
Multilevel Supramolecular Architectures
Self-Assembled on Metal Surfaces
Dingyong Zhong,† Katrin Wedeking,‡ Tobias Blömker,‡ Gerhard Erker,‡ Harald Fuchs,†,§ and Lifeng Chi†,*
†Physikalisches Institut and Center for Nanotechnology (CeNTech), Universität Münster, Wilhelm-Klemm-Strasse 10, 48149 Münster, Germany, ‡Organisch-Chemisches
Institut, Universität Münster, Corrensstrasse 40, 48149 Münster, Germany, and §Institut für Nanotechnologie, Forschungszentrum Karlsruhe, 76021 Karlsruhe, Germany

N
oncovalent interactions play an
important role in nature, for ex-
ample, in protein folding and su-

pramolecular assembly. In the past decades,

surface-supported supramolecular assem-

bly based on noncovalent interactions, in-

cluding hydrogen bonds, dipolar coupling,

metal coordination, and van der Waals

(vdW) interaction, has been intensively

studied.1�15 By carefully adjusting the inter-

molecular interactions, diverse supramolec-

ular structures with considerable complex-

ity, such as size-controlled aggregates,1

nanowires,2 honeycomb and square

networks,3�6 multilevel or hierarchical

structure,7�10 orientational superstructure,13

and chiral systems,14,15 were investigated.

Although vdW interaction, which exhibits

an indispensable effect on multilevel struc-

tures of biomolecules, is weak among non-

covalent interactions, collective behavior of

this weak interaction may result in unex-

pected phenomena.11,13,16

The assembly of molecules with hydro-

gen bonds or metal coordination is usually

dominated by the relatively strong intermo-

lecular interactions, while the

oligoethylene-bridged diferrocenes [Fc-

(CH2)n-Fc, Fc � ferrocenyl, n � 12, 14, 18]

(diFc-n) investigated here exhibit only weak

vdW interactions between the molecules,

which are also only physisorbed on metal

surfaces such as Cu, Ag, and Au.17�20 The

comparable strength of intermolecular and

molecule�substrate interactions makes the

assembled molecular structure sensitive to

the balance of these interactions and may

induce certain complicated structures. Here

we report the controllability of the com-

plexity of diferrocene supramolecular as-

sembly on metal surfaces by adjusting the

mismatch between the molecular packing

and the surface atomic periodicity. By us-
ing scanning tunneling microscopy (STM),
we observed a homomolecular assembly
exhibiting two-dimensional multilevel
structures up to quaternary level, which
can serve as templates for site-selective ad-
sorption of guest molecules. The formation
mechanism of the multilevel structures is
discussed.

RESULTS AND DISCUSSION
In our experiments, diferrocene mol-

ecules were deposited onto single-
crystalline metal surfaces at room tempera-
ture under ultrahigh vacuum conditions.
The as-prepared samples were then ana-
lyzed by STM at a temperature of 78 K. The
assembly of diferrocene molecules depends
sensitively on experimental parameters in-
cluding the chain length, substrate, growth
temperature, and coverage. The complexity
of the surface-supported assembly can be
well-controlled by adjusting the above pa-
rameters. On Cu(111) surfaces, diFc-14 mol-
ecules form linearly stacked columns, as
shown in Figure 1a. The bright protrusions
represent Fc groups, while the oligoethyl-
ene chains are located in the dark grooves.
There are two types of configurations of Fc
groups with respect to the substrate
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ABSTRACT We report the controllability of the complexity of surface-supported supramolecular assembly on

metal surfaces. By introducing mismatch between the molecular packing and the surface atomic periodicity in the

systems with comparable strength of intermolecular and molecule�substrate interactions, a homomolecular

assembly exhibiting two-dimensional multilevel structures up to quaternary level was observed. In such a

multiperiodicity modulated system, neither the intermolecular nor molecule�substrate interactions solely

dominate the assembly, resulting in complicated multilevel structures. We further demonstrated that the

multilevel assemblies can serve as templates for site-selective adsorption of guest molecules.

