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Abstract: Surface-supported supramolecular self-assembly has been used to generate multicomponent
two-dimensional metal-organic coordination networks on a Au(111) surface. The networks consist of linker
ligands of 4′,4′′′′-(1,4-phenylene)bis(2,2′:6′,2′′-terpyridine) and nodal ligands of 5,10,15,20-tetra(4-py-
ridyl)porphyrin that are connected by pyridine-Fe-terpyridine motifs. Scanning tunneling microscopy
revealed the coexistence of two polymorphic types of network structures (rhombus and Kagome). Through
control of the dosage of the constituent ligands, homogeneous structural phases were obtained selectively.
In particular, the rhombus structure could be converted into the more complex and more open Kagome
structure by inclusion of guest molecules. Finally, coordination networks providing structural and chemical
homogeneity were realized by judiciously choosing the dosages of the constituent ligands and the chemical
substitution of the porphyrin ligands.

Introduction

In the past few decades, supramolecular chemistry addressing
intermolecular noncovalent interactions has attracted intensive
attention.1,2 In particular, metal-organic coordination interac-
tions have been extensively explored in the reticular design of
metal-organic framework (MOF) structures.3-5 These struc-
tures represent a new class of materials that provide a wide range
of applications, such as gas storage/separation, catalysis, and
molecule-based magnets, as a result of their tunable structural
and chemical characteristics.6-10 Recently, multicomponent
MOF structures have generated wide interest, as these structures
are expected to exhibit multifunctional properties.11,12

Two-dimensional (2D) supramolecular coordination networks
assembled directly at surfaces can be viewed as analogues of
the three-dimensional (3D) MOFs. Although the assembly of
surface-supported 2D coordination structures involves different
chemistry than the solution-phase assembly of MOFs in 3D,
the former has many characteristics similar to the latter. For
example, it has been shown that rational design of the structure
and chemistry could be achieved via a judicious choice of
ligands.13-15 As they are formed on solid substrates, the
structures of these 2D networks and the self-assembly processes
can be monitored in single-molecule detail using advanced
surface science techniques, particularly scanning tunneling
microscopy (STM).13-15 For instance, STM revealed that self-
recognition and self-selection play vital roles in controlling the
self-assembly of two-component and even multicomponent
systems.16,17 Other examples include guest-molecule inclusion
at the liquid-solid interface and template-assisted assembly on
a metal surface, both illustrating how the relevant parameters
guide the self-assembly at the single-molecule level.18-20 These
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studies have provided unprecedented insights into various
aspects of supramolecular self-assembly.

Here we report on the surface-supported self-assembly of
multicomponent coordination networks with high structural
complexity that exhibit two polymorphic phases (rhombus and
Kagome). As the structural complexity advances, one of the
central themes in synthesis is to control the chemical as well as
structural characteristics accurately. For example, it is highly
desirable to selectively form one structure out of many energy-
equivalent (or closely equivalent) polymorphic phases. We
demonstrate that through careful tuning of the relative and/or
absolute dosages of the constituent molecular ligands, homo-
geneous network phases can be formed, in particular, via a
guest-template mechanism. Our results highlight the important
roles of guest molecules in the coordination self-assembly.
Furthermore, a network structure of a homogeneous chemical
state has been realized by chemical modification of the ligands.

Experimental Section

In an ultrahigh-vacuum system (Omicron Nanotechnology), a
single-crystalline Au(111) substrate was cleaned by cycles of Ar
ion sputtering and annealing at ∼900 K. The molecules 1-3 used
in this study are shown in Scheme 121 (all were obtained from
Aldrich, with purities of 96, 97, and 90%, respectively). At a base
pressure of <3 × 10-10 mbar, molecules were evaporated by a
molecular beam evaporator and deposited on the clean Au(111)
surface, which was held at room temperature; the evaporation
temperatures were 310 °C (compound 1), 390 °C (compound 2),
and 410 °C (compound 3). The molecular dosage was calibrated
by analyzing STM data acquired from samples where molecules
were clearly detectable. Iron atoms were evaporated from an iron
rod (Goodfellow, 99.99%) by an electron-beam evaporator. The
samples were annealed and transferred to an STM apparatus in
vacuum. STM imaging was performed at room temperature in
constant-current mode. To exclude any kinetic effects, we prepared
the samples according to various evaporation sequences and
annealing temperatures (180, 220, 260, or 310 °C). We confirmed
that as long as the dosage of each component was fixed, the
structures formed were independent of the preparation procedure.

