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The self-assemblies of octaruthenium grid-type supramole-
cules, {[Ru2(CO)4(NH2C16H33)2](μ-O2CCO2)}4, on highly ori-
ented pyrolytic graphite (HOPG) in air and in 1-phenyloc-
tane were studied by scanning tunneling microscopy (STM).
The surface supramolecules are arranged into rows in which
the metal cores are linearly packed and the alkyl chains are

Introduction

Nanoscience and nanotechnology have great potential
for making a significant impact on our society. The design
and fabrication of nanoscaled structures with functional
properties have attracted considerable attention recently. A
host of devices can be miniaturized by shrinking them in
size (top-down approach). An alternative is a bottom-up
approach based on assembly of building units at the molec-
ular level. Self-organization and self-assembly are a well-
established phenomenon and are critically important in liv-
ing organisms as well as chemistry and material science.[1]

Supramolecules formed through coordination chemistry ex-
hibit versatile structures (square, triangle, cage, etc.) and
ample metal-based or ligand-based functionality.[2,3] The in-
corporated electronic, magnetic, photochemical, photo-
physical, redox, and/or catalytic properties can lead to ap-
plications in molecular recognition, electrochemical sens-
ing, information storage, catalysis, and so on. In addition,
the well-defined cavities of the supramolecules create the
possibilities of host–guest and inclusion chemistries.[4] As
particle or device size diminishes, the ratio of surface area
to volume increases and surface properties play a crucial
role. Recently, ordered assemblies of supramolecules with
transition-metal cyclic structures on surfaces were reported,
such as grid-type Co, Zn, and Fe complexes on HOPG,[5]

octaruthenium and tetraruthenium complexes on HOPG,[6]

Pt complexes with shapes of rectangle, square, and cage on
Au(111),[7] and square Pt complexes on chloride-covered
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parallel to the surface. With the aid of theoretical calculations
in the framework of density functional theory, the electronic
origin of the tunneling in the measured STM images is dis-
cussed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Cu(100).[8] From a technological point of view, several key
parameters need to be precisely controlled for these com-
plexes, including physical and chemical properties, surface
distribution, and molecular orientation of adsorbates.[4] A
monolayer film structure is a combined result of the interac-
tions between adsorbed molecules and the substrate and
between adsorbed molecules themselves, which can be con-
trolled by hydrogen bonding, dipole–dipole coupling, steric
effects, and so on. CuII salicyclic aldehyde complexes and
aldimine derivative complexes show different adsorption
layer lattices on HOPG,[9] that is, a film structure is modi-
fied by ligand substitution. Ligand substitution or only in-
troduction of specific functional groups at given positions
in the ligand moieties opens a pathway to control not only
two-dimensional film structure but also the molecular ori-
entation in the films.[5a] Recently, we reported that
{[Ru2(CO)4(PMe3)2](μ-O2CCO2)}4, an octaruthenium sup-
ramolecule with a square shape (Figure 1, structure 1),
forms two kinds of two-dimensional, well-ordered assem-
blies on HOPG in air. One of the assemblies is composed of
supramolecules containing Ru–Ru bonds perpendicular to
the surface and the PMe3 groups as outermost parts. In the
other assembly, the supramolecules adopt an orientation
with the Ru–Ru bonds parallel to the surface and the CO
groups as outermost parts. The identification of the layer
structure was based on the direct comparison of the dimen-
sions of the octaruthenium supramolecule with the size of
the bright lobes observed in the STM images. In the present
study, we demonstrate the formation of a two-dimensional
assembly of {[Ru2(CO)4(NH2(CH2)15CH3)2](μ-O2CCO2)}4

on HOPG (Figure 1, structure 2), in which the supramolec-
ules are arranged in rows and the Ru–Ru bonds are parallel
to the substrate surface. The possible tunneling origin for
the observed images of the octaruthenium molecules is dis-
cussed with the aid of density functional theory calcula-
tions.
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Figure 1. Formation of the grid-type octaruthenium complexes.