KEYWORDS: self-assembly · STM · noncovalent interactions · multilevel · template

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 4 ▪ 1997–2002 ▪ 2010 1997



surface: The brighter protrusions are tilted Fc groups

with their five-fold axis 10�20° off the surface normal,

exhibiting an asymmetric ring-like feature of cyclopen-

tadienyl rings,22 and the gray protrusions without a

ring-like feature showing an apparent height about 0.7

Å lower than the bright ones are the edge-on Fc groups

with their main symmetry axis parallel to the surface.

The tilted and edge-on Fc groups tend to be arranged

alternatively.

When diFc-14 molecules were deposited on a

Cu(110) surface at room temperature with monolayer

coverage, a more complicated structure was observed,

as shown in Figure 1b. The unit cell of the ordered struc-

ture consists of four molecules, three of them stacked

nearly along the [1 �1 �1] direction with the long axis

almost parallel to the [1 �1 0] direction of the Cu(110)

surface, and the fourth is intercalated between two col-

umns of stacked molecules with the long axis in the

stacking direction. The orientation of the structure rela-

tive to the Cu(110) surface is given by (a1|a2) � (�1, 142/

3|�4, 32/3) (aCu[001]|aCu[1�10]), which exhibits a point-on-

line coincidence to the substrate.21 The average area

occupied per molecule is 1.44 nm2, slightly greater than

the value of the (�2 1 1) plane of the crystalline struc-

ture of diFc-14 (1.38 nm2).17,18 The zigzag feature along
the direction of the shorter base vector a2 is a result of
repeated location offsets every three stacked mol-
ecules. Similar periodic offset of molecular location has
been previously observed on the assembly of alkylcy-
anobiphenyl molecules on graphite surfaces.23,24 Most
of the Fc groups (bright protrusions) are tilted, while
some of the intercalated molecules have one of the two
Fc groups edge-on (small arrow). In Figure 1c, two pos-
sible configurations of diFc-14 adsorbed on Cu(110)
(i.e., with both Fc groups tilted or with one tilted and
the other edge-on) are illustrated.

By reducing the coverage to a submonolayer
(0.5�0.8 ML), the amount of edge-on Fc groups in-
creases and they tend to be organized in a regular pat-
tern (Figure 1d,e). Although at first glance the arrange-
ment of the molecules is similar to those at monolayer
coverage, one can find that there is an additional larger
periodicity along a2. The orientation of the structure
relative to the Cu(110) surface is given by (b1|b2) � (�1,
15|�12, 11) (aCu[001]|aCu[1�10]), which is about three
times larger than (a1|a2). In a repeated unit, the interca-
lated molecules have their Fc groups oriented tilted
and edge-on, both tilted, edge-on and tilted, in se-
quence. A difference in stacking direction of ca. 6° ex-
ists between the molecular columns in the surrounding
of both tilted intercalated molecules and those in the
surrounding of intercalated molecules with one Fc
group tilted (inset of Figure 1e).

We have systematically investigated the assembly
of diferrocene molecules with variable chain lengths (n
� 12, 14, and 18) on Au(111), Ag(110), and Cu(110), as
well as diFc-14 on Cu(110) at elevated temperatures
(70�80 °C) (see Supporting Information). Briefly, the as-
sembly on Au(111) is similar to that on Cu(111), while
on Ag(110) and Cu(110) surfaces, all surface-supported
architectures exhibit stacked molecular columns and in-
tercalated molecular chains similar to diFc-14 as-
sembled on Cu(110), and the molecules are almost
stacked nearly along the [1 �1 �1] direction of the
(110) surfaces with intermolecular distance equivalent
to the substrate periodicity in this direction. The general
assembly rule is that the intercalated molecules are ar-
ranged such that the projection of the molecular chains
has an integer multiple of the substrate periodicity in
the [001] direction.