Results and Discussion

In the absence of Fe, molecules of 1 behave as a 2D molecular
gas on the surface, whereas molecules of 2 and 3 form closely
packed molecular adlayers on the surface.22 Codeposition of 1

and 2 does not result in new phases. Only when molecules of
1, 2 (or 3), and Fe are codeposited on the surface do open-
network structures appear. Figure 1a shows an overview STM
topograph of the open-network structures formed by the self-
assembly of 1, 2, and Fe. It is worthwhile to point out that 1 or
2 alone does not form open-network structures with Fe. Thus,
we conclude that the open networks shown in Figure 1a are
formed by a collective Fe coordinative bonding with the
functional end groups of both 1 and 2. Hence, the open-network
structures represent 2D multicomponent metal-organic coor-
dination networks.

The two phases appearing in Figure 1a exhibit a rhombic
structure (type I) and a Kagome structure (type II).22,23 In the
type-I structure, the side length of the rhombus is 3.4 ( 0.1 nm
and the apex angle is 75 ( 2°. The networks of the type-I
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Scheme 1. Chemical Structures and Molecular Dimensions of the
Compounds Used in This Study: 4′,4′′′′-(1,4-Phenylene)bis-
(2,2′:6′,2′′-terpyridine) (1), 5,10,15,20-Tetra(4-pyridyl)porphyrin (2),
and Zinc 5,10,15,20-Tetra(4-pyridyl)porphyrin (3)

Figure 1. (a) Overview STM topograph of the coexisting rhombic (type-
I) and Kagome (type-II) phases (scale bar, 10 nm; data acquisition
conditions: U ) 1.4 V, I ) 0.4 nA). (b, d) High-resolution images of the
type-I and the type-II networks [size of each image, 15 nm × 15 nm; data
acquisition conditions: (b) U ) -0.3 V, I ) 0.3 nA; (d) U ) -1.4 V, I )
0.5 nA]. (c, e) Tentative models of the type-I and type-II networks on a
Au(111) surface lattice. Inset in (e): close-up view of the fourfold-
coordinated Fe center. Color code: C, gray; N, blue; Fe, green; H, white;
Au (111) lattice, orange.
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structure follow three orientations with respect to the Au(111)
surface lattice underneath (see Figure 1a). In the type-II
structure, the side length of the Kagome hexagon is 3.3 ( 0.1
nm and the diameter of the hexagon is 6.6 ( 0.1 nm. This
network structure exhibits a single orientation with respect to
the Au(111) surface lattice in which the hexagonal diagonal
directions lie along the 〈112j〉 directions. It is known that surface-
supported 2D supramolecular structures are determined by
intermolecular interactions as well as molecule-to-substrate
interactions.13,14 Here, the specific network orientations with
respect to the substrate Au(111) lattice exemplify the role of
molecule-to-substrate interactions.

