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ABSTRACT The controlled formation of non-covalent bonds
(H-bonding, metal-ligand interactions) is the key ingredient
for the fabrication of supramolecular architectures and nanos-
tructures. Upon deposition of molecular building blocks at
well-defined surfaces, this issue can be directly addressed. Scan-
ning tunneling microscopy observations are presented, which
provide insight into the interaction of functional groups on
metal substrates at the molecular level. In particular, carboxylic
acids were employed: (4-[(pyrid-4-yl-ethynyl)]-benzoic acid
(PEBA), 4-[trans-2-(pyrid-4-yl-vinyl)]-benzoic acid (PVBA)
and trimesic acid (1,3,5-benzenetricarboxylic acid, TMA),
which could be stabilized in a flat geometry at the surface.
By choosing the appropriate substrate material and symmetry,
the sensitive balance of intermolecular and molecule—substrate
interactions can be tuned to obtain well-defined supramolecu-
lar architectures and nanostructures. The head-to-tail hydrogen
bonding of the related rod-like species PEBA and PVBA sta-
bilizes molecular rows on Ag(111). The subtle difference in
the molecular geometries is reflected in the lateral ordering:
While 2-D islanding is encountered with PEBA, 1-D nanograt-
ings of supramolecular chiral H-bonded twin chains evolve for
PVBA. The threefold symmetry of TMA in conjunction with
the self-complementarity of its exodentate groups accounts for
the formation of H-bonded honeycomb networks on Cu(100)
at low temperatures. Metal-ligand interactions were probed
with PVBA and TMA at Cu surfaces at ambient tempera-
ture. Deprotonation of the carboxyl moiety takes place, which
readily interacts with Cu adatoms evaporated from step edges.
This leads to a head-to-head pairing of PVBA on Cu(111)
and cloverleaf-shaped Cu—~TMA coordination compounds on
Cu(001).

PACS 68.65.-k; 81.16.Fg; 82.30.Rs; 82.65.4r

1 Introduction

The mastery of the non-covalent bond is the leitmo-
tiv in supramolecular chemistry [1-3]. Over the last decades,
intricate arrangements from molecular building blocks have
been created by synthetic means. This idea originates from
living organisms: Natural supermolecules are abundant in bi-
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ological systems, where their proper functioning is of cru-
cial importance for life. One of the main strategies in the
field is self-assembly, which provides unique routes to ob-
taining nanoscale supramolecular structures [2—6]. Recent
studies, where scanning tunneling microscopy (STM) was
predominantly employed as an experimental technique, have
revealed that with molecular building blocks at well-defined
surfaces, direct insight into non-covalent interactions and self-
assembly phenomena can be gained in two dimensions [7—
14]. A current challenge in this field appears to be the devel-
opment of strategies for deliberate positioning of functional
molecular species at suitable substrates, a decisive aspect in
the search for molecular devices [15, 16].

A promising class of compounds for supramolecular ag-
gregates are molecular species comprising functional groups
for hydrogen-bond formation. The H-bond energetics are fre-
quently in a useful range and their directionality facilitates
fabrication of highly organized assemblies [17-20]. Cor-
responding molecules have been investigated at metal sur-
faces [7,10, 11, 13] and the results demonstrate that organic
species with, for example, moieties for head-to-tail or lateral
coupling can be successfully employed. This suggests that
species with functional groups providing geometrical (steric)
or electronic complementarity can be employed in general.

The concept of metal coordination compounds based on
specific metal-ligand interactions was introduced by Werner
at the turn of the 20th century [21,22]. Coordinate bonds
may be decisive in molecular recognition and offer an ex-
cellent means for the fabrication of complex molecular ar-
rangements at the nanoscale. Accordingly, they represent one
of the pillars of supramolecular chemistry [1,2,6,23,24].
The principles of metal-ligand interactions for interconnect-
ing adsorbed species at surfaces remain to be explored. As
a promising step, it has been demonstrated in a recent study
that arrays stabilized by coordination bonding can be gener-
ated on graphite [25].

