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A
s a bottom-up approach, surface-as-
sisted supramolecular coordination
self-assembly offers a versatile route

for designing nanoscale architectures.1�5

On a surface, coordination usually com-
prises a single metal atom ligated by organ-
ic ligands that lie flat on the surface in a two-
fold, three-fold, four-fold,1�5 or five-fold6

geometry. The metal centers in these two-
dimensional (2D) coordination systems are
unsaturated, and their top sites are open for
additional ligation.7 This configuration is
expected to possess interesting properties,
such as magnetism, catalysis, and gas
adsorption.3,4 For example, Fe centers co-
ordinated by carboxylate ligands on a Cu
surface exhibit high-spinmagnetic momen-
tum which can be tuned by oxygen
adsorption.8 Dinuclear coordination centers,
which are abundant in nature as well as in
conventional coordination chemistry in
three dimensions, provide rich functions.9,10

A famous example is dinuclear metal cen-
ters in various metalloproteins. This struc-
ture plays key roles in respiration or meta-
bolism and thus has attracted intensive
attention in biomimetic catalysts.11 In 2D

coordination systems, however, dinuclear
coordination centers are very rare. An ex-
tensively studied system is the di-M (M = Fe,
Co, or Mn) center coordinated by carboxy-
late or carboxylate/pyridyl ligands, in which
two metal atoms are aligned in plane (i.e.,
parallel to the substrate).12�21 Interestingly,
di-iron centers were found to be much
more active than mono-iron ones for O2

dissociation.22 The 2D coordination net-
works containing out-of-plane dinuclear co-
ordination centers in which two metal
atoms align perpendicular to the network
plane are highly interesting because the
outstanding metal atoms may be extremely
reactive as they are more open for on-top
binding. Furthermore, these atoms provide
sites for axial ligation which may extend
the 2D networks into three-dimensional
(3D) frameworks. To date, however, such
out-of-plane dinuclear coordination sys-
tems are not reported.
Here we report on a study of surface-

assisted self-assembly of 5,10,15,20-tetra-
(4-pyridyl)porphyrin (TPyP, as shown in
Figure 1a) and Fe on a Au(111) surface. In
solution phase, TPyP forms 3D coordination
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ABSTRACT We present an investigation of two-dimensional

coordination networks formed by 5,10,15,20-tetra(4-pyridyl-

)porphyrin and iron atoms on a Au(111) surface. The coordination

bonds are very robust as evidenced by STM manipulated lateral

displacement of an entire network of islands consisting of hundreds

of molecules and atoms. We also applied vertical manipulation to

detach and attach single Fe atoms at the coordination sites.

Moreover, low-temperature tunneling spectroscopy reveals a Kondo

resonance at the Fe coordination center. These findings evidence that the network structure is stabilized by a coordination motif in which a pair of vertically

aligned Fe atoms is ligated by four equatorial pyridyl groups. Such out-of-plane dinuclear coordination centers provide potential functions, such as

catalytic, adsorption, and template for growing three-dimensional framework architectures.
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frameworks with Mn, Fe, Ag, Co, Zn, or Cu.23�28 On the
surface, TPyP can coordinate with Au or Cu, forming 2D
Kagome or square networks.29�31 In this study, we
found that TPyP and Fe form extended 2D networks
exhibiting a nearly square lattice. Surprisingly, the net-
work islands that consist of hundreds of molecules and
atoms could be moved laterally on the surface by a
scanning tunnelingmicroscope (STM) tip without disrup-
tion. STM has been used to manipulate individual
atoms,32,33 molecules,34,35 supramolecular clusters,36�38

and supramolecular chains.39,40 Manipulation of such
large size supramolecular structures has not been
achieved because the intermolecule binding force is
normally weaker than the diffusion energy barrier
when the structures become large. Our results clearly
demonstrate that the cohesive energy of the coordina-
tion bonds in the networks is very high. We also
conducted vertical manipulation at coordination junc-
tions to “pick-up” or “put-down” single Fe atoms
reversibly. Furthermore, we used scanning tunneling
spectroscopy (STS) to resolve Kondo resonance at the
coordination junctions before and after the vertical
manipulation. On the basis of these findings, we con-
clude that the 2D FeTPyP coordination networks are
stabilized by a novel dinuclear coordination motif
in which two Fe atoms are aligned vertically to the
network plane and ligated to four equatorial pyridyl
ligands.41,42

