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Highly dispersed superstructures of a dipolar iridium complex are formed on a Cu(111) surface. We
show that the dilute superstructures with density-controlled intermolecular separations are stabilized by
the strong and long-range repulsive intermolecular interactions. The repulsive intermolecular interactions
are quantitatively evaluated by using low-temperature scanning tunneling microscopy, which are char-
acterized by the surface-enhanced dipole-dipole interactions.
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The controlled positioning and assembling of functional
molecules on surfaces are currently attracting considerable
interest [1,2]. Recently, a rich variety of molecular nano-
structures such as clusters, wires, and extended networks
has been selectively assembled on surfaces [3–6], which
has been directly characterized by scanning tunneling mi-
croscopy (STM). In this approach, the selective molecular
assembly has been controlled by tuning directional inter-
molecular attractions such as hydrogen bondings [7]. In
contrast to such an attractive interaction, repulsive inter-
molecular interactions should play also a significant role in
the molecular assembly. Silly et al. [8] created well-
ordered atomic superlattices on a Ag(111) surface, in
which hexagonal arrays of Ce adatoms with a 3.2 nm
periodicity are stabilized by the interactions of surface-
state electrons with Ce adatoms. Although the atomic
superlattices were stable only at a low temperature of
3.9 K, Lukas et al. [9] have found that regular molecular
stripes of one-dimensional pentancene rows on a Cu(110)
surface, achieved by a substrate-mediated inter-row repul-
sion, are stable for temperatures up to 450 K. Since the
stability of the superstructures is associated with the inter-
action potentials between adsorbates, a quantitative under-
standing of adsorbate-adsorbate interactions and the
influence of substrates should be required to control mo-
lecular self-assembly [10,11].

In this Letter, we report strong and long-range repulsive
interactions between dipolar molecules on a Cu(111) sur-
face which lead to the formation of highly dispersed mo-
lecular superstructures with density-controlled inter-
molecular spacings. STM observations reveal that individ-
ual adsorbed molecules are separately distributed on the
surface. To evaluate the intermolecular interactions quan-
titatively, we measure the nearest-neighbor separations r
between adsorbed molecules, and the obtained intermolec-
ular potential is consistent with the dipole-dipole interac-
tions with a decay as r�3. Nevertheless, the obtained

repulsive interactions are considerably stronger than that
expected from the permanent dipole moment of the
molecule.

We have used a facial cyclometalated complex of tris-(2-
phenylpyridine)iridium(III), fac-Ir�ppy�3 [12], in which
the three phenylpyridine (ppy) ligands surrounding an Ir
ion exhibit a propeller-shaped conformation [13,14] with
an inherent C3 symmetry as shown in Fig. 1. Because of its
very high efficiency of electrophosphorescence, Ir�ppy�3
has been widely used as a luminescent material in the
organic light-emitting devices [15,16]. In addition, a quite
large dipole moment of 6.5 D along the C3 axis has been
calculated for fac-Ir�ppy�3 [14], which results from charge
transfer from the central Ir ion to the phenyl moieties of the
ppy ligands. To investigate intermolecular interactions of
adsorbed Ir�ppy�3 on Cu(111), we used a low-temperature
STM operated under ultrahigh vacuum (UHV) conditions.
Electrochemically etched W tips were used for the STM
probe. The Cu(111) substrate was prepared by repeated
cycles of Ar� sputtering and annealing in a UHV chamber
to obtain atomically flat surface without impurities. The
Ir�ppy�3 molecules were thermally evaporated at 473 K
from a carefully outgassed Knudsen cell under UHV con-

 

FIG. 1 (color online). (a) Chemical structure and (b) space
filling model of fac-Ir�ppy�3.
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ditions. The Cu(111) sample was maintained at room
temperature during the deposition and was subsequently
transferred to the cooled microscope stage. All STM im-
ages were obtained in a constant-current mode at 81 K.

Figure 2(a) shows an STM image of the Cu(111) surface
after a small amount of Ir�ppy�3 was deposited. In the STM
image, individual molecules appear as bright protrusions
with about 0.25 nm height. Whereas they are preferentially
adsorbed at step edges, isolated Ir�ppy�3 monomers are
randomly distributed on terraces. In a high-resolution
STM image of Fig. 2(b), the single molecules are com-
posed of three protrusions with a triangular configuration,
in which each distance is estimated to be about 0.5 nm. On
the basis of the molecular dimensions, each protrusion can
be assigned as one of the ppy ligands, and the appearance
of the three ppy ligands suggests that the C3 symmetry axis
of Ir�ppy�3 is oriented perpendicular to the surface plane
[see Fig. 1(b)]. Although the substrate-molecule interac-
tions appear to be rather strong, we occasionally observed
molecular hopping on terraces during slow STM imaging
(>600 sec =image). The hopping rate derived from STM
images was 0:014� 0:001 sec�1 at 81 K, almost indepen-
dent of the tunneling parameter at around 50 pA. This
result ensures that the adsorbed molecules are distributed
on terraces under sufficient thermal equilibrium at 81 K,

and thus the distribution should be associated with the
intermolecular interactions.