We have explored the controlled formation of non-
covalent bonds for the fabrication of supramolecular nanos-
tructures at surfaces. In particular, a series of carboxylic acids
with different shapes and symmetries has been employed.
With these species, we disregard the asymmetry of the car-
boxylic acid group, which can rotate in the gas phase. At the
surface, the hydrogen atom is expected to freely transport
from one oxygen atom to the other, similar with hydrogen
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transfer processes in related molecular systems [26]. The rod-
like molecules 4-[(pyrid-4-yl-ethynyl)] benzoic acid (PEBA)
and 4-[trans-2-(pyrid-4-yl-vinyl)] benzoic acid (PVBA) have
been designed for non-linear optics applications [27-29].
The structure formulae given in Fig. la and b show that
the differences between the two molecules are minute. Both
species are rigid and planar. The identical endgroups, i.e.
a carboxylic acid (‘head’) and a pyridyl moiety (‘tail’), are
designed to form head-to-tail hydrogen bonds (see Fig. 1d),
a feature which is found in PVBA and PEBA crystal struc-
tures [27,28]. The ethynylene bridge of PEBA is substituted
by a ethenylene bridge in PVBA leading to a slightly in-
creased length of PEBA with respect to that of PVBA (for
free molecules, the projection of the distance of the extremal
N and H atoms on the symmetry axis of the pyridyl moiety
is 12.8 vs. 12.4 A, the respective core-to-core distances are
12.8and 12.5 A). Upon 2-D confinement, the angled molecu-
lar structure of PVBA imposes chirality that is not present in
the gas phase. Thus two chiral species exist which are labeled
A and § PVBA, respectively (see Fig. 1b). By contrast, PEBA
is linear and thus the adsorbed molecule remains achiral at
a surface. Trimesic acid (TMA) — 1,3,5-benzenetricarboxylic
acid C¢H3(COOH); — represents a prototype material for
supramolecular self-assembly [30, 31]. As depicted in Fig. 1c,
itis a polyfunctional carboxylic acid with threefold symmetry
comprising a phenyl ring and three identical carboxyl end-
groups in the same plane. TMA is known to assemble in di-
verse supramolecular structures due to the trigonal exodentate
functionality, where the most common motif is a planar hon-
eycomb network structure formed through regular dimeriza-
tion of carboxyl groups (Fig. 1e). In the 3-D «-polymorph of
the TMA crystal structure, these networks interpenetrate, i.e.
the approximately 14-A — diameter holes of the honeycomb
lattice are catenated. The tendency of network formation in
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TMA is frequently employed for fabrication of clathrates (in-
clusion complexes) [30—33]. Under the conditions applied for
the present observations, all molecules employed were bound
in a flat geometry, i.e. with the aromatic ring parallel to the
surface plane.

2 Experimental

Sample preparation and characterization were con-
ducted under ultra-high vacuum (UHV), providing well-
defined conditions on atomically clean substrates. Two UHV
systems were employed, equipped with a home-built low-
temperature STM [34] and a variable-temperature STM [35]
(operational in the range of 40—800 K), respectively, as well
as standard facilities for sample preparation and character-
ization. The single crystal surfaces were prepared by cy-
cles of argon-ion sputtering (500-700¢eV, 0.5-6 wA/cm?)
and subsequent annealing (800-900 K), resulting in large
defect-free terraces in the 1000-A range. The molecules
were deposited in UHV by organic molecular-beam epitaxy
using conventional Knudsen-cells at background pressures of
approximately 5 x 107! mbar with sample temperatures in
the range 100-450 K.

3 Supramolecular architectures with hydrogen
bonding

The formation of superstructures stabilized by hy-
drogen bonds requires that the lateral intermolecular coupling
be well balanced with respect to the molecule—substrate in-
teractions. Experiments with PVBA revealed that this can be
accomplished by choosing weakly corrugated noble metal
substrates (Ag(111), Au(111)). In contrast, the molecule—
substrate interactions may dominate on substrates with
higher corrugation and chemical activity, such as Pd(110)

TMA

trimesic acid

FIGURE1 The molecular building
blocks: a 4-[(pyrid-4-yl-ethynyl)] benzoic
acid (PEBA); b with 4-[trans-2-(pyrid-
4-yl-vinyl)] benzoic acid (PVBA) two
chiral species labeled A and § PVBA exist
R upon 2-D confinement; ¢ trimesic acid
(TMA) — 1,3,5-benzenetricarboxylic acid
CsH3(COOH)3; d head-to-tail hydrogen
bonding between a carboxyl and a pyridyl
moiety; and e H-bond dimerization of two
self-complementary carboxyl groups
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and Cu(111), and prevent regular ordering mediated by
H-bonding [11, 36, 37].

