
Metal–Organic Network Assembly

Modular Assembly of Two-Dimensional Metal–
Organic Coordination Networks at a Metal
Surface

Alexandre Dmitriev, Hannes Spillmann, Nian Lin,*
Johannes V. Barth,* and Klaus Kern*

The construction of complex assemblies using molecular
building blocks is paramount for the development of novel
functional materials. A rich variety of molecular nanostruc-
tures and architectures with well-defined shapes and geo-
metries have been obtained using transition-metal centers
and concepts from coordination chemistry.[1–3] Metal–organic
coordination networks (MOCNs) have been realized with
specific topologies and a high structural stability.[4–12] MOCNs
may exhibit intriguing properties, for example, molecular
recognition, functionalities for heterogeneous asymmetric
catalysis, and inclusion phenomena.[13–19] Moreover, for many
applications the controlled nanoscale fabrication of func-
tional molecular architectures at well-defined substrates is
desirable.[20–22] However, most of the surface-supported
assemblies reported to date are stabilized by relatively weak
interactions, such as hydrogen bonding, van der Waals, or
electrostatic forces, which implies a limited thermal stabil-
ity.[23–25] Very recently, more robust one-dimensional (1D)
nanostructures stabilized by metal–ligand interactions and
the formation of metal–organic complexes at surfaces have
been reported.[26–28]

Here we present a new strategy to fabricate surface-
supported MOCNs at a well-defined metal surface under
ultrahigh vacuum (UHV) conditions. The sequential deposi-
tion of 1,2,4-benzenetricarboxylic acid (trimellitic acid, tmla)
molecules and Fe atoms on a clean Cu(100) substrate gives
rise to the formation of 2D surface-supported open networks,
stabilized by relatively strong lateral metal–organic coordi-
nation bonds. The MOCNs were investigated at the molecular
level by scanning tunneling microscopy (STM). The precise
control of the concentration ratio of the components allows
for the assembly of distinct architectures. This approach
opens up new possibilities for the bottom-up fabrication of
low-dimensional functional materials.

The necessary precursors for surface-supported MOCNs
are organic layers of a well-defined tmla phase, obtained by
deposition of submonolayer tmla on the Cu(100) substrate.
Figure 1 shows the corresponding well-ordered 2D domains,

with a superstructure oriented along the Cu(100) high-
symmetry directions. They extend over entire terraces and
are commensurate with the underlying Cu substrate. The
arrangement of the molecules is characterized by a [3 8 3] unit
cell. A detailed experimental (using near-edge X-ray absorp-
tion fine structure spectroscopy (NEXAFS)) and theoretical
(using density functional theory) analysis of this phase
suggests that it consists of molecules with their aromatic
ring slightly tilted out of the surface plane.[29] In view of the
chemical reactivity of the substrate and the elevated temper-
ature employed in the preparation,[29] it is expected that
deprotonation of the carboxylic acid groups occurs, which is
analogous to findings for other carboxylic acids on Cu
surfaces under comparable conditions.[27–30] However, based
on current experimental evidence, the intriguing possibility of
an intramolecular hydrogen bond at the carboxylic groups in
the ortho position of the adsorbed species cannot be ruled out.
A further interesting feature of this phase is that it comprises
homochiral domains, since the prochiral tmla molecules
become chiral upon confinement to two dimensions, as
discussed in more detail elsewhere.[29]

Upon deposition of Fe atoms onto the tmla layer, the
carboxylate groups readily react with the transition-metal
adatoms. STM analysis (Figure 2a) reveals the formation of
an extended regular network oriented along the principal
directions of the substrate, at a coverage of one Fe atom to
one tmla molecule. The network single domains are oriented
along a substrate high-symmetry direction and are up to 1008
100 nm in size, frequently covering entire substrate terraces
(areas with compact islands, presumably from Fe aggregation,
and other defects account for approximately 20% of the total
surface). The MOCN contains anisotropic cavities and can be
found in two 908-rotational domains, reflecting the symmetry
of the substrate.

