolution STM images (Figure 4B).

It can be seen that the adlayer consists of regular molecular
rows which are labeledA and B. In both directions, the
molecular rows are clear, and the arrangement of the molecules
is visible. The three-dimensional cage consists of a set of nine
bright spots. In the molecular model (Figure 4C), the bright
spots have been separated into subsets of three spots, which

Figure 3. (A) Large-scale STM image (E ) 510 mV,Etip ) 281 mV, Itip ) 966.3 pA) of the self-assembled squares adsorbed on a Au(111) surface. (B)
High-resolution STM image (E ) 510 mV,Etip ) 195 mV, Itip ) 531.8 pA) of the adlayer and showing the underlying Au(111)-(1×1) lattice in the upper
right corner. (C) Proposed structural model for the adlayer.
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corresponds to one “propeller”. These details are emphasized
for clarity in Figure 4B by sets of white circles. Each subset of
three spots forms a triangle. The length between the two corners
of a propeller is measured to be 2.0( 0.1 nm, in agreement
with the X-ray crystallographic data.70

On the surface of Au(111), the cage molecules are ordered
so that all three “blades” point in the same direction alongA.
However, the molecules are interdigitated alongB, with all three
blades of a neighboring molecule pointing in the opposite
direction. This arrangement of cages results in one “blade”
pointing along A. From the underlying Au(111) lattice
shown in the inset in Figure 4B, rowsA andB are found to be
parallel to the〈110〉 and 〈121〉 directions, respectively. The

intermolecular distances along the directionsA and B are
2.0 ( 0.1 and 4.0( 0.1 nm, respectively. According to the
intermolecular distances and the orientation of the adlayer
relative to the underlying Au(111) lattice, a unit cell is outlined
in Figure 4B. The adlayer can be defined as a (7× 8x3)
structure.

On the basis of the above analysis, a schematic model can
be constructed for the supramolecular adlayer on a Au(111)
surface in Figure 4C. The cages stand on the gold surface, in
an arrangement consistent with the top view model in Figure
3B. The three blades in a propeller are in contact with the
substrate surface, with the cages standing on their end. The

Figure 4. (A) Large-scale STM image (E ) 550 mV,Etip ) 312 mV, Itip ) 1.000 nA) of the self-assembled three-dimensional cage on a Au(111) surface.
(B) High-resolution STM image (E ) 550 mV, Etip ) 337 mV, Itip ) 852.1 pA) of the adlayer and showing the underlying Au(111)-(1×1) lattice in the
upper right corner. (C) Proposed structural model for the adlayer.
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proposed structural model is consistent with what is revealed
by high-resolution STM images.

Mixed Adlayers of Supramolecular Rectangles and Three-
Dimensional Cages.Recently, surfaces on which multiple
components self-organize to form intact and stable adlayers are
receiving increased attention due to their possible applications
in nanoscience and nanotechnology.14,20,51,72 Through self-
organization, multiple components could be layered on a surface
with precise geometry and function. For example, the inter-
molecular distance and assembly pattern in a self-organization
were tuned by using molecules with different lengths of alkyl
chains.73,74 After observation of the self-assemblies with indi-
vidual supramolecular rectangles, squares, and cages, a binary
component system was prepared consisting of the supramo-
lecular rectangle and three-dimensional cage, and the resulting
surface was investigated by STM.

Figure 5A is a large-scale STM image of the mixed rectangle/
cage adlayer on a Au(111) surface. The surface is covered with
the assemblies, which self-organize into individual domains. The
rectangle domains are marked with an R and the cage domains

are marked with a C. The area within the circle in Figure 5A is
magnified in Figure 5B. The rectangle and cage domains can
be seen, and the boundary of the two domains is marked with
white dots. From Figure 5B, it is seen that the molecules form
ordered assemblies in the individual domains, although the
molecular appearances and direction of the rows in the two
domains are different. Most of the defects and molecular clusters
appear along the domain boundary. High-resolution STM
imaging was used to reveal the molecular details in the two
domains. The results are shown in the insets in the upper left
and lower right corners of Figure 5B, corresponding to the
domains R and C, respectively. In domain R, high-resolution
images reveal a rectangular conformation, consistent with the
results observed for adlayers consisting only of rectangle
assemblies (e.g., Figure 2B). In domain C, the high-resolution
STM image shows an arrangement with three-dimensional
cages, similar to the results observed in Figure 4B. Although
efforts were made to find new organized structures with two
components, only the phase-separated organization was observed
on the Au(111) surface.