31 Two-dimensional self-assembly of PEBA on
Ag(111)

Well-ordered structures are formed for PEBA ad-
sorbed on Ag(111) upon annealing low-temperature-grown
films or deposition at room temperature. At intermediate
coverages, the large terraces are typically nearly saturated,
whereas on smaller terraces frequently merely the atomic
steps are decorated. In Fig. 2a, the existence of 2-D islands
on large terraces is revealed. Within the islands, the head-to-
tail coupling feature can be identified. The borders of the is-
lands are usually straight; kinks are energetically unfavorable.
This also signals that the mobility of individual molecules
along step edges is high when islands evolve. From STM im-
ages, the substrate direction of the molecular chains in the
different domains and the intermolecular distances were de-
termined. High-resolution data demonstrate that all molecules
within the 2-D islands point in the same direction [38]. The
supramolecular structure is oriented along [31 2] (in the mir-
ror domains along [213]) with a chain periodicity of 15.3 A
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and an inter-row distance d of about 6.6 A [38]. Moreover, de-
tailed data analysis reveals that the molecular axis is slightly
rotated (~ 5°) with respect to the superstructure orientation.
This effect can be rationalized by the directional nature of
the hydrogen bond. In Fig. 2b the proposed model of the
PEBA structure is represented. It reveals that the rotation of
the molecular axis allows for a better coordination in the
head-to-tail coupling between the endgroups and is likely to
be supported by the lateral inter-row coupling. The length
of the OH - - - N hydrogen bond between PEBA molecules is
approximately 2.3 A (assuming an unrelaxed geometry; the
hydrogen—nitrogen distance is given). Theoretical modeling
indicates that this configuration is associated with a gain in co-
hesive energy per molecule of approximately 0.4 eV [38, 39].
The parallel orientation of adjacent PEBA prevents satura-
tion of lateral bonding and thus promotes 2-D growth. It is
interesting to note that the islands represent enantiomorphic
supramolecular structures due to a distinct shift of neighbor-
ing molecular chains in the islands. This is due to the fact that
the PEBA molecules do not follow a high-symmetry direc-
tion of the substrate. While the threefold substrate symmetry
is reflected in three rotational domains on the Ag(111) sur-
face for a given enantiomorphic configuration, the substrate

FIGURE 2 a STM topograph showing the equilibrium configu-
ration of PEBA on Ag(111) (annealed to 300 K following adsorp-
tion at 150 K, measured at 77 K). 2-D islands on large terraces
have formed where the PEBA molecules are aligned strictly paral-
lel. The rod-like shape of the flat-lying molecules is clearly visible.
The atomic step in the upper right is decorated with two PEBA
rows. b Schematic model for the PEBA supramolecular structure
with OH - - - N head-to-tail and weak lateral CH - - - OC hydrogen
bonds indicated. For closer proximity of the functional groups
and the 2-D interconnection of the rows, the molecular axis is
slightly rotated with respect to the orientation of the superstruc-
ture. Adapted from [38]
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symmetry accounts for a mirror domain to every rotational do-
main having opposite chirality. Since PEBA is achiral and the
molecules in related mirror domains cannot be distinguished,
their very packing is at the origin of the enantiomorphic struc-
tures encountered here [38].

3.2 Supramolecular chiral H-bonded twin chains in

PVBA/Ag(111)

Extended regular molecular stripe patterns evolve
at intermediate PVBA coverages upon equilibration, as
demonstrated by the data reproduced in Fig. 3aand b. 1-D ag-
gregates consisting of PVBA twin chains have formed. They
run straight along a (112)-direction of the Ag lattice and form
well-ordered nanogratings at the wm scale [11]. The period-
icities of the grating can be tuned by the amount of deposited

material or by exploiting dislocation patterns at suitable sub-
strates (e.g. Au(111)) [13,38]. The twin-chain periodicity is
15 A, corresponding to 3 x /3 a, where a = 2.885 A is the
Ag surface lattice constant). The molecular axes are oriented