Figure 1. STM topography showing the 1,2,4-benzenetricarboxylic acid
(tmla, shown bottom right) precursor layer deposited on a Cu(100)
surface at 400 K. Domains comprising a commensurate regular
structure of flat-lying molecules are resolved. The inset shows a high-
resolution image with the [3)3] unit cell of the molecular layer.
Individual tmla molecules are resolved as a four-lobe oval protrusion
with a length of 8 -.
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High-resolution STM analysis (Figure 2b) allows individ-
ual tmla molecules to be distinguished; their characteristic
four-lobe features are similar to the molecular resolution in
the pure organic layer, which indicates that the flat adsorption
geometry is preserved. Paired molecular rows running along
the [011] direction have formed under the influence of the
incorporated Fe atoms. The paired rows are interconnected
by individual molecules oriented in the direction perpendic-
ular to the rows. Thus this structure is designated “double-row
MOCN”. At the points of intersection bright protrusions are
resolved, which are associated with the deposited Fe atoms,
similar to the STM imaging of metal atoms in related
compounds formed at the Cu(100) surface.[27, 28] The relative
orientation of the molecules with respect to the metal atoms
indicates that the para carboxylate groups of tmla point
towards the Fe atoms, which can be attributed to the
formation of a lateral coordination bond. Consequently, the
entire structure can be understood as an open-network-type
Fe–carboxylate arrangement, stabilized by metal–ligand
interactions.

A tentative geometrical model for the double-row MOCN
based on an analysis of STM data is presented in Figure 2c.
We assume that both Fe atoms and phenyl rings reside at the
energetically preferential hollow sites of the substrate.[28,31]

The Fe atoms in the double-row MOCN form ladders with a
square 4a84a repeat unit (the surface lattice parameter of
Cu(100), a= 2.55 B). Each Fe atom interacts with three tmla
molecules: The data suggest that a unidentate linkage exists
to the two neighboring molecules from the double row, along
with a bidentate coupling to the isolated species in the
perpendicular orientation. This arrangement implies a dis-
torted fourfold coordination for each Fe atom, a configura-
tion frequently encountered in 3D square-planar metal
carboxylates.[32] However, it is important to note that with
the present system the charge on both adsorbed tmla
molecules and Fe atoms is strongly affected by the electrons
of the metal surface, which effectively screen the adsorbate
species and, in particular, prevent determination of the Fe
oxidation state (for a more detailed discussion of this issue see
Ref. [27]). In the model we assume that a too close distance of
the laterally noncoordinated carboxylato groups at the ortho
positions is avoided by their 908 rotation out of the surface
plane. This behavior is suggested from a theoretical analysis
of tmla bonding in the organic layer,[29] and is also a well-
known conformational adaptation for carboxylic acids in
solution chemistry. Furthermore the ortho side groups are
placed randomly, since we found that they do not influence
the primary frame structures of the MOCNs.[33] The effective
cavity envelope is � 3 8 10 B, as estimated from high-
resolution STM analysis. The stoichiometric Fe/tmla ratio in
the model structure is determined to be 0.66, which falls
below the necessary 1:1 ratio required for network forma-
tion.[34]

A second network type, designated “single-row MOCN”,
is obtained by increasing the adsorbate coverage ratio to two
Fe atoms per tmla molecule. STM analysis (Figure 3a) shows
that MOCNs with different topologies are formed. These
MOCNs again follow the high-symmetry directions of the
substrate and grow in extended islands. Two types of
structures comprising different cavities can be discerned,
which are designated the a and b phases, respectively. These
structures always develop simultaneously, which signals that
they are close in composition and energy. In the correspond-
ing high-resolution STM data (Figure 3b,c) the positioning of
the constituents is revealed. The networks consist of a
sequential arrangement of individual tmla molecules and
Fe atoms, which are identified by their respective imaging
characteristics, similar to those in the double-row MOCN. In
the a phase (Figure 3b) a rectangular unit cell and a cavity of
similar shape and size as that in the double-row MOCN is
identified. However, the cavity density is increased because
the cavities in the a phase are separated by single tmla
molecules, in contrast to the double-row structures where the
cavities are separated by pairs of tmla molecules in one
direction (Figure 2). Two 908 rotational domains are found in
the a phase (inset, Figure 3a), which originate from its
anisotropic shape. In the b phase (Figure 3c) a square unit
cell comprising cavities of concave edges is found in a
continuous 2D Fe–carboxylate network. The essential differ-
ence between the a and b phases is in the symmetry of the Fe–
carboxylate linkage in the intersection points of the MOCNs.
While it is always identical in the a phase, an alternating
orientation of the Fe pairs at each intersection is found for the