In the high-resolution images (see Figure 1b), the molecules
of 1 appear as a dog-bone shapes, manifesting the two terpyridyl
end moieties. The STM data clearly reveal that the molecules
of 1 act as network linkers while the molecules of 2 act as
network nodes. Each molecule of 2 is attached to a molecule
of 1 at each of its four terminals. Although Fe atoms were not
resolved unambiguously in the STM topographs (which is a
known phenomenon in 2D coordination systems24,25), we
propose that it is the Fe center that links the pyridyl moiety of
2 with the terpyridyl moiety of 1, as it is well-documented that
Fe atoms or ions are able to coordinate pyridyl or terpyridyl
moieties in bulk.26,27 On the basis of the intrinsic molecular
sizes of 1 and 2 (see Scheme 1) and the high-resolution STM
data, we have constructed tentative models for the two network
structures (Figure 1c,e; it should be noted that the porphyrin
molecules are metalated in the models; we will discuss this issue
in detail later). In both models, as illustrated in the inset of
Figure 1e, the Fe center is coordinated by four nitrogen atoms,
three from the terpyridine and one from the pyridine. To a first
approximation, we assumed that the Fe atom is at the midpoint
between the central nitrogen atom of the terpyridine and the
pyridine nitrogen. In such a configuration, the Fe atom is shifted
away from the Au(111) bridge site toward the hollow site by
0.3 Å. The distance between the two nitrogen atoms is ∼3.1 Å,
leading to a distance of ∼1.6 Å between the Fe atom and each
of the two N atoms, supposing that the Fe atom is in the same
plane as the ligand molecules. The 1.6 Å Fe-N distance is
shorter than the previously reported ones in bulk (1.9-2.2 Å).28

However, a longer Fe-N bond is feasible if the Fe atom is out
of the molecular plane. The other two nitrogen atoms of the
terpyridine bind to the Fe center symmetrically with an Fe-N
distance of 2.3 Å. Overall, the Fe center is fourfold-coordinated,
which is rare in pyridyl or terpyridyl coordination in bulk. To
date, various 2D coordination configurations that are different
from the conventional 3D configurations, including two-, three-,
and fourfold configurations, have been identified.13,14 The

terpyridine-Fe-pyridine coordination reported here represents
a new 2D bonding motif that deserves further investigation of,
for instance, its Fe oxidation state,29 bond lengths, and bond
angle.

In the models, the network structures are commensurate with
the substrate Au(111) lattice (see Figure 1c,e). The molecules
of 1 are adsorbed on the surface with their central phenyl rings
sitting on the top sites and their long axes along the 〈112j〉
directions, while the molecules of 2 are adsorbed on the surface
with their central macrocycles sitting on the bridge sites and
their twofold-symmetry axes along the 〈112j〉 directions. Thus,
the two types of networks exhibit similar molecular/atom
adsorption configurations and similar coordination bonding
configurations (e.g., coordination number, bond length, and bond
angle). In addition, the two phases possess an identical 2/1/Fe
stoichiometry ratio of 1:2:4 (ignoring the metalation of the
macrocycle of 2). These similarities suggest that the formation
energies of the two polymorphic structures are very similar,
which presumably results in the coexistence of the two phases.
The major difference lies in their network geometries: (1) The
type-I structure consists of uniformly sized rhombic voids, but
the type-II structure consists of larger hexagonal voids and
smaller triangular voids. (2) The type-I structure has three
orientations with respect to the Au(111) surface, but the type-
II structure follows a single orientation. (3) The type-I structure
occupies a slightly smaller unit surface area (10 nm2 per
molecule of 2) than the type-II structure (12 nm2 per molecule
of 2).

Next, we discuss how to selectively achieve a pure phase of
either type-I or type-II by adjusting the self-assembly conditions.
First, we found that when the surface is partially covered by
the networks and the dosage of 1 is higher than its normal
stoichiometry value, the pure type-I phase is formed. Figure 2a
shows a representative STM topograph of this phase. One may
note that the ribbonlike islands of the type-I structure are
elongated along the 〈112j〉 directions of the Au(111) surface,
implying that the growth of the isotropic islands is likely dictated
by the Au(111) surface lattice. Careful examination (see the
inset in Figure 2a) reveals that the short axis of the type-I
rhombic lattice strictly follows the ridge direction of the 23 ×
�3 herringbone domain (indicated by the black lines) of the
reconstructed Au(111) surface.30 Obviously, extending the
network islands across the herringbone domain boundaries
would violate such a correlation, which is presumably unfavor-
able in terms of energy. Consequently, the growth of the network
islands is confined within the two boundaries of a herringbone
domain (indicated by the white lines), resulting in the anisotropic
growth of the network islands. A similar templating effect of
the Au(111) herringbone reconstruction was reported in the
growth of molecular/atomic clusters/islands.31 Here we have
demonstrated that the assembly of coordination networks is also
affected by the herringbone reconstruction.