RESULTS AND DISCUSSION

On Au(111), TPyP molecules form a close-packed
monolayer that is stabilized by weak intermolecule

interactions similar to that on Ag(111).43 After dosing
small amounts of Fe and followed by a thermal anneal-
ing treatment at 150 �C, networks showing nearly
square lattice emerged (see Figure 1a). The high-
symmetric direction of the networks follows Æ110æ or
equivalent directions of the Au(111) surface lattice. The
lattice constant of the network phase along Æ110æ is
1.43( 0.02 nm, which is five times the lattice constant
(0.288 nm) of the Au(111) substrate. Along the ortho-
gonal direction, which follows Æ112æ direction of Au-
(111), the network lattice constant is 1.49 ( 0.03 nm,
which is three times the periodic distance of 0.498 nm
of the Au(111) substrate along the Æ112æ direction.
Figure 1b is a high-resolution image of the network
structure. One can see that TPyP molecules show two
types of intramolecular appearance: one type exhibits
a dark depression at the center, and the other type
(marked by an arrow) shows two protrusions at two
opposite edges. We attribute the first type as free base
TPyP and the second type as Fe-metalated FeTPyP
since before Fe deposition we only observed the first
type.31,43,44 Fe metalation is further confirmed by
Kondo resonance (see later discussion). Detailed in-
spection reveals that both types of molecules have a
slightly longer axis (i.e., showing C2v symmetry), which
arises from saddle-shaped molecular conformation.45

At the four corners of each molecule, there are “finger-
like” features that can be assigned to pyridyl (py)
functional groups. At the junction of four adjacent
molecules, four py groups point inwardly, forming a
cloverleaf; see the circle in Figure 1b. Such configura-
tion strongly hints that the four py groups bind to a

Figure 1. (a) STM image (40� 30 nm2) of a network island formedout of TPyP and low-dosage Fe. Inset: Chemical structure of
TPyP. (b) High-resolution STM image (8.9� 8.9 nm2) showingmetalated FeTPyPmolecules (indicated by thewhite arrow) and
the cloverleaf junctions (in the white circle). (c) Tentative model of the network structure (green dots, Fe atoms). The black
arrow indicates a metalated FeTPyP molecule, and the red circle highlights a type-II junction. (d) STM image (40 � 30 nm2)
showing two network islands formedout of TPyP and high-dosage Fe. (e) High-resolution STM image (8.3� 8.3 nm2) showing
four types of junctions. (f) Tentative model of the four types of junctions (green dot, Fe atom; blue line, pyridyl group; black
rectangle, porphyrin core).
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central agent, presumably an Fe atom (or ion) via

coordination bonds. The metal centers in the surface
coordination systems are often not resolved by STM
due to either deficient electronic states or lower geo-
metrical height.46 The existence of Fe at the cloverleaf
junctions is confirmed by Kondo resonance (see later
discussion). Figure 1c shows a structural model based
on the STM data (note that the orientation of the
pyridyl ligands may take a different angle). The neigh-
boring TPyP molecules are linked via four-fold Fe-py
coordination inwhich Fe�Nbond length is 0.25 nm if it
is assumed that Fe and N atoms are in the same plane.
This value falls in the range of typical metal�organic
coordination bond length.1

In Figure 1a,b, bright dots appear at some junctions
in the network. In the following discussion, we denote
the cloverleaf junctions as type-I and the junctionswith
dots as type-II. Both types occupy identical sites in the
network lattice. The circle in Figure 1c highlights the
position of a type-II junction. The population of the
type-II junctions increases at higher Fe dosage.
Figure 1d shows two network islands formed on a
sample with high Fe dosage. One can see that the
lattice and orientation of these networks are identical
to those of the networks formed with the low Fe
dosage sample. The major difference is that the junc-
tion sites are almost fully occupied by bright dots,
namely, type-II junctions. The high-resolution data
reveal that themolecules in the network are exclusively
metalated by Fe (confirmed by Kondo resonance).
High-dosage Fe thus resulted in two effects:metalation
of the porphyrin cores and generation of type-II junc-
tions. Since a type-I junction already contains an Fe
atom, we propose that the bright dot in the type-II
junction accounts for a two-Fe junction, in which an Fe
atom sits on top of a type-I junction. The bonding
between the two Fe atoms in the junction is not fully
understood. Nevertheless, we speculate that the top Fe
binds with the py groups as we will demonstrate later
that type-II junctions remarkably enhance the cohesive
energy of the network lattice. Moreover, Figure 1b
shows that the type-II dots may appear in two heights,
as highlighted by the dotted circles in Figure 1e and
denoted as IIL and IIH for the low and high ones,
respectively. We also observed that type-I junctions
also have two different appearances, as highlighted by
the solid circles in Figure 1e. In Figure 1e, there are four
types of junctions: normal type-I junction (IL), bright
type-I junction (IH), low type-II (IIL), and high type-II (IIH).
It is known that the phenyl groups attached to a
porphyrin core may be bent downwardly or upwardly
with respect to the porphyrin core;47 we suggest that
the different appearances of IL and IH or IIL and IIH can
be ascribed to the same effect; that is, the pyridyl
groups are bent downwardly or upwardly for IL(IIL) or
IH(IIH), respectively. Tentative side-view models of the
four types of junctions are plotted in Figure 1f.