It has been reported that lateral interactions between
metal adsorbates are mediated by the two-dimensional
electron gas in Shockley-type surface states of Cu(111)
[17,18]. Because of scattering surface-state electrons at
adsorbates, the charge density oscillations are induced,
which give rise to periodic electronic potentials called as
the surface Friedel oscillations. The indirect interactions
have a period of half of the Fermi wavelength with a decay
as r�2. In the present system, we find that Ir�ppy�3 also acts
as a scattering center. Figure 2(c) shows a differential-
conductance (dI=dV) STM image at 81 K of isolated
Ir�ppy�3 molecules at a low bias voltage of �0:07 V, in
which the circular standing-wave patterns appear around
Ir�ppy�3. The measured wavelength of about 1.5 nm is
equivalent to the half of the Fermi wavelength of the
surface states. Assuming the molecule to be a circular
hard wall potential, the radius a of the effective potential
for the surface-state electrons is estimated to be 0:13�
0:03 nm, which is much smaller than the molecular radius
of about 0.5 nm. In the theory of Hyldgaard and Persson
[19], the surface-state mediated interaction potential
Eint�r� is given by

 Eint�r� � �AE0

�
2 sin�0

�

�
2 sin�2kF�r� 2a� � 2�0�

�kF�r� 2a��2
;

where A is a scattering amplitude, E0 is the surface-state
band edge, kF is the Fermi surface wave vector, and �0 is
the scattering phase shift. This periodic potential predicts
the local energy minima at r 	 1:25, 2.75, and 4.25 nm
with a r�2 envelope, which leads to large populations at
around these separations in the probability pair distribu-
tions. In terms of two-body interactions, the probability
distribution fcalc�r� modified by the intermolecular poten-
tial E�r� can be estimated from fcalc�r� 	 fran�r�

exp��E�r�=kBT� [18], where r is the nearest-neighbor
separations between adsorbates, fran�r� is the random sepa-
ration distribution [20], and kB is the Boltzmann constant.
To clarify the influence of the surface Friedel oscillations,
we measured the nearest-neighbor separations between
adsorbed Ir�ppy�3 molecules on Cu(111) at T 	 81 K as
a function of the molecular densities. Figure 3 shows the
experimental probability distribution histograms f�r� of
the nearest-neighbor separations, measured from a total
of 2019– 4184 molecules (20–70 STM images) at each
density. At a dilute density of 0:02 nm�2 in Fig. 3(a), the
peak at r 	 2:59 nm is almost consistent with the second
peak at r 	 2:75 nm of the calculated probability distribu-
tions (solid curve) fcal�r� associated with Eint�r�. The
corresponding molecular pairs with the about 2.6 nm sep-
arations are highlighted by circles in the STM image of
Fig. 3(a). We also observed the weak peak at r � 2:6 nm in
other histograms at low molecular densities less than about
0:07 nm�2 (not shown), which indicates the intermolecular
interactions are weakly affected by the surface Friedel

 

FIG. 2 (color online). (a) STM image of randomly distributed
Ir�ppy�3 molecules on Cu(111) obtained at 81 K (65 nm

100 nm, sample voltage Vs 	 0:6 V, and tunneling current It 	
80 pA). The molecular density � is 0:028 nm�2. (b) High-
resolution STM image of Ir�ppy�3 on Cu(111) at 81 K (4:0 nm

4:0 nm, Vs 	 �1:3 V, and It 	 40 pA). Each molecule is com-
posed of three bright protrusions. (c) dI=dV STM image of
circular standing-wave patterns around isolated two Ir�ppy�3
molecules on Cu(111) at 81 K (25:0 nm
 25:0 nm, Vs 	
�0:07 V, and It 	 100 pA).
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oscillations. However, other experimental peaks cannot be
reproduced, and the overall distributions are shifted to
larger separations with respect to the calculated distribu-
tions. In addition, the deviation from the calculated distri-
butions fcal�r� becomes significant with increasing
molecular density, as shown in Fig. 3. These results suggest
that additional repulsive potentials are incorporated in this
system.

To clarify the strong repulsive interactions, we have
directly evaluated the interaction potential from E�r� 	
�kBT ln�f�r�=fran�r��, where f�r� is the experimental his-
togram . Figure 4 shows the averaged potential curve
obtained from six dilute densities (� 	 0:020, 0.028,
0.058, 0.068, 0.105, 0:131 nm�2)[21], in which the repul-
sive energy is much larger than the expected surface
Friedel oscillations (solid curve) at r < 2 nm. By careful
comparison with several kinds of decay functions, we find
that the potential energy decays as � r�3, suggesting the
dipole-dipole interactions between Ir�ppy�3 molecules.
Furthermore, the repulsive interactions reflect the fact
that each dipole moment is oriented in the same direction.

