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A self-assembled supramolecular metallacyclic rectangle was in-
vestigated with scanning tunneling microscopy on highly oriented
pyrolytic graphite and Au(111) surfaces. The rectangles spontane-
ously adsorb on both surfaces and self-organize into well ordered
adlayers. On highly oriented pyrolytic graphite, the long edge of
the rectangle stands on the surface, forming a 2D molecular
network. In contrast, the face of the rectangle lays flat on the
Au(111) surface, forming linear chains. The structures and intramo-
lecular features obtained through high-resolution scanning tun-
neling microscopy imaging are discussed.

metallacyclic macrocycle � scanning tunneling microscopy � molecular
adlayer � molecular orientation

Self-organization (1) and self-assembly (2) are critical and nec-
essary processes in all living organisms and are of ever increas-

ing importance in chemistry and material science. These processes
will play a critical role in the so-called ‘‘bottom-up’’ strategy of
nanofabrication. Therefore, understanding the organization of
molecules on solid surfaces is important, both from a fundamental
and applied perspective, for the construction of surface molecular
nanostructures and nanodevices (3–13). A self-organized molecular
pattern with control of structure and derived concomitant function
could provide promising materials for the construction of nanode-
vices that cannot be prepared by conventional microfabrication.
The arrangement of adsorbed molecules onto a surface depends on
both intermolecular and molecule–surface interactions. For exam-
ple, Hipps and colleagues (3, 4) prepared a self-organized 2D
bifunctional structure on a Au(111) surface with NiTPP [nickel(II)
tetraphenyl-21H,23H-porphine] and F16CoPc [colbalt(II) hexade-
cafluoro-29H,31H-phthalocyanine]. The two molecules are alter-
nately aligned on the Au(111) surface and form a well defined
pattern. The intermolecular interaction between NiTPP and
F16CoPc plays an important role in the formation of the 2D
crystalline structure. Itaya’s group (5) observed different adlayers
of crown-ether-substituted phthalocyanine on Au(111) and
Au(100) surfaces illustrating the importance of molecule–substrate
interactions. On the same gold surface the mode of crystallization
results in a different self-assembly as well as different chemical
reactivity in host–guest recognition. Likewise, PVBA (4-[trans-2-
(pyrid-4-yl-vinyl)]benzoic acid) forms different adlayers on Cu(111)
and Ag(111) surfaces (7).

Metal-containing macrocycles with high symmetry and pre-
cise architecture are a new class of promising supramolecules for
future application in nanotechnology because of their exact
shape and size, as well as magnetic, photophysical, and electro-
static properties (14–27). In this article, we describe scanning
tunneling microscopy (STM) studies of the self-assembled
supramolecular metallacyclic rectangle, cyclobis[(1,8-
bis(transPt(PEt3)2)anthracene)(1,4�-bis(4-ethynylpyridyl)ben-
zene](PF6)4, (Fig. 1) (28). The dimensions of a single rectangle
molecule were independently determined to be 3.1 nm long by
1.2 nm wide, from the previously reported x-ray crystallographic
data (28). The molecular adlayers were prepared on highly

oriented pyrolytic graphite (HOPG) and Au(111) surfaces to
investigate the effect of substrate on adlayer formation. The
molecules self-organize into well ordered 2D adlayers on both
surfaces, and high-resolution STM results clearly reveal an intact
rectangle on both HOPG and Au(111) surfaces, but the sym-
metry and molecular orientation the molecules adopt depends
on the substrate.

Materials and Methods
Chemicals. The PF6

� salt of the rectangle was prepared analo-
gously to the ClO4

� salt previously reported (28), substituting
KPF6 for NaClO4.

Substrates. HOPG (quality ZYB) was purchased from Digital
Instruments (Santa Barbara, CA). The (111) facets on a gold
single-crystal bead, prepared by melting gold wire (99.999%),
were used as substrate and for the STM experiment (5, 6, 9–11).
Before molecular adlayer formation, the (111) surface was
quenched in hydrogen-saturated ultrapure (Milli-Q; �18.2 M�
cm) water to obtain a clean (1 � 1) structure.

Molecular Adlayers and STM Measurements. Molecular adlayers of
the rectangle were prepared on both HOPG and Au(111)
surfaces. On HOPG the adlayer was prepared by depositing a
toluene (HPLC grade, Aldrich) solution containing the rectan-
gle (2 �l; 10�6 M) on an atomically f lat surface of freshly cleaved
HOPG. However, orientation of the molecular adlayer does not
depend on solvent because similar images were observed when
the sample was prepared from water, ethanol, or methylene
chloride. After evaporation of the solvent, the STM images were
recorded in the open atmosphere with a Nanoscope IIIa SPM
instrument (Digital Instruments). Mechanically cut Pt�Ir wires
(90�10) were used as STM tips for HOPG samples.