Figure 2. A “double-row MOCN” assembled by tuning the coverage
ratio to one Fe atom per tmla molecule. a) Large-scale STM topogra-
phy showing the regularly ordered network structure that comprises
anisotropic cavities; b) high-resolution STM image revealing the four-
lobe molecular structure. Single protrusions at the points of intersec-
tion throughout the network are associated with Fe atoms, laterally
coordinated by tmla carboxylato moieties. The unit cell of the network
is marked in blue and Fe atoms around are colored green; c) tentative
model for the double-row Fe–carboxylate MOCN. The side carboxylate
groups are assumed to be oriented perpendicular to the surface. Fe
atoms (green) are arranged in a ladder-type structure with a
10.2)10.2 - repeat unit.
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b phase. This is illustrated by the corresponding models
(Figure 3d,e), which also show that the integral coordination
of each Fe atom is equivalent for both phases. However, in the
a phase a given tmla molecule has either two bidentate or
four unidentate linkages to two Fe atoms, whereas in the
b phase for every given molecule both bidentate and uniden-
tate bonding are encountered at its extremities. Apparently
the energy change associated with this subtle difference is
small, which is understood as the reason for the simultaneous
evolution of both phases under the employed conditions. Thus
the two phases of the single-row MOCNs are closely related
and can be regarded as structural isomers, which is a common
finding for metal–organic frameworks.[10] In analogy with the
double-row MOCN, the ideal 1:1 Fe/tmla stoichiometric
coverage ratio for single-row MOCNs falls below the actual
2:1 value required for network formation.[34]

With the present system only the carboxylato groups in
the para position seem to be integral for the formation and
final topology of the encountered MOCNs, whereas the

remaining side group is not directly involved in metal–organic
complexation. Unfortunately the detailed positioning of side
groups in the various network structures cannot be unambig-
uously determined by the STM data obtained, which is
associated with the distortion of the molecules upon adsorp-
tion and the weak contribution of this moiety to the tunneling
current. Note that the presence of the side group will
nevertheless be important for the functionality of the cavity.
For example, it may result in the formation of two mirror-
symmetric MOCN cavities, since tmla is a 2D chiral species.

It is interesting to address the potential functionality of
the obtained MOCNs. Firstly, the single- and double-row
structures contain magnetic atoms which are periodically
arranged. It is expected that the organic linkers mediate
magnetic coupling between the Fe atoms, similar to effects in
related metal–organic magnetic structures.[35,36] The ladder
formations and 2D metal–organic linkages in the double-row
and single-row MOCNs thus represent nanoscale magnetic
arrangements with distinct symmetry. On the other hand, the
obtained networks provide a regular arrangement of cavities
with well-defined shape and chemistry. Finally, the MOCNs
are of potential use as templates for 3D molecular architec-
tures, such as nanoporous lattices.

In conclusion, we have succeeded in the rational design of
2D metal–organic networks, formed in situ under UHV
conditions by sequential deposition of the organic linker
molecule trimellitic acid and Fe atoms on a Cu(100) surface.
The subtle variation of the relative quantities of the constit-
uents that are deposited allows can steer the modular
assembly of distinct metal–carboxylate network architectures.
Our results indicate that, in general, 2D metal–organic
coordination networks can be synthesized at well-defined
surfaces. It is suggested that this approach opens novel
avenues for the fabrication of nanoscale functional materials.

Experimental Section
Iron atoms and tmla molecules were co-deposited on the metal
surface in a standard UHV chamber with a base pressure of ~ 3 8
10�10 mbar. ACu(100) surface was prepared by repeated cycles of Ar+

sputtering and subsequent annealing to 800 K, by which flat terraces
of up to 50 nm width separated by monatomic steps were obtained.
Tmla (99+ %, Sigma-Aldrich Chemie GmbH) was deposited by
organic molecular beam epitaxy (OMBE) from a Knudsen-cell-type
evaporator, held at 415 K during deposition. Fe atoms were evapo-
rated using an electron-beam heating evaporator. To hinder Fe–Cu
surface intermixing, which can be encountered in the pure Fe/Cu(100)
system,[37] Fe was always deposited on an organic layer. Both tmla and
Fe deposition were performed at a substrate temperature of 400 K to
increase mobility and reactivity of the adsorbates and, thus, to allow
for the formation of ordered structures. Coverages below full
monolayer saturation were employed for the tmla precursor layers,
in order to leave space for the formation of the more open network
structures. STM experiments employing the constant-current mode
were performed in situ following cooling to room temperature.
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Figure 3. A “single-row MOCN” assembled by tuning the coverage
ratio to two Fe atoms per tmla molecule. a) STM topography showing
two species of regularly ordered networks, designated the a and
b phases. In the inset, both 908-rotational domains of the a phase are
depicted; b,c) high-resolution STM images show that the detailed
arrangement of Fe and tmla in both the a and b phases is resolved. A
rectangular and square unit cell is characteristic for the networks of
the a and b phases, respectively; d,e) tentative models that identify
the a and b phases as MOCN isomers (coding as in Figure 2).
Although both phases have the same stochiometry and contain Fe
atoms with identical coordination environments, their geometrical
arrangement is different.
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