Results and Discussion

Figure 2a presents a 15.0�15.0 nm2 STM image of 2 on
HOPG, assembled in CH2Cl2 and measured in air with a
positive sample bias of 0.25 V in constant current mode
(0.098 nA). This image shows a structure constituted by
parallel rows. The width of each row is approximately
49.0 Å, with a linear bright region in the center area. The
row width is close to the length (48 Å) of 2 calculated from
one CH3 end group to the other one on the opposite side
across the metal cores on the basis of the theoretically opti-
mized structure of 2 with zig–zag hydrocarbon chains. Fig-
ure 2b compares the I–V curve measured at the bright area
in Figure 2a to the typical I–V curve of the pure HOPG
plane. In the former case, the flat I–V feature about the zero
bias voltage shows the presence of a bandgap. The measure-
ments of the tunneling current at every bias were made
three times and averaged to improve the signal-to-noise ra-
tio. In some areas of 2-covered HOPG, edges of islands
formed by the ordered arrangement of the supramolecules
can be observed. Figure 3a is a 600�600 nm2 STM image,
measured with a sample bias of –0.07 V and a tunneling
current of 0.049 nA in air; it shows a step separating two
terraces. On the basis of the tunneling image and the I–V
spectrum measured around point A in the lower area (not
shown), the dark terrace is attributed to a clean graphite
surface. The row-like feature of Figure 2a is also observed
in the high-resolution STM images taken in the bright ter-
race of Figure 3a, as shown in Figure S1 (Supporting Infor-
mation). The line profile across the step (from point A to
B) shows that the height difference between the two terraces
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is approximately 17 Å (Figure 3b), which is close to the
height of the molecule, ca. 15.9 Å [sum of the oxygen nu-
cleus-to-nucleus distance (12.9 Å, as indicated in Figure 1)
and the van der Waals radii of two oxygen atoms (ca. 3 Å)].
These geometric similarities, the row width corresponding
to the molecular length and the island height corresponding
to the molecular height, indicate that the adsorbed supra-
molecules adopt an orientation with their long hydrocarbon
chains and Ru–Ru bonds parallel to the surface. For an
adsorbed molecule of 2 with this orientation, there are four
coordinated CO molecules in contact with the surface.

Figure 2. (a) STM image measured with a positive sample bias volt-
age of 0.25 V and a tunneling current of 0.098 nA in air of the
assembly of 2 on HOPG. The width of the rows corresponds to the
length of the molecule; (b) comparison of the I–V curves of clean
and 2-covered HOPG surfaces.

Because the formation of the layer structure of 2 on
HOPG must depend on the interactions between 2 and the
HOPG surface as well as on the interactions between mole-
cules of 2, a model compound, {[Ru2(CO)4(NH3)(NH2-
C8H17)](μ-O2CCO2)}4, on HOPG was calculated to address
the bonding nature of 2. In these calculations, the HOPG
surface is represented by a sheet of carbon atoms fixed at
the graphite lattice positions, with the edge carbon atoms
coordinately saturated with H atoms. The total atom
number (500 atoms) was confined by the software package
in computation; therefore, only the model compound was
studied instead of 2. For the two adsorption systems of Fig-
ure 4a, b in which the adsorbed molecules have a 10° direc-
tional difference, the energy discrepancy is only
3 kcalmol–1. This small difference in energy can be attrib-
uted to the weak van der Waals interaction between the
molecule and the surface, which is not strongly dependent
on the adsorption sites. The optimized 2.9 Å distance be-
tween the graphite surface and the O atom of the terminal
CO (Figure 4a) is consistent with the sum of the
van der Walls radii of C and O.
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Figure 3. (a) A 600 �600 nm2 STM image measured in air with a
sample bias voltage of –0.07 V and a tunneling current of 0.049 nA
of a step separating a bright terrace representing a 2-covered area
and a dark terrace representing an uncovered area of HOPG; (b)
the line profile from A to B shows that the height between the two
terraces is ca. 17 Å.

Figure 4. Optimized adsorption structures of a {[Ru2(CO)4-
(NH3)(NH2C8H17)][μ-O2CCO2]}4 model compound in different di-
rections (10° difference); structure (b) has an energy that is only
3 kcalmol–1 higher.