When the overall molecular dosage is increased while the
dosage of 1 is maintained at a value higher than its normal
stoichiometry value, islands of the type-I phase cover the surface
almost entirely, as shown by the representative STM topograph
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in Figure 2b. However, the single domains of the network
islands do not extend beyond 100 nm in size, suggesting that
the templating effect of the Au(111) herringbone reconstruction
still plays a role at high network coverage. Domain boundaries
between network islands are frequently observed. The inset in
Figure 2b, which shows the encounter of three network islands,
clearly reveals the 120° angle between the network domains.

The fact that the type-I phase is formed predominantly under
these conditions implies that this phase has a relatively low free
energy. As discussed previously, the formation energy of the
two phases is very close on account of the molecular/atomic
adsorption configurations as well as the coordination bonding.
One may expect entropy differences to contribute to the free-
energy difference. Either the configuration entropy or the local-
porosity entropy adapted from Gibbs-Shannon theory has been
used to describe the structural complexity of microstructures.32

Different physical models have been developed to quantify this

property.33 For example, the maxima and minima in such
entropy were shown to correspond to clustering and to periodic-
ity or ordering, respectively.33a In our case, the type-II Kagome
structure has a higher structural complexity than the type-I
rhombus structure. Thus, qualitatively, the former has lower
entropy, so its formation is less favored.

Interestingly, we have discovered that the type-II Kagome
phase may be formed predominantly by using a guest-inclusion
approach. In this approach, a sample of the type-I structure
covering the entire surface was prepared first. Next, molecules
of compound 1 were deposited onto this sample, and it was
annealed at 180 °C, after which the type-II phase appeared to
coexist with the type-I phase islands. Further increasing the
dosage of compound 1 enlarged the area of the type-II phase
and diminished the area of the type-I phase. Eventually, more
than 95% of the surface was occupied by the type-II structure
at a particular compound 1 dosage. A representative STM
overview of a sample dominated by the type-II phase is shown
in Figure 3a. As the Kagome structure of the type-II structure
has only one orientation with respect to the Au(111) surface
lattice, single domains of Kagome structure as large as several
hundred nanometers can extend over entire Au(111) terraces,
with occasional interruptions by line dislocations.

Close inspection reveals that almost all of the hexagonal voids
of the Kagome structure are filled with some guest species.
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tion; University of Illinois: Urbana, IL, 1959.
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A 1997, 235, 307. (c) Andraud, C.; Lafait, J. Phys. ReV. B 1998, 57,
13227.

Figure 2. (a) Overview STM topograph of the homogeneous type-I phase
at low network coverage, showing the anisotropic growth of network islands
(scale bar: 20 nm). The inset (50 nm × 50 nm) shows a network island
confined by the herringbone reconstruction domain of the Au(111) surface
[data acquisition conditions: U ) -1.4 V, I ) 0.4 nA; (inset) U ) -1.4 V,
I ) 0.3 nA]. (b) Overview STM topograph of the homogeneous type-I phase
at high network coverage (scale bar: 20 nm). The inset (30 nm × 30 nm)
shows three network domains oriented 120° apart [data acquisition
conditions: U ) -1.0 V, I ) 0.3 nA; (inset) U ) 1.4 V, I ) 0.4 nA].

Figure 3. (a) Overview STM topograph of the homogeneous type-II phase
(scale bar, 20 nm; data acquisition conditions: U ) 1.4 V, I ) 0.5 nA). (b)
High-resolution image showing hexagonal voids filled with guest species.
The circle marks an inclusion of four molecules of 1 (image size, 25 nm ×
25 nm; data acquisition conditions: U ) -1.2 V, I ) 0.3 nA). (c) Suggested
model of inclusions with one, two, and three molecules of 1.