Molecular adlayers were prepared on the Au(111) surface by
immersing the single-crystal gold bead into a 10�6 M toluene
solution of the rectangle for 3–5 min, rinsing thoroughly with
Milli-Q water, and mounting the resultant bead into the STM
electrochemical cell. The STM images were recorded with a
Nanoscope E STM instrument (Digital Instruments) in a HClO4
solution prepared by diluting ultrapure HClO4 (Cica-Merck,
Kanto Kagaku, Japan) with Milli-Q water under potential con-
trol at the double-layer potential region. The typical potential
used in these experiments was 400 mV, where no surface redox
reactions take place and the molecular self-assembly is pre-
served. The reference and counter electrodes were platinum
wires, and all potentials are reported versus the reversible
hydrogen electrode in 0.1 M HClO4. Because of the ease of gold

Abbreviations: HOPG, highly oriented pyrolytic graphite; STM, scanning tunneling
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surface contamination in an open atmosphere, the STM exper-
iments were preformed in solution where the electrolyte solution
protects the surface from atmospheric contaminants (5, 6). The
STM tips for gold samples 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, without
further processing (e.g., highpass filtering), to evaluate the
corrugation heights of the adsorbed molecules. Tunneling con-
ditions are reported in the figure legends.

Results and Discussion
Self-Organization on HOPG. Solution concentration is crucial to
forming a monolayer on the HOPG surface. The rectangles
(10�6 M solution in toluene) adsorb on the surface of HOPG and
self-organize into a well ordered 2D molecular network. At
lower concentrations only small domains of the HOPG surface
were covered with the rectangle, whereas concentrations �10�4

M result in surface clusters because of the charged character of
the molecules. Low- and high-resolution STM images of the
molecular adlayers on HOPG are shown in Fig. 2. In the
large-scale STM image (Fig. 3A) the molecular network extends
over the atomically f lat terrace of the HOPG as a single domain
over an area of 100 � 100 nm2 without molecular defects. A
careful observation of the low-resolution STM image (Fig. 2 A)
shows that the molecular adlayer is composed of bright lines
along direction A and wide bands in direction B. The lines and
bands intersect with an angle of 90 � 2°. From the periodicity of
the molecular self-organization, a unit cell with parameters of
a � 4.0 � 0.2 nm (in the A direction), b � 1.0 � 0.2 nm (in the
B direction), and an angle of 90°�2° can be discerned (Fig. 2).

A structural model for the self-organized adlayer is proposed in
Fig. 2C. As observed in the high-resolution STM image (Fig. 2B),
the basic unit constituting the adlayer appears as bright lines. The
lines are parallel to direction A and are 3.1 � 0.2 nm long. When
viewed along direction B, the neighboring lines are interdigitated
and form a close-packed arrangement. The distance, d, between
two bright lines, when viewed along the B direction, is 1.2 � 0.1 nm
(Fig. 2B). The maximum corrugation height was determined to be
0.1 nm; however, this measure of the charge density cannot be
considered a direct measure of the molecular thickness (Fig. 5,
which is published as supporting information on the PNAS web

Fig. 1. Chemical structure (A) and space-filling model (B), from a top and side
view, of the rectangle.

Fig. 2. STM images and structural model of the rectangle on HOPG. (A)
Low-resolution image (Vbias � 758 mV, Itip � 684 pA) showing a STM image of
HOPG in the lower left corner. (B) High-resolution image (Vbias � 876 mV, Itip
� 691 pA. (C) A proposed structural model for the adlayer of the rectangle on
HOPG surface.
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site). The size of these lines is consistent with the dimension of the
rectangle, as determined from the previously reported x-ray crys-
tallographic data (28). Therefore, one bright line corresponds to a
single rectangle standing vertically with its long edge standing on
the underlying HOPG surface. A structural model for the self-
organization of the rectangle on HOPG is proposed in Fig. 2C and
superimposed in Fig. 2A. The proposed model is in good agreement
with the observed STM images.

The adsorbed rectangles were found to be aligned along the
underlying lattice of the HOPG. Fig. 3B is a composite STM
image showing the orientation relation between the molecular
adlayer and HOPG substrate. The image was recorded by
jumping the bias during the STM scanning from the bottom to
the upper frame. Although some image drifting occurs in the
jumping, both the molecular adlayer and HOPG lattice are
clearly observed in the composite image. The upper part of the
frame shows the atomic resolution of the HOPG substrate, and
the lower part shows the rectangle adlayer. The line crossing the
two parts of the image indicates one direction of the HOPG
lattice, indicated by the arrows in Fig. 3B. From the composite
image, the crystal relationship between HOPG and the molec-
ular adlayer can be directly deduced. The molecular rectangles
form a close-packed arrangement on the HOPG surface, with
the long edge of the rectangle oriented along the HOPG lattice.

Self-Organization on a Au(111) Surface. It is well known that
substrate can affect the self-organization of adsorbates (5–7). To
determine how substrate affects absorption of the rectangle onto

Fig. 3. STM images of the molecular rectangles on a HOPG substrate. (A) A
large-scale (100 � 100 nm) STM image (Vbias � 859 mV, Itip � 667 pA) of the
rectangle adlayer. (B) A composite STM image showing the underlying HOPG
lattice and the rectangle adlayer simultaneously. The imaging conditions are
Vbias � 859 mV, Itip � 667 pA for the molecular adlayer (Lower) and Vbias � 15
mV, Itip � 667 pA for HOPG lattice (Upper).