The results presented here indicate the hierarchical
structure of the supramolecular assembly with mul-
tiple levels, as it is illustrated in Figure 2a. The diFc-n
molecules are the only building element of the multi-
level architectures. When the molecules are adsorbed
on a surface with weak or no surface potential modula-
tion, the molecules are linearly stacked forming the pri-
mary structure (1). With the modulation of the sub-
strate, the stacked molecules are repeatedly shifted in
order to match the substrate potential, resulting in the
secondary structure (2). Due to the interplay between

Figure 1. Controlling the complexity of surface-supported diFc-14 assem-
bly. (a) On Cu(111) (1 V, 50 pA). The molecules are stacked in parallel with al-
ternative tilted and edge-on Fc end groups. (b) On Cu(110) with mono-
layer coverage (�1 V, 100 pA). The unit cell (parallelogram) consists of three
stacked molecules and one intercalated molecule. Most of the Fc groups
are oriented with the five-fold axis 10�20° tilted with respect to the sur-
face normal, while the arrowed one is edge-on with its axis parallel to the
surface. The contrast of the upper part is enhanced in order to show the oli-
goethylene chains. (c) Schematic diagram of the two possible configura-
tions of diFc-14 adsorbed on Cu(110). Top, both Fc groups tilted; bottom,
one tilted and the other edge-on. (d) On Cu(110) with submonolayer cover-
age (�1 V, 10 pA). The unit cell is three times greater than that of the mono-
layer coverage structure. (e) Large-scale image of the submonolayer struc-
ture on Cu(110). Inset, periodic modulation of the stacking direction and the
orientation of intercalated molecules. Top, the intercalated molecular
chains (circles denoting tilted Fc groups and squares edge-on Fc groups);
middle, a stripe picked up along b2 direction; bottom, the stacking angle
with respect to b2.
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the intercalated and the stacked molecules, the loca-
tion and orientation of the molecules are further reor-
ganized and the tertiary structure (3) with a greater pe-
riodicity is formed. The molecules with the tertiary
structure tile over the whole surface, and a two-
dimensional quaternary structure (4) is constructed.

The multilevel supramolecular assembly is attrib-
uted to the interplay between the molecules and the
surface potential of the substrate. The diFc-n molecules
adsorbed on metal surfaces prefer the orientation with
their oligoethylene chains parallel to the surface to
strengthen the molecule�substrate interaction. On a
substrate with a “flat” surface potential, such as Au(111)
and Cu(111),25 the molecules adopt the simple stack-
ing configuration (primary structure). The ideal Fc�Fc
stacking distance without modulation from the sub-
strate is 6.8 Å, as in the (�2 1 1) plane of the molecu-
lar crystal.17 On a substrate with large local variation of
the surface potential, the stacking of the molecules will
be modulated in order to match the surface lattice.
The diFc-n molecules are preferentially stacked along
the [1 �1 �1] direction of the Cu(110) and Ag(110) sur-
faces, and the oligoethylene chains are constrained
roughly along the [1 �1 0] direction, owing to the pref-
erential orientation of oligoethylene chains in the [1
�1 0] direction of the Cu(110) surface.26 Our molecular
mechanics simulations also indicate that for diFc-14
molecules the orientation with the long axis in the [1
�1 0] direction is energetically favorable (see Support-
ing Information). The periodicity of the Cu(110) surface
in the [1 �1 �1] direction, 6.3 Å, is slightly smaller than
the periodicity of the ideally stacked molecules. As a re-
sult, considerable strain exists in the linearly stacked
molecules if the periodicity of the substrate is strictly
followed. As a consequence, the stacked molecules will
perform repeated offset in order to release the
mismatch-induced strain. The offset takes place per
three molecules in the case of diFc-14 adsorbed on a
Cu(110) surface, while it is four molecules on a Ag(110)
surface,18 which has a periodicity along the [1 �1 �1]
direction of 7.1 Å.

Similar to our previous work,27 the supramolecular
structure of diFc-14 on Cu(110) at submonolayer cover-
age is an extended phase with its base vector b1 2%
longer than the compressed phase at monolayer cover-
age. The relatively larger spacing between two col-
umns of stacked molecules makes the intercalated mol-
ecules free to some extent to take a more energetically
favorable configuration with the environment. Owing
to the flexibility of oligoethylene chains,28 the Fc groups
are free to rotate around the axis of the chains to adopt
an optimal orientation. As evidence of the flexibility of
the intercalated molecules, we have observed that in
the less regular regions some of the Fc groups of the in-
tercalated molecules stochastically switch between the
tilted and edge-on configurations. Nevertheless, the Fc
groups in the ordered quaternary structure are rather

stable and hardly perform a switching process at 78 K.