J. AM. CHEM. SOC. 9 VOL. 132, NO. 31, 2010 10759

Assembly of Metal-Organic Coordination Networks A R T I C L E S



High-resolution images (e.g., Figure 3b) show that the most
frequently observed inclusions are dotlike, bumplike, or donut-
like rings or a diffusive “cloud”. In some cases, molecules of 1
were resolved as the included species. For example, four
molecules of 1 are trapped in the hexagonal void marked by
the circle in Figure 3b. This observation suggests that the
unresolved inclusions are from molecule(s) of 1 too. It has been
found that on surfaces, molecules may rotate or vibrate because
of their thermal energy.34 In confined spaces with high sym-
metry, thermally moving molecules usually appear as diffusive
features with circular symmetry in STM topographs. We propose
that the different appearances of the inclusions are produced
by thermally moving molecular clusters of 1 having different
sizes or different arrangements. As illustrated in Figure 3c,
models with one-, two-, and three-molecule inclusions are
proposed, corresponding to the dot, bump, donut or “cloudy”
appearances, respectively. Other types of inclusions might be
from either extra molecules or molecular fragments.

We propose a mechanism for the predominant formation of
the Kagome structure. When molecules of 1 are deposited in
preformed type-I networks covering the entire surface, they are
trapped in the networks’ voids as guest species. As the
compound 1 dosage is increased, the voids host multiple guest
molecules. These guest molecules experience intermolecular
repulsion due to the limited void space. At an appropriate
annealing temperature, the relatively small rhombic voids are
expanded by the included guest molecules, forming Kagome
networks whose large voids can accommodate the guest
molecules with less intermolecular repulsion. Thus, the pre-
dominant formation of the Kagome structure relies on an
inclusion effect. Inclusion template growth is a well-known
phenomenon in 3D coordination framework synthesis.11 On
liquid-solid interfaces, inclusion-induced phase transitions have
been documented as well.18 Here we have demonstrated that
the 2D coordination network of smaller voids can be converted
into that of larger voids by inclusion of guest molecules of the
proper size.

In order to obtain a thorough picture of the phase transition,
we conducted series of sequential-deposition experiments. (It
should be noted that we always slightly overdosed Fe to ensure
that there were enough Fe atoms to coordinate all of the
molecules. Under these conditions, the structure formation was
independent of the Fe dosage.) One example is indicated by
the kinked red line in Figure 4, which represents a four-step
process: (1) a sample with nearly normal stoichiometry at low
dosage was prepared; (2) the dosage of 1 was increased by
∼80%; (3) the dosage of 2 was increased by ∼80%; and (4)
the dosage of 1 was further increased by ∼30%. An annealing
treatment at ∼180 °C was applied after each step, and STM
topographs were acquired at every step to determine the network
structures. The overall results for all of the trials are summarized
as a phase diagram shown in Figure 4, where the dashed line
denotes the normal stoichiometry (1/2 ) 2:1). Three zones are
defined: the pure type-I phase as zone I, the pure type-II phase
with inclusion as zone II, and the mixture phase containing both
type-I and type-II structures as zone III. In zone I, the networks
partially cover the surface while the compound 1 dosage is
above its normal stoichiometry value. The extra molecules of

1 exist in a 2D molecular-gas phase,35 creating noisy STM
signals in the surface area outside the network islands. Thus,
in zone I, the type-I phase coexists with freely moving molecules
of 1. In zone III, the networks also partially cover the surface
while the compound 2 dosage is above its normal stoichiometry
value. In this zone, closely packed islands of molecules of 2
are formed (see Figure 1a). In zone II, the networks cover the
entire surface, and the extra molecules of 1 are trapped in the
hexagonal voids of the Kagome networks. Notably, there are
no sharp boundaries between the zones, and mixture structures
are present there.

Next, we address the chemical characteristics of the networks.
Under certain imaging conditions, molecules of 2 could show
two distinctive contrasts in STM topographs, namely, bright
bumps or dark depressions, as exemplified in Figure 5. This
phenomenon occurred in both phases, and the bright/dark species
were distributed randomly in the networks. As it is known that
iron atoms are able to metalate free-base porphyrin molecules,
which usually give rise to a pronounced STM appearance,36

we attribute this contrast diversity to metalation of molecules
of 2 by Fe. In our experiments, since the condition of the STM
tip was unknown, it was impossible to conclude unambiguously

(34) Gimzewski, J. K.; Joachim, C.; Schlittler, R. R.; Langlais, V.; Tang,
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H.-J.; Jung, T. A. Chem. Phys. Lett. 2001, 348, 175. (b) Wakayama,
Y.; Hill, J. P.; Ariga, K. Surf. Sci. 2007, 601, 3984.