Fig. 4. STM images and structural model of the molecular rectangles on
Au(111). (A) A large-scale (60 � 60 nm) image (Vbias � �50 mV, Itip � 1.883 nA)
of the rectangle adlayer. (B) High-resolution image (Vbias � �50 mV, Itip �
1.698 nA) of the rectangle adlayer, showing the underlying Au(111) lattice in
the lower left corner, and an individual rectangle is shown in the upper right
corner. (C) A proposed structural model for the adlayer of the rectangle on
Au(111) surface. STM images were recorded in 0.1 M HClO4.
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surfaces, the molecular adlayer on Au(111), a widely used
surface in nanodevice development, was also investigated. As
observed on HOPG, immersion time (3 min) and solution
concentration is critical to forming a monolayer on the Au(111)
surface. When the gold bead is immersed in a 10�6 M solution
of the rectangle, a uniform molecular adlayer is observed with
very few defects (Fig. 4). Lower concentrations resulted in
incomplete coverage of the Au(111) surface. At higher concen-
trations molecular clusters were observed in the STM images
(Fig. 6, which is published as supporting information on the
PNAS web site).

Bright rows of rectangles are observed along direction A in the
high-resolution STM image (Fig. 4B). These images were re-
corded at 420 mV in 0.1 M HClO4; however, the same adlayer
was observed when the images were recorded in air (Fig. 7, which
is published as supporting information on the PNAS web site).
To understand the relationship between the adlayer and under-
lying substrate, the Au(111) surface was also imaged. After
imaging the molecular adlayer, the Au(111) potential was
scanned in the negative direction, resulting in desorption of the
adsorbed rectangle. Thus, the Au(111)–(1 � 1) structure was
resolved and is shown in the lower left corner of Fig. 4B. The
hexagonal structure of the fcc(111) lattice can be seen in the
Au(111). Each bright spot corresponds to one Au atom, and
the interatomic distance is 0.28 � 0.2 nm, consistent with the
crystal parameter. A set of arrows indicate the �110� directions
of the underlying Au(111) lattice. Compared with the underlying
Au(111) substrate the molecular rows in the A direction are
parallel to the �110� direction. As discussed above the mole-
cules align along a lattice direction on the HOPG surface, and
the same behavior is observed on the Au(111) surface.

Although molecular rows are visible, it is not easy to distin-
guish individual molecules in Fig. 4B. However, separated
individual molecules or molecules in 1D ordering could be found
on the Au(111) surface and were used to image an individual
molecule. A rectangle with dark depressions in the center was
observed, corresponding to a typical high-resolution STM image
of a single molecule (Fig. 4B, upper right corner). The molecular
size of the rectangle was determined to be 3.0 � 0.2 by 1.1 � 0.2
nm, consistent with the size of the rectangle determined from the
x-ray crystallographic data (28). From the intermolecular dis-
tance and adlayer symmetry, a unit cell was determined. On the
2D surface one molecular row aligns along the A direction, and

the periodic distance, a, is 8.3 � 0.2 nm. A second molecular row
goes along the B direction, and the distance between the
neighboring molecules is 2.0 � 0.2 nm. The A and B directions
cross each other at an angle of 78 � 2°. The proposed unit cell
is shown in Fig. 4B; however, the exact boundary of an individual
molecule is not clear. The proposed structural model is shown in
Fig. 4C, where each molecule preserves its rectangular shape.
The rectangle lays flat on the Au(111) surface, forming a well
ordered self-organized pattern.

Self-organized adlayers are governed by intermolecular and
molecular–substrate interactions. The interaction between mol-
ecule and substrate on the HOPG surface is weaker than that on
the Au(111) surface. Therefore, the self-assembly on HOPG is
dominated by intermolecular forces, resulting in a close-packed
2D molecular network. On the other hand, when the molecules
adsorb on the Au(111) surface, only linear chains of rectangle
molecules can be seen, likely caused by the stronger interactions
between the rectangle molecules and the substrate. Although the
molecules align along the two underlying lattices on both sub-
strates, the actual structures on HOPG and Au(111) are com-
pletely different. Furthermore, the orientation of the adsorbed
molecules, with respect to the substrate surface, depends on the
substrate.

In summary, we have successfully prepared well ordered
self-organized adlayers of nanoscopic metallacyclic molecular
rectangles on HOPG and Au(111) surfaces. STM results show
the adlayer symmetry and molecular arrangement of the rect-
angle on both surfaces. The rectangle is clearly observed with
dark depressions in the center. Because of the difference in
substrate materials, the long edge of the rectangles sits on the
HOPG surface, and it lays flat on the Au(111) surface. Hence
the molecular self-organization of the supramolecular metalla-
cyclic rectangle on solid surfaces can be tuned by the appropriate
choice of substrate materials. The defined conformation of the
molecules with special properties will be significant for the
fabrication of surface nanodevices.
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