Figure 3a,b shows two STM images sequentially

scanned at the same region with irregular quaternary

structure. The circles mark the Fc groups, which change

their orientation during the scanning process (a video

of STM images indicating the switching is available in

Supporting Information). The switching process takes

place more likely on the Fc groups of the intercalated

molecules that have different orientation compared

with their neighbors intercalated in the adjacent col-

umns. Then, the molecules in the surrounding of the

orientation-switched Fc groups change their location

accordingly. For example, the Fc groups arrowed as

Figure 2. Two-dimensional multilevel supramolecular structures. (a) Sche-
matic diagrams showing the levels of the supramolecular structure. Primary
structure: linearly stacked molecular columns. Secondary structure: re-
peated offsets of stacked molecules. Tertiary structure: modulation of the
orientation of intercalated molecules and the stacking direction of stacked
molecules with a larger periodicity. Quaternary structure: tiling of stacked
molecular columns and intercalated molecular chains over the surface. (b)
Schematic drawing of the multilevel structures overlaid on the STM image
of diFc-14 assembled on Cu(110) at submonolayer coverage.

Figure 3. Stochastic orientation switching of the Fc groups
of intercalated diFc-14 molecules in a region with irregular
tertiary structure. (a,b) STM images sequentially scanned at
the same region (�1 V, 10 pA). The Fc groups that switch
their orientations are marked by circles. The Fc groups la-
beled by 1�8 show slight displacement due to the switch
of the nearby circled Fc group. (c) Height profiles across the
dashed lines in panels a and b, showing a 0.7 Å displacement
of the Fc group 5, which belongs the same molecule of the
switched Fc group.
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1�8 have a tiny change on their locations due to the
tilted to edge-on switch of the Fc group denoted by A
in Figure 3b. Figure 3c shows the height profile along
the long axis of the intercalated molecule. It is clearly
seen that there is a 0.7 Å displacement of the Fc group
marked by 5, which is part of the same diFc-14 molecule
as the switched Fc group. Thus, the location and orien-
tation of intercalated molecules and stacked molecules
are correlated.

According to the above observation, the molecules
with one Fc group tilted and the other edge-on oc-
cupy a relatively larger space and are closer to the
neighboring stacked molecules. As a result, the edge-on
and the tilted Fc groups have a face-to-edge configura-
tion. Such configuration is also adopted in the molecu-
lar crystals of ferrocene and its derivatives, and it was
also found to be an energetically favorable configura-
tion by density functional theory calculations.17,29,30 The
stacked molecules are further relaxed in order to fit
the orientation of the intercalated molecules. As for
the compressed structure, no tertiary structure is found
because the intercalated molecules in the monolayer
coverage assembly are confined in a limited space be-
tween two columns of stacked molecules and have no
additional freedom to adopt a face-to-edge
configuration.

The surface-supported multilevel supramolecular as-
sembly can serve as a template for site-specific physi-
cal and chemical reactions. Here we demonstrated the
site-selective adsorption of guest molecules on the mul-
tilevel architecture of diFc-14 on Cu(110). Here we re-
fer to the molecules in the template as host molecules

and the latter adsorbed molecules as guest molecules

without taking chemical sense into consideration. Due

to the periodic arrangement of the tilted and edge-on

Fc groups of the intercalated molecules and the modu-

lation of the stacking angles, there are four possible ad-

sorption sites: the cavities of intercalated molecules

with both Fc groups tilted (A1-type) or with one Fc

group tilted (A2-type), and the oligoethylene chain

grooves (B1-type and B2-type) (Figure 4a). Fullerene

(C60) molecules were deposited at a temperature of

150�250 K with low coverage (0.005�0.01 molecules/

nm2). Higher C60 coverage or deposition temperature

will result in the aggregation of C60 molecules and dis-

ordering of the underneath diferrocene template. At

low coverage, the spherical fullerene molecules prefer

adsorbing at the A-type cavities. More importantly, we

found that the adsorption probability at A2-type cavi-

ties is about 2�4 times higher than that at A1-type cavi-

ties. The result implies that the tiny difference be-

tween A1-type and A2-type cavities owing to the

tertiary structure does affect the adsorption behavior

of guest molecules. We attribute the above site-

selective adsorption phenomena to the geometrical ef-

fect, analogous to a previous report on the site-selective

fabrication of two-dimensional fullerene arrays by us-

ing a supramolecular template.31 Due to the stacking di-

rection difference, the A1-type cavities with diFc-14

having both Fc groups tilted is slightly larger than the

A2-type cavities, which may benefit the contact and en-

hance the vdW interactions between fullerene and un-

derlying Fc groups.