We conducted lateral manipulation to examine the
bond strength of the networks. The manipulation
consists of three steps: (1) vertical approach of the
STM tip 0.3�0.4 nm toward the edge of a network
island, (2) lateral displacement of the STM tip, and (3)
retraction of the STM tip. Figure 2a,b shows an example
of lateral manipulation of an island consisting of about
330molecules that are linked predominantly by type-II
junctions. The red arrow in Figure 2a indicates the tip
displacement path. Figure 2b shows that the island has
been shifted by 2.8 nm, taking the top right corner as a
reference (the dashed frame marks the island periph-
ery before the manipulation). The internal features of
the islands including a vacancy and several type-I
junctions remain unchanged after the manipulation.
We found that when a network island is attached to a
step edge, it could not be displaced using the same
protocol, presumably due to the interactions between
the island and the step. It is quite surprising that large
supramolecular structures containing hundreds of
molecules can be moved without losing their integrity.
Apparently, the cohesive energy of the coordination
bonds is larger than the diffusion energy barrier of the
entire islands. Considering the size of the islands, the
strength of the coordination bonds is remarkable.
To compare the bond strength of type-I and type-II

junctions, we manipulated an island shown in
Figure 2c, which contains many type-I junctions. Parti-
cularly, there exists a chain of type-I junctions in this
island as indicated by the white arrow. We conducted
multiple manipulations at this island. Figure 2d shows
that the first manipulation (indicated by the red arrow
in Figure 2c) broke the island into two parts along the
type-I junction chain. The two parts are connected by a
single type-II junction. Figure 2e shows that another
manipulation (indicated by the blue arrow in Figure 2d)
tore the two parts further apart, while the type-II
junction linking the two parts still remained. Appar-
ently, type-II junctions aremuch stronger than type-I. In
other words, the two-Fe junction substantially en-
hances the cohesive energy of the coordination bond.
We propose that the top Fe also bonds to the py
groups, hence strengthening intermolecular binding.
Another likely reason for lateral manipulation of the
networks containing type-II junctions is that, when a
second Fe atom binds to the lower Fe atom, the
bonding of the lower Fe atom with the Au substrate
is weakened. Such effects have previously been
shown.48 As a result of the weakened adsorbate�sub-
strate bonds, the barriers for lateral movements are
reduced.
We also conducted vertical manipulation at the

junctions to detach and attach single Fe atoms: First,
the STM tip was positioned on top of a IIH junction, for
example, the one circled in Figure 3a. Then a bias
voltage of �2 V was applied. At this condition, the
top Fe atom could be transferred to the tip and the IIH
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junction was changed to a IH junction, as shown in
Figure 3b. Note that attachment of the Fe atom at the
tip end improved STM resolution as manifested by
Figure 3b.We acquired tunneling spectra on a clean Au
surface area to examine the state of the tip before and
after the vertical manipulation. The green curve in
Figure 3d is a dI/dV spectrum acquired using a clean
tip before the manipulation, showing the surface-state
onset of the Au(111) at�0.45 V. After themanipulation,
the surface-state onset becomes weaker and a peak
emerges at 1.55 V (the red curve in Figure 3d). This new
state can be attributed to the attachment of a single
atom at the tip end. The attached Fe atom could be
transferred back to a IH junction by approaching the tip
0.3 nm toward the junction. Figure 3c shows that the IH
junction regained the Fe atom and was changed back
to a IIH junction. Meanwhile, the STM resolution chan-
ged to the previous state (cf. Figure 3a), and the 1.55 V
peak in the dI/dV spectrum disappears (cf. the blue
curve in Figure 3d), indicating that the tip lost the Fe
atom and recovered its initial state. Dozens of vertical
manipulations were successfully performed following
this protocol. Figure 3e shows an example in which a
3� 3 matrix of IH junctions was fabricated by repeatedly
picking up Fe atoms one by one from the IIH junctions.
The network provides an interesting system to study

magnetic characteristics of the coordinated Fe species.
When adsorbed on a metallic surface, spin of a mag-
netic impurity is screened by surface electrons, giving
rise to Kondo effect. Kondo effect can be detected
by means of tunneling spectroscopy. We acquired
tunneling spectra at the four types of junctions as well
as at the central Fe of FeTPyP molecules. Figure 4a
shows, from top to bottom, the dI/dV spectra measured

at the center of a FeTPyP, at IIH, IIL, IH, and IL junctions (the
signals of IH and IL aremultiplied by a factor of 10). All of
these curves exhibit a dip-like line shape that can be
fitted using a Fano function49