Figure 4. Phase diagram of the polymorphic coordination network structure
as a function of the dosages of compounds 1 and 2 (100% corresponds to
full surface coverage by molecules). Zones I and II correspond to type-I
and filled type-II networks, respectively, and zone III is a mixture phase of
the type-I and empty type-II structure. Squares/triangles/circles correspond
to experimental data points of type-I, filled type-II and coexistence of type-I
and type-II structures. The kinked red line indicates a multistep sequential
deposition that resulted in a phase transition from type I to filled type II.
The blue dashed line denotes the normal stoichiometry (1/2 ) 2:1).

Figure 5. Chemical diversity of molecules of 2 in (a) type-I and (b) type-
II networks. Size of each image: 30 nm × 30 nm. Data acquisition
conditions: (a) U ) -1.4 V, I ) 0.6 nA; (b) U ) -1.4 V, I ) 0.6 nA).
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which species in our data correspond to metalated porphyrins.
Nevertheless, we carried out a series of experiments with varying

Fe dosage in order to prepare a phase that would provide us
with a homogeneous STM appearance of compound 2, which
is supposed to represent a phase of homogeneous chemical state.
All of these trials failed. A likely cause is that Fe atoms
participate either in coordination or metalation indiscriminately
in the self-assembly processes.

With the aim of preparing networks with homogeneous
chemical states, we replaced compound 2 by compound 3. This
compound has been proven to be chemically stable on Au(111)
surfaces up to 350 °C.22 The overview STM topograph in Figure
6a shows structures similar to those in Figure 1a, which shows
coexisting type-I and type-II phases. Evidently, the Zn center
does not influence the self-assembly processes. In the high-
resolution images in Figure 6b,c, all molecules of 3 exhibit an
identical appearance, which can be ascribed to the homog-
enously Zn-metalated compound 3. Hence, these networks
possess porphyrins in a homogeneous chemical state. Finally,
we grew networks of a single structure as well as a single
chemical state following the protocol outlined in the phase
diagram in Figure 4. With appropriate dosages of 1, 3, and Fe,
type-I networks covering the entire Au surface were formed,
as shown in Figure 6d. This phase stands for a bimetallic (Zn
and Fe) coordination network of the highest chemical and
structural homogeneity.

Conclusion

In summary, we have investigated the self-assembly of
multicomponent 2D coordination networks on a Au(111)
surface. The networks consist of two organic molecules as
ligands with Fe atoms as coordination metal centers. We have
identified two polymorphic types of network structures coexist-
ing on the surface. By tuning the dosage of the constituent
compounds, we have realized homogeneous structural phases.
We have also demonstrated that inclusion of guest molecules
can effectively transform the networks with smaller voids into
those with larger voids. Furthermore, we have achieved mul-
ticomponent networks with a homogeneous structural and
chemical state by using chemically modified ligands. We believe
that these results offer an in-depth understanding of complex
multicomponent self-assembly, which is of fundamental im-
portance in guiding the bottom-up fabrication of multifunctional
nanostructures by supramolecular coordination assembly.
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Figure 6. (a) Overview STM topograph of the network structures assembled
from 1, 3, and Fe, showing type-I and type-II network structures as well as
closely packed islands of compound 3 (scale bar, 20 nm; data acquisition
conditions: U ) -1.3 V, I ) 0.5 nA). (b, c) High-resolution images of the
two types of networks showing the homogeneous appearances of compound
3 [size of each image, 30 nm × 30 nm; data acquisition conditions: (b) U
) 1.4 V, I ) 0.4 nA; (c) U ) -1.0 V, I ) 0.6 nA]. (d) STM topograph
showing networks of the homogeneous chemical and structural state (scale
bar, 20 nm; data acquisition conditions: U ) 1.7 V, I ) 0.7 nA).
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