This template effect of the tertiary structure is even

more pronounced in the case of a planar molecule

F16CuPc (fluorinated copper phthalocyanine). F16CuPc

molecules, which were deposited at about 150�250 K

onto the multilevel diferrocene assembly followed an-

nealing to room temperature, prefer adsorbing at

B-type sites. Ordered arrangement of F16CuPc mol-

ecules following the tertiary periodicity of the under-

neath template was observed (Figure 4d). From the dis-

tance of the equivalent positions, we can deduce that

B1 is the preferred position. It is interesting to note that

no difference between B1 and B2 can be observed af-

ter the absorption of F16CuPc, which hints at the reori-

entation of the Fc groups. Our above results imply that

the template effect and the preferential adsorption sites

are dependent on the choice of guest molecules, par-

tially owing to the tininess of difference within the ter-

tiary structure. In principle, it is possible to obtain or-

dered arrays of guest molecules over large scales by

carefully choosing appropriate guest molecules and ad-

justing the kinetic parameters such as deposition tem-

perature, which should be high enough to activate the

surface diffusion of guest molecules and low enough to

keep the supramolecular template stable.

Figure 4. Site-selective adsorption of guest molecules on the multi-
level structure of diFc-14 on Cu(110) at submonolayer coverage. (a)
Possible adsorption sites. (b) Adsorption of C60 on the multilevel
structure, preferring A-type cavities with the adsorption probability
at A2-type cavities about 2�4 times greater than that at A1-type
cavities (2 V, 2 pA). (c) Molecular structures of C60 and F16CuPc. (d) Ad-
sorption of F16CuPc on the multilevel structure (�1.5 V, 5 pA).
F16CuPc molecules prefer adsorbing at B-type sites and form or-
dered structures following the tertiary periodicity of the under-
neath template.
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CONCLUSION
Complicated structural and phase behaviors are

commonly observed in multiperiodicity modulated
systems with more than one set of noncovalent in-
teractions that have comparable strength. The rela-
tion of the stacked and intercalated molecules in our
system is analogous to the host�guest system of in-
clusion compounds.32 Because the periodicities of
the columns of stacked molecules and the chains of
intercalated molecules as well as the periodicity of
the substrate surface in the stacking direction are
mismatched, without a predominant interaction in
the system, the assembly of the molecules that fol-
low any simple periodicity is not energetically favor-
able. The deformability of the organic molecules

and the nonrigid feature of the vdW interactions
make it possible to choose a more complicated ar-
rangement of the molecules in order to reduce the
total energy of the system. We believe the study of
the two-dimensional multilevel architecture re-
ported here will help to understand the effects of
collective or cooperative behavior of noncovalent in-
teractions in nature. The use of the supramolecular
structure as a template to direct the adsorption/re-
action of other molecules opens the possibility to ar-
range the molecules in an ordered but not densely
packed manner. The concept of multilevel structures
based on noncovalent interactions may be extended
to three dimensions to build hierarchical structures
with novel physical and chemical properties.33

METHODS
Diferrocenes were synthesized as reported in ref 17, and

F16CuPc and C60 were purchased from Sigma-Aldrich. The sur-
faces of single-crystalline metallic substrates were treated by re-
peated sputtering�annealing processes for several times under
ultrahigh vacuum conditions (base vacuum, �10�8 Pa). Organic
materials loaded in quartz crucibles were thermally deposited on
the substrates. The as-prepared samples were then transferred
to the Omicron LT-STM stage, which was precooled to 78 K, for
STM measurements. The substrates were kept at room tempera-
ture or elevated temperatures (substrates were heated by a
tungsten filament) for diferrocene deposition, while F16CuPc
and C60 were deposited on diferrocene prepatterned surfaces at
a temperature lower than room temperature (the deposition
process was conducted immediately after the substrates were
transferred from the STM stage) followed by annealing to a tem-
perature close to room temperature.
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