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Self-recognition, self-selection, and dynamic self-organization are
of fundamental importance for the assembly of all supramolecular
systems, but molecular-level information is not generally accessi-
ble. We present direct examples of these critical steps by using
scanning tunneling microscopy to study mixtures of complemen-
tary organic ligands on a copper substrate. The ligands coordinate
cooperatively with iron atoms to form well ordered arrays of
rectangular multicomponent compartments whose size and shape
can be deliberately tuned by selecting ligands of desired length
from complementary ligand families. We demonstrate explicitly
that highly ordered supramolecular arrays can be produced
from redundant ligand mixtures by molecular self-recognition and
-selection, enabled by efficient error correction and cooperativity,
and show an example of failed self-selection due to error tolerance
in the ligand mixture, leading to a disordered structure.

nanostructure � scanning tunneling microscopy � self-assembly �
surface chemistry � organic molecule ligands

Supramolecular self-organization, directed by information
stored in molecular components and read out through their

specific interactions, represents the pivotal operation in the
spontaneous but controlled build-up of structurally organized
and functionally integrated molecular systems (1). Metal–ligand
coordination bonding is an effective strategy for strong, direc-
tional bonding to stabilize designed, self-assembled supramo-
lecular architectures (2–5). Substrate-supported, 2D supramo-
lecular coordination for efficient nanometer-scale patterning of
solid surfaces has been demonstrated (6, 7). By selecting organic
ligands with appropriate size, geometry, and binding moieties,
specific tailored architectures can be produced across a substrate
completely by self-assembly of the molecules. Such patterning of
surfaces is of great interest for potential applications in surface
nanofunctionalization, templated growth, and controlling 2D
molecular nanoarrays. Molecular level insight has provided
structural details of these systems, and here we explore multi-
component systems at that level to illustrate critical assembly
requirements for these systems and (bio-)molecular systems in
general.

Self-selection occurs when the involved molecular compo-
nents are sufficiently instructed to allow self-recognition and
-assembly into discrete supramolecular architectures (8). Pro-
cesses of modular self-assembly, dynamic self-organization, and
self-selection are of fundamental importance for the assembly of
all supramolecular systems, but molecular-level information is
not generally accessible. Using scanning tunneling microscopy
(STM), we address these issues by studying mixtures of comple-
mentary organic molecule ligands on a copper substrate that
coordinate cooperatively with iron atoms to form regular arrays
of rectangular multicomponent compartments. Ensembles of
these complementary components serve as model systems to
investigate the dynamic bottom-up self-organization process of
modular multicomponent systems with nanometer accuracy.
These experiments provide evidence for cooperativity, self-
recognition, and self-selection.

Surface-supported open-network structures can be generated
from molecular components by (i) hydrogen bond directed
homo- (9, 10) and heteroassembly (11) of organic molecules or
by (ii) the coordination of metal ions with organic molecules
acting as ligands (12, 13). For example, linear polyaromatic
bis-carboxylic acids (e.g., ligands 2a, 2b, and 2c in Fig. 1) form,
in combination with Fe centers on Cu(100) surfaces, extended
domains of homoligand coordination networks (7, 14). It was
shown that a ligand containing a carboxylic group at one end and
a pyridine group at the opposite end coordinates to a Fe dimer
through bridging �2-carboxylates and axial pyridyls, leading to
coordination centers of [(Fe2)(carboxylate)2/2(pyridyl)2/2]n stoi-
chiometry, as illustrated in the magnified illustration provided in
Fig. 1 (15).

In the following, we study the coordination of iron atoms by
the members of two series of organic ligands, linear bis-
carboxylic acids and bipyridines, under 2D confinement, i.e., on
a Cu(100) surface in ultrahigh vacuum conditions (Fig. 1). Two
bipyridines (ligand 1a, 1,4-bipyridyl-benzene; ligand 1b, 4,4�-
bipyridyl-biphenyl) and three bis-carboxylic acids (ligand 2a,
1,4-benzoic-dicarboxylic acid; ligand 2b, 1,4�-biphenyl-
dicarboxylic acid; ligand 2c, 4,1�,4�,1�-terphenyl-1,4�-dicarboxy-
lic acid) were used during the surface-confined metal coordi-
nation reactions (Fig. 1). All involved organic ligands are of
polyaromatic nature and can be considered as rigid rods, each of
a unique length, enabling linear, terminal coordination of metal
centers at discrete distances in the range of 0.8 nm to 2.6 nm.