f (x) ¼ A� [qþ(x � ∈0)=Γ]2

1þ [(x � ∈0)=Γ]2
þ B

Variable-temperature measurements show that
temperature-dependentevolutionof the line shapeagrees
with the expected Kondo characteristics at elevated tem-
peratures. So we confirm that the observed dip-like line
shape is a Kondo resonance. Kondo resonance probed by
STM has been reported in single magnetic atoms,50�52

organic radicals,53,54 metal�porphyrin, and organic�
metal complexes.55�61 Our findings represent the first
observation of Kondo resonance of magnetic metal cen-
ters in a metal�organic coordination network system.
Fano fitting of the Kondo resonances yields Γ values

of 12.8 ( 0.4, 9.8 ( 0.7, 12.3 ( 1.2, 15.5 ( 3.0, and
11.8( 2.6 mV for FeTPyP, IIH, IIL, IH, and IL, respectively.
We found that the Kondo resonance can be detected
at the type-I junctions and the Fe center in FeTPyP
independent of tip-to-sample distance; however, the
Kondo resonance of the type-II junctions appeared
only when the tip was brought sufficiently close to
the junction. Figure 4b (left panel) displays tunneling
current as a function of tip height measured as the tip
was vertically approaching a IIH junction in the tunnel-
ing regime. As the tip ismoveddownby 2.0 Å, d(LnI)/dz
changes. Figure 4b (right panel) displays the dI/dV
spectra measured at different tip heights. The Kondo
resonance emerges only when the tip displacement
is greater than 1.8 Å, that is, at the same tip�sample
distance when d(LnI)/dz changes. It was reported that
as tip�sample distance varies from tunneling regime

Figure 3. Vertical manipulation of type-II junctions: (a,b) IIH
to IH; (b,c) IH to IIH (image size: 12.5 � 4.3 nm2). (d) dI/dV
spectra of clean Au(111) acquired using the tip in (a�c).
(e) A 3 � 3 IH structure fabricated by multiple vertical
manipulations (image size: 7.7 � 7.7 nm2).

Figure 2. Lateral manipulation of FeTPyP islands. (a,b)
Lateral manipulation of an island containing about 330 TPyP
molecules. The red arrow in (a) marked the tip path for
manipulation (image size: 40 � 35.5 nm2). (c�e) Lateral
manipulation of an island containing a type-I junction line
as indicated by the white arrow in (c). The red arrow in
(c) and the blue arrow in (d) show two tip paths for mani-
pulations (image size: 50 � 30 nm2).
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to contact regime, Kondo temperature may undergo
a change, but the Kondo resonance is present in all
distances.62�65 In our system, within the tunneling
regime, the Kondo resonance at the type-II junctions
is on or off at short or long tip�sample distances,
respectively. One possible mechanism is that, at a
shorter tip�sample distance, the top Fe atom in the
junction may be pushed into closer contact with the
screening electrons, which is signified by d(LnI)/dz
change. In this new configuration, the coupling be-
tween the top Fe and the screening electrons is

enhanced, thus the Kondo feature is magnified. For
the type-I junctions and the FeTPyP, the coupling
between the Fe centers and the screening electrons
is not changed by the tip height, so the Kondo
resonance is independent of tip-to-sample distance.

CONCLUSION

In summary, we have investigated surface-assisted
coordination self-assembly of TPyP molecules and Fe
atoms on Au(111). On the basis of STM lateral and
vertical manipulation experiments and Kondo spec-
troscopy measurements, we discovered that the Fe-
metalated porphyrin molecules are linked through an
out-of-plane dinuclear Fe coordination motif in which
two vertically aligned Fe atoms are coordinated by four
equatorial pyridyl ligands. This structure consists of
regularly ordered Fe atoms that are in twowell-defined
states, namely, single Fe atoms coordinated in por-
phyrin cores and Fe pairs ligated to pyridyl groups.
These distinctive Fe species might provide interesting
magnetic, catalytic, or gas adsorption properties. Last
but not least, we would like to point out that this novel
dinuclear coordination motif deserves further studies
using advanced spectroscopy and state-of-the-art si-
mulations to elucidate its binding configuration includ-
ing Fe�N bond length, pyridyl conformation, the Fe
atoms' height, and Fe�Fe bond length, etc.

METHODS
Experiments were performed in an ultrahigh vacuum system

(Omicron Nanotechnology) with base pressure below 5� 10�10

mbar. A single-crystalline Au(111) substratewas cleaned by argon-
ion sputtering and annealing to ∼630 �C. The TPyP molecule
was thermally evaporated by a molecular beam evaporator and
deposited onto the Au(111) substrate which was held at room
temperature. The evaporation temperatures for TPyP molecule
were 380 �C. The STMmeasurementswereperformed at 4.9 K, and
the STM imaging parameters were U = 1.00 V and I = 0.30 nA.
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