To check the effect of the presence of solvent molecules
on the adsorption structure and 2D array of 2 on HOPG,
the assembly of 2 on HOPG was assembled and probed by
STM in 1-phenyloctane. In a recent STM study of hexade-
hydrotribenzo[12]annulene derivatives (DBA) on HOPG, it
was found that the structure of the DBA networks on
HOPG is dramatically influenced by the presence of dif-
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ferent solvent molecules.[10] The STM image of the ordered
layer structure of 2 on HOPG measured in 1-phenyloctane
with a +1.9 V sample bias voltage and a tunneling current
of 0.049 nA is presented in Figure 5a. The molecules of 2
are packed into rows with a width of ca. 46.5 Å, similar to
that observed in air. Figure 5b is a magnified image of the
center region of Figure 5a, with a superimposed structure
of 2 to show the matched length.

Figure 5. (a) A 30 nm �30 nm STM image measured with a sample
bias voltage of 1.9 V and a tunneling current of 0.049 nA in 1-
phenyloctane of the assembly of 2 on HOPG; (b) magnified graph
of the center region of (a) with a superimposed molecule of 2.

To further address the origin of the tunneling, the molec-
ular orbitals from the HOMO to HOMO-10 and from the
LUMO to LUMO+9 of 2 were calculated in the framework
of density functional theory (LDA-PWC). HOMO-n de-
notes the orbital below the HOMO by n energy levels;
LUMO+n denotes the orbital above the LUMO by n en-
ergy levels. The wavefunctions from the HOMO to HOMO-
3 of 2 and their relative energies are shown in Figure 6. The
orbitals from the HOMO-4 to HOMO-10 are displayed in
Figure S2 (Supporting Information). The orbitals from the
HOMO to HOMO-3 mainly comprise Ru 4dz2, N 2pz, and
C 2pz of the CO group and O 2pz of the CO and O2CCO2

groups. The orbitals from the HOMO-4 to HOMO-7 con-
tain the components of Ru 4d, N 2p, and O 2p of the CO
and O2CCO2 groups. Ru 4d and O 2p of the CO and
O2CCO2 groups contribute to the orbitals from HOMO-8
to HOMO-10. Figure 7 and Figure S3 (Supporting Infor-
mation) show that the predominant contributions of the or-
bitals from the LUMO to LUMO+4 are C 2p and O 2p of
the bridging O2CCO2 group. The orbitals from the
LUMO+5 to LUMO+9 mainly consist of Ru 4d, C 2p, and
O 2p of the terminal CO group. Our DFT calculations
(LDA-PWC and GGA-PBE) show that the HOMO–
LUMO gap of 2 is ca. 1.2 V. The self-assembled layer of 2
on HOPG in air was imaged at a small bias voltage of
+0.25 V (Figure 1a). Different mechanisms were proposed
for STM images of adsorbed molecules measured at low
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bias voltages, in the gap between the HOMO and LUMO
states, including work function modulation, resonant tun-
neling, and weak mixing of states of the molecule and sub-
strate through molecule–substrate interaction.[11] In the
case of the STM image of 2 assembled and measured in 1-
phenyloctane, a +1.9 V sample bias was used. With an as-
signed HOMO–LUMO energy gap of 1.2 V and the as-
sumption that the substrate Fermi level is located at the
midpoint in the gap, the calculated energy levels from the
LUMO to LUMO+9 are all below the Fermi level at a posi-
tive bias of 1.9 V, that is, these states become accessible for
electron tunneling from HOPG to the molecules.

Figure 6. Individual molecular orbitals of 2 from the HOMO to
HOMO-3 and their relative energies. NH2C2H5 is used to replace
NH2C16H33 to save space.

Figure 7. Individual molecular orbitals of 2 from the LUMO to
LUMO+3 and their relative energies. NH2C2H5 is used to replace
NH2C16H33 to save space.