As indicated above, the appearance of three ppy ligands in
the high-resolution STM image of Fig. 2(b) implies that the
permanent dipole moment of Ir�ppy�3 running along the C3

axis is oriented perpendicular to the surface. In this case,
two possible dipole directions, pointed toward the surface
or the vacuum side, are expected, depending on whether
the prydine or phenyl moieties of the ppy ligands are
adsorbed on the surface. Since the adsorption directions
are unable to be distinguished from the high-resolution
STM images, we have performed the PM3 semiempirical
molecular orbital calculations [22], in which 19 Cu atoms
are included as a single surface layer of Cu(111) fixed with
a bulk interatomic distance. From the geometry optimiza-
tion, the stable adsorption structures have revealed that the
three ppy ligands of Ir�ppy�3 are adsorbed on the Cu
surface without large deformation, and thus the C3 sym-
metric axis is oriented perpendicular to the surface plane
[as shown in Fig. 1(b)], which well reproduces the orien-
tations and dimensions of the three protrusions appearing
in the high-resolution STM images. Furthermore, when the
prydine moieties of the ppy ligands are directly adsorbed
on the Cu(111) surface, the calculated adsorption energy is
16:9 kcal= mol lower than that for the opposite adsorbate
direction. This large energy difference predicts that the
dipole moments of nearly all adsorbed molecules are
pointed toward the surface plane, on the basis of the
Boltzmann distribution at a substrate temperature of
300 K during the molecular deposition. The direction
selective adsorption of Ir�ppy�3 should arise from the

 

FIG. 4 (color online). Potential energy between two Ir�ppy�3
molecules, evaluated from histograms of nearest-neighbor sep-
arations at six molecular densities (� 	 0:020, 0.028, 0.058,
0.068, 0.105, 0:131 nm�2). The standard deviation of the mean is
shown as the error bar. The solid curve shows the surface-
mediated interaction potential Eint�r�, originated from scattering
surface-state electrons at Ir�ppy�3. The orange dotted curve
displays the calculated interaction potential fitted by including
the dipole-dipole interaction (� 	 6:49 D), dipole-mirror dipole
interactions, and Eint�r�. The inset shows the schematic illustra-
tion of intermolecular dipole-dipole and dipole-image dipole
interactions.

 

FIG. 3 (color online). Histograms of the nearest-neighbor sep-
arations of adsorbed Ir�ppy�3 molecules on Cu(111) at molecular
densities of (a) � 	 0:020 nm�2, (b) 0:131 nm�2, and
(c) 0:237 nm�2, measured from STM images at 81 K. The insets
show typical STM images at each density (51:0 nm
 51:0 nm).
The dotted curves display the random separation distribution
fran�r� [20], and the red solid curves display the calculated
probability distributions fcalc�r� modified by the surface
Friedel oscillations Eint�r�. In Eint�r�, we have used a phase shift
�0 	 �=2 for the hard wall potential and a typical scattering
amplitude A 	 0:13 used for a metal adsorbate [18].
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anionic nature of the phenyl moieties preventing from the
stable adsorption, compared with the neutral nature of the
pyridine moieties.

The strong repulsive interactions of Ir�ppy�3 should be
originated from the direct dipole-dipole interactions,
which are naı̈vely described as E�r�dipole 	 �2=4��0r3,
where � is the permanent dipole moment of Ir�ppy�3. By
fitting it to the experimental potential curve of Fig. 4 [23],
we have obtained the dipole moment of adsorbed Ir�ppy�3
molecules to be 9:18� 1:70 D, which is much larger than
the calculation result of 6.5 D for intrinsic Ir�ppy�3 [14].
This enhancement of the repulsive interactions should be
explained by the effect of the mirror dipoles. The mirror
dipoles are known to be produced inside of conducting
surfaces [24], and due to the dipole-dipole and dipole-
mirror dipole interactions as illustrated in the inset of
Fig. 4, the potential is enhanced by a factor of 2. By
including the influence of the mirror dipoles, the dipole
moment is reevaluated to be 6:49� 1:20 D from the
experimental potential curve, which is almost identical to
that of Ir�ppy�3. As a consequence, the surface-enhanced
dipole-dipole interactions are dominated between Ir�ppy�3
on the Cu(111) surface.

The strong and long-range repulsive intermolecular in-
teractions will lead to the formation of highly dispersed
superstructures with density-controlled intermolecular
spacings, since the averaged separations are determined
by the balance between the repulsion and dispersion inter-
actions. As shown in Fig. 3, we observed almost uniformed
molecular separations ranging from 1.7 nm to 3.6 nm in the
superstructures, depending on the molecular density,
although multilayer crystalline films were formed above
a critical density of 0:24 nm�2.

In conclusion, the surface-enhanced dipole-dipole inter-
actions of adsorbed Ir�ppy�3 molecules have been observed
on the Cu(111) surface, as well as the indirect surface-
mediated interactions. The repulsion is attributed to the
orientation selective adsorption of dipolar Ir�ppy�3 mole-
cules on the Cu(111) surface, and it is enhanced by the
effects of the mirror dipoles. The strong and long-range
repulsive interactions lead to the formation of highly dis-
persed superstructures with density-controlled intermolec-
ular spacings. In the superstructures, it should be noted that
the dipole moment of all adsorbed molecules is oriented in
the same direction (toward the surface), so that unusual
electronic and optical properties are expected.
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