In a binary system, the order of the structure on a surface
has three possibilities: (i) phase separation, (ii) preferential
adsorption, and (iii) ordered assembly with two molecules. The
possibilities are dominated by the interactions between mol-
ecules, molecule/substrate interactions, and intramolecular reac-
tions. In the present study, both types of molecules adsorb on
the Au(111) surface, resulting in a nonpreferential adsorption.
However, the differences in the conformation and symmetry of
the two molecules induce a phase separation rather than an
ordered uniform assembly. Further studies of mixed assemblies
are in progress.

In summary, we have successfully fabricated well-ordered
self-organized molecular architectures with three metalla-
macrocyclic supramolecular assemblies, a rectangle, a square,
and a three-dimensional cage, on a Au(111) surface. The
surfaces and the resulting molecular conformations have been
investigated with STM. The assemblies preserve their shape and
do not decompose on the Au(111) surface. STM imaging
provides direct structural evidence for the noncrystalline solid-
state structure of these assemblies. The molecules spontaneously
adsorb on Au(111) and self-organize into ordered adlayers. The
rectangles self-organize into a (7× 3x3) structure, the square
into an (8× 5x3) structure, and the three-dimensional cages
into a (7× 8x3) structure. The self-organization on Au(111)
of a binary component solution containing supramolecular
rectangles and cages resulted in a two-phase surface with no
new mixed adlayers. By carefully controlling the substrate and
coating materials, many new molecular architectures may be
fabricated.

Experimental Section

The self-assembled supramolecular assemblies were synthesized as
previously described.67-70 Spectroscopic grade ethanol was purchased
from Acros and used as received. Well-defined Au(111) surfaces on
single-crystal gold beads were prepared as previously described.65,75

Before each measurement, the Au(111) electrodes were annealed in a
hydrogen-oxygen flame and quenched in hydrogen-saturated ultrapure(72) Baker, R. T.; Mougous, J. D.; Brackley, A.; Patrick, D. L.Langmuir1999,

15, 4884-4891.
(73) Wu, P.; Zeng, Q. D.; Xu, S. D.; Wang, C.; Yin, S. X.; Bai, C. L.

Chemphyschem2001, 2, 750-754.
(74) Marchenko, A.; Cousty, J.; Van, L. P.Langmuir 2002, 18, 1171-1175.

(75) Wan, L. J.; Terashima, M.; Noda, H.; Osawa, M.J. Phys. Chem. B2000,
104, 3563-3569.

Figure 5. (A) Large-scale STM image (E ) 550 mV,Etip ) 370 mV, Itip

) 900.0 pA) of a rectangle/cage mixed adlayer on a Au(111) surface. (B)
Magnified image of the area inside the circle in part A, showing high-
resolution images of rectangular (upper left) and three-dimensional cage
(lower right) adlayers.
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water (Mill-Q, g18.2 MΩ, TOC < 5 ppb) to obtain a clean (1× 1)
structure. The gold beads were immediately used for STM measure-
ments.

The self-assembled monolayers were prepared by immersing the gold
beads in an ethanol solution (10µM) of the assembly for 1 min. The
mixed rectangle/three-dimensional cage adlayers were formed by
immersing the Au(111) beads in an ethanol solution of the assemblies
(5 µM rectangle and 5µM three-dimensional cage) for 1 min, rinsing
thoroughly with ultrapure Milli-Q water, and promptly mounting in a
Teflon electrochemical cell. The STM images were recorded with a
Nanoscope E STM instrument (Digital Instruments) in 0.1 M HClO4

solution (ultrapure grade, Kanto Chemical Co., Japan). Typical
potentials used in these experiments were between 510 and 550 mV,
where no surface redox reactions occur and the molecular adlayers are
preserved. All potentials are reported versus the reversible hydrogen
electrode.

The STM experiments were preformed in solution, where the
electrolyte solution protects the gold surface from atmospheric con-
taminants.10,71The STM tips were prepared by electrochemically etching
(12-15 V) a tungsten wire (0.25 mm in diameter) in 0.6 M KOH until

the etching process stopped. The tungsten tips were coated with clear
nail polish to minimize Faradaic current. STM images were recorded
in constant-current mode with a high-resolution scanner, and without
further processing (e.g., high-pass filtering), to evaluate the corrugation
heights of the adsorbed molecules. However, a low-pass filter was used
in the STM images of the cage to minimize noise. Tunneling conditions
are reported in the respective figure captions. Molecular models were
built according to the previously reported X-ray crystallographic data
with HyperChem 6.0 software (Hypercube, Inc).68-70 Estimated errors
in unit cell parametersa andb are(0.2 nm, unless otherwise noted.
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