In a first experiment, we studied the self-assembly of each of
the six possible binary heteroligand combinations (i.e., one
ligand each from families 1 and 2). (We use the phrase ‘‘binary
mixture’’ to refer to a mixture of two ligand species with Fe
atoms, not one ligand plus Fe.) The codeposition of any of the
binary combinations with iron atoms can yield highly ordered,
extended coordination networks (Fig. 2) with the appropriate
absolute quantities and ratios of deposited components. The
internal dimensions of the rectangular compartments can be
varied in a modular way through the backbone length of the
selected molecular ligands leading to open cavity areas ranging
from 1.9 nm2 to 4.2 nm2 (Fig. 2).

The stoichiometry at each node of these binary coordination
networks is invariably represented by [(Fe2)(1)2/2(2)2/2] (magni-
fication in Fig. 1). In terms of self-organization, three unique
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components (Fe, 1, 2) are associated to each six-membered
heteroassembly coordination node. Despite the possibility to
form homotopic carboxylate-Fe coordination, the preference
of the heterotopic coordination mode over homotopic or
alternative structures demonstrates the robustness of the [(Fe2)
(1)2/2(2)2/2]n coordination motif. The ligands follow the principle
of ‘‘maximal site occupancy’’ by realizing metal coordination at
all available sites (1, 16); however, this is not fully achieved by the
iron centers, because apical coordination is obviously impossible
due to the specific steric demands at the surface (17, 18).

The robust self-assembly of the 2D supramolecular Fe/1/2
system sets the stage for the investigation of dynamic aspects of
the system. The formation of ‘‘instructed’’ mixtures allows
multiple and parallel processing (e.g., self-recognition and self-
selection) of the structural and electronic information stored in
the ensemble of components (ligands, metal centers, coordina-
tion algorithms, etc.) (1, 8, 16). Additionally, the presence of a
substrate imposes well-defined singularities: (i) The freedom of
molecular movement is strictly confined to 2D, (ii) molecular
conformational freedom and supramolecular coordination al-
gorithms are changed in comparison to bulk materials, and (iii)

the interaction of the evolving supramolecular structure with the
underlying metallic surface imposes electronic screening (19).

The ternary combination of one bipyridine ligand 1b and two
bis-carboxylic acid ligands 2a and 2b was codeposited with iron
centers on the Cu(100) surface (�4:2:1:1 number ratio of Fe/1b/
2a/2b). The mixture leads to small domains of distorted network
arrangement, indicating a low level of structural accomplishment,
even after thermal annealing at 450 K (Fig. 3b). A closer inspection
of the STM data reveals that the bis-carboxylates 2a and 2b are
strictly linked within horizontal rows (red bars), whereas the
columns are exclusively formed by the bipyridine ligand 1b (blue
bars). The linear sequence of the bis-carboxylates 2a and 2b is
randomly distributed within each row and uncorrelated to the
succession of molecules in the neighboring rows. Structural adap-
tation to this random sequence is accomplished by the bipyridine
ligands 1b through significant deviations in the pyridine–Fe-dimer
angle, as shown in Fig. 3c (� falls in a range of �15°). Obviously, the
multicomponent mixture Fe/1b/2a/2b is hindered from reaching the
thermodynamically favored structural phase, i.e., regular arrays of
rectangular compartments Fe/1b/2a and Fe/1b/2b.

The metastable structure can be understood by considering
the local adaptivity of the coordination schemes. Among the
ligands coordinated to the Fe dimer node (Fig. 3c), the nega-
tively charged bridging �2 bis-carboxylates can be considered as
the less labile ligands in comparison with the (only) monoden-
tately bound, neutral bipyridyl ligands. Although small rotation
of the bridging �2 bis-carboxylate–Fe dimer coordination would
have a significant energy cost due to the weakening or even loss
of one of the C–OOFe coordination bonds [each �1.2 eV in
vacuum (S. Fabris, personal communication)�] (see Fig. 4d), the

�Bonding energies given represent a first approximation based on calculations for carboxy-
late–Fe and pyridyl–Fe confined to a 2D plane in a vacuum (substrate influence neglected).

Fig. 1. Complementary molecular ligands deposited with Fe atoms on
Cu(100) self-assemble into regular rectangular arrays. Schematic illustration
of molecules used in this study (top). Molecules and Fe atoms deposited to
surface and annealed at 450 K to activate mobility for assembly. Also shown
is a detail of local bonding arrangement at each node in the rectangular
networks.