Conclusions
Grid-type octaruthenium complex 2 consisting of CO

and NH2C16H33 terminal ligands and a O2CCO2 bridging
ligand was designed, synthesized, and studied with STM.
Molecules of 2 on HOPG form an ordered assembly in
which the molecules are arranged into rows, and they adopt
an orientation with their Ru–Ru bonds and hydrocarbon
chains parallel to the surface.

Experimental Section
Synthesis of [Ru2(CO)4(NH2C16H33)2](μ-O2CCO2)4: Freshly pre-
pared [Ru3(CO)12], oxalic acid·2H2O, and THF were added in a
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pressure Schlenk tube. The mixture was heated to 120 °C while
magnetically stirred for 6 h. To avoid the back-reaction, the gases
evolved were drawn off from time to time. n-Hexadecylamine was
then added. The solution was stirred for 2 h more, and then the
solvents were removed under vacuum to afford a solid residue.
Recrystallization from CH2Cl2/MeOH gave [Ru2(CO)4(NH2-
C16H33)2](μ-O2CCO2)4. Yield: 83%. 1H NMR (300 MHz, CD2Cl2):
δ = 0.86 (t, J = 6.4 Hz, 24 H, terminal CH3), 1.54 (m, 16 H,
CH2CH3), 2.32 (s, NH2), 2.91 (t, J = 7.1 Hz, 16 H, CH2NH2), 1.25
(m, 208 H, 104 �CH2). IR (CH2Cl2): ν̃ = 1591 (CO), 1979 (CO),
2030 (CO) cm–1. C152H280N8O32Ru8 (3540.47): calcd. C 51.6, H 8.0,
N 3.2; found C 51.4, H 8.0, N 3.2.

[Ru2(CO)4(NH2C16H33)2](μ-O2CCO2)4 Film Preparation for STM
Investigation: The 2D layer structure of [Ru2(CO)4(NH2C16H33)2]-
(μ-O2CCO2)4 on HOPG was investigated in air and in 1-phenyloc-
tane. The film formation procedures for these two STM studies
were different. In the former case, a drop of [Ru2(CO)4(NH2-
C16H33)2](μ-O2CCO2)4 in CH2Cl2 (0.01 m) was deposited on a
freshly cleaved surface of HOPG (ZYB quality), which was placed
in the middle of a glass container with a small amount of CH2Cl2
left on the bottom, and then the container was sealed immediately.
After 6 h, the HOPG was taken out of the container and the
CH2Cl2 was allowed to vaporize before STM images were recorded.
It was found that 2 with the long alkyl chains [-(CH2)15CH3]
needed much more time, relative to molecules of 1 reported pre-
viously, to pack into an ordered assembly by diffusion and adjust-
ment of their relative positions in the interface of the solvent
(CH2Cl2) and HOPG. In the case of 2 in 1-phenyloctane, a drop
of 1-phenyloctane solution saturated with [Ru2(CO)4(NH2C16H33)2]-
(μ-O2CCO2)4 was placed on a freshly cleaved HOPG surface, which
allowed the formation of an assembly of 2. After 6 h, the surface
was scanned by STM. Electrochemically etched W tips were used
for the STM studies (Seiko Instruments, SPA 400) at constant cur-
rent mode. All the STM images were collected with 256 �256 data
points.

Molecular Orbital Calculations: The optimized molecular structure
as well as the orbitals and energies of [Ru2(CO)4(NH2C16H33)2](μ-
O2CCO2)4 were calculated in the framework of density functional
theory by using the DMol3 package, in which the Perdew–Wang
local exchange and correlation function (LDA-PWC) and double-
numerical basis set were employed. The calculations were spin-un-
restricted and did not include a relativistic effect for the core elec-
trons. In addition, another method, the generalized gradient
approximation of Perdew, Burke, and Ernzerhof to the exchange
and correlation functional (GGA-PBE), was also employed to cal-
culate the supramolecular orbitals and their corresponding ener-
gies. A consistent HOMO–LUMO energy gap was obtained with
both methods.

Supporting Information (see footnote on the first page of this arti-
cle): Additional STM image and the HOMO- and LUMO-related
orbitals of 2.
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