Fig. 2. Steering the size and aspect ratio of rectangular molecular-scale
compartments via the backbone length of the ligands in self-assembled iron
coordination networks. STM images show six possible binary combinations
[(Fe2)(1)2/2(2)2/2]n of bipyridine (ligands 1a and 1b) and bis-carboxylic acid
(ligands 2a, 2b, and 2c) ligands. All images are 9.4 � 6.0 nm. Structure
periodicity is 1.1 � 1.8 nm (a), 1.5 � 1.8 nm (b), 1.8 � 1.8 nm (c), 1.1 � 2.3 nm
(d), 1.5 � 2.3 nm (e), and 1.8 � 2.3 nm ( f ).

Fig. 3. Distorted rectangular coordination network exhibiting structural error
tolerance. (a) The ternary ligand combination 1b/2a/2b was codeposited with Fe
onaCu(100) surface. (b) STMimageshowingthestructuraldisorderwithinthe2D
coordination network. Image size is 6.9 � 9.6 nm. (c) Schematic representation of
the local coordination structure at the nodes of the network, illustrating a
distortion of the pyridyl–Fe bond angle to accommodate the random packing of
ligands 2a and 2b. (c and d) This bond distortion (c) is favored compared with
breaking the double C–OOFe bond (d), which would be necessary for self-
selection and ordering of ligands 2a and 2b (blue, bipyridine ligand 1b; red,
bis-carboxylates 2a or 2b; dashed lines to indicate tilting of ligand 1b by angle �

from perpendicular structure).
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monodentate bipyridyl–Fe coordination [�1.3 eV in vacuum (S.
Fabris, personal communication)¶] is relatively flexible in that
such a significant energy cost for changing its angle (as in Fig. 3c)
is not expected (probably a small fraction of the bond energy).
However, sufficient binding lability is necessary in both cases to
allow reversibility of the coordination bond formation, a basic
requirement for self-recognition directed self-assembly, giving
the systems the ability to undergo error correction and self-
repair. As the sample cools down from the 450 K annealing
temperature to room temperature, random distributions of
ligands 2a and 2b are frozen in the bis-carboxylate–Fe rows when
the reversibility of the carboxylate–Fe bonds is suppressed,
whereas the more labile monodentate pyridine–Fe bond adapts
to (i.e., energetically accommodates) the given sequence of 2a/2b
by tilting the bipyridine–Fe-dimer angle �, leading to distorted
rectangular compartments. Bending of the pyridyl–Fe bond (Fig.
3c), allowing an irregular structure, is favorable to rearrange-
ment of the carboxylate ligands, which would require breaking
the double C–OOFe coordination bonds (Fig. 3d). Because
those already formed bis-carboxylate–Fe rows of 2a/2b cannot be
corrected by the pyridine–Fe bonds, the Fe/1b/2a/2b mixture
does not achieve the necessary self-selection of ligands 2a and 2b.

Significantly improved error correction in the supramolecular
Fe/1/2 system is achieved by reversing the principle selection
control; i.e., the combination of components was changed to
consist of two of the more labile bipyridine ligands 1a and 1b
with only one bis-carboxylic acid ligand 2a. The Fe/1a/1b/2a
mixture self-assembles into a supramolecular array of well
ordered, rectangular compartments (Fig. 4b). A closer view
reveals local spatial segregation into subdomains of the two
distinctive heteroligand (1a � 2a and 1b � 2a) architectures as
highlighted by the green and red rectangular frames, respec-
tively. These subdomains within the 2D network can be consid-
ered as quasi-1D ‘‘ladder’’ rows, within which the two ‘‘side
posts’’ consist of rows of carboxylate(2a)–Fe chains (horizontal
in Fig. 4b) bridged with bipyridine ligand ‘‘rungs’’ of uniform size
(either 1a or 1b in a given domain) at the Fe dimer nodes. The
preferential binding of bipyridine ligands of uniform length
within a ladder row indicates that the self-assembly of the
mixture must involve both self-selection and self-recognition.
With this mixture composition, the critical error correction

process relies on the reversible coordination of the more labile
bipyridine ligands 1a and 1b (Fig. 4c). The release of the
pyridyl–Fe coordination in the case of negative self-recognition
is favored compared with a distortion of the carboxylic–Fe dimer
interaction (Fig. 4d). Thus, the read out in the self-assembly
process occurs with higher degree of self-recognition, triggers
spontaneous self-selection, and drives the self-assembly into
locally segregated subdomains. This structural outcome of the
assembly demonstrates that the self-selection is sufficiently
strong to segregate ligands 1a and 1b, rather than form domains
of higher entropy configurations with randomly distorted struc-
tures of Fe/1a/1b/2a (Fig. 4d). The efficient error correction of
this structure is in sharp contrast to the previous mixture (Fig.
3), where the flexibility in assembly provides error tolerance
leading to diminished structural order.

Besides defects due to the incomplete coverage of the surface
(e.g., empty regions and linear bipyridine chains) (20) and network
domain boundaries (vertical near the right edge of Fig. 4b), the
presence of short bipyridine ligand 1a next to long bipyridine ligand
1b within a network domain is only rarely observed in the Fe/1a/
1b/2a mixture (white frames in Fig. 4b). Because this coordination
usually leads to singly bonded ligand species of 1, the detachment
of the mismatched ligand and subsequent replacement with a new
ligand of correct length should be favored. If a molecule of 1 has
achieved a two-end bonding, the growth of the architecture will be
stabilized by the gain of cooperativity, i.e., by the attachment of a
larger number of ligands of the same length. In this sense, Fig. 4 can
be interpreted as a ‘‘snap-shot’’ of an instructed mixture, which has
already achieved segregation into small subdomains with a high
level of internal organization and efficient local discrimination. The
segregation is finally driven by the cooperativity of a coupled
self-recognition/self-assembly process featuring efficient error-
correction mechanisms.

Our investigations have demonstrated how error correction is
improved by selection of components that provide (i) efficient
reversibility of the Fe coordination bonds (pyridine–Fe versus
carboxylate–Fe) and (ii) cooperative binding of the ligand
components. Due to the restricted mobility of components at
surfaces, efficient error-correction mechanisms, such as self-
recognition and cooperatively amplified self-assembly, become
of prime importance to achieve self-selection of the components.
Surface-based studies allow (via STM) a unique ‘‘snap-shot’’
view on the evolution of multicomponent assemblies and can
show with unprecedented resolution how supramolecular sys-
tems achieve high degrees of order, integration, and complexity
by efficient self-selection. The multicomponent supramolecular
self-assembly processes at surfaces can be considered as the 2D
equivalent of the self-recognition of double helicate structures
and other self-assembled molecular structures (21–24). The
surface-assisted 2D self-assembly process is governed by similar
thermodynamic rules and structural factors (e.g., interplay be-
tween read-out instruction of binding, conformational matching,
and maximal occupation) as found in 3D supramolecular sys-
tems. In a broader perspective, insights into the formation of
biologically active 3D compartments, representing the stage for
the development of life at the organic/inorganic interface (25),
can be obtained by such model studies of dynamic assembly,
self-recognition, and self-selection. The unprecedented insight
into the dynamics of model heteroassembly processes at the
single-molecule level demonstrate critical assembly require-
ments for natural biological self-organization (25, 26).

Materials and Methods
The organic ligands were either purchased (ligands 2a and 2b)
or synthesized (ligands 1a, 1b, and 2c) according to literature
protocols (14, 27, 28). Evaporation and STM measurements
were performed under ultrahigh vacuum conditions (�2 � 10�10

Fig. 4. Highly ordered coordination networks generated by efficient ligand
self-selection. (a) The ternary ligand combination 1a/1b/2a was codeposited
with Fe on a Cu(100) surface. (b) STM image showing the local segregation of
the mixture into highly ordered subdomains containing ligand 1a (green box)
or 1b (red box). Additionally, several defects exhibiting coordination of neigh-
boring bipyridine ligands of different lengths are highlighted (white boxes).
Image size is 22 � 14 nm. (c) Schematic diagram of the reversible pyridyl–Fe
bonding, the basis for active error correction by self-selection of ligands 1a and
1b into highly ordered subdomains. (d) Random packing would require break-
ing of one of the C–OOFe bonds and distortion of the other bond.
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mbar) using an atomically f lat and clean Cu(100) surface
prepared by repeated sputtering and annealing cycles. The
substrate was held at ambient temperature while the ligands and
Fe atoms were sequentially evaporated from Knudsen cells or an
e-beam evaporator, and then was annealed to 450 K for 10 min.
Prior work has demonstrated that such an annealing treatment
efficiently deprotonates the carboxylic functional groups of the
ligand family 2 to carboxylate groups (29, 30). The STM images

were taken with a home-built microscope operated at room
temperature in the constant current mode with a tunneling
current of �0.1 nA and sample bias between 0.1 and 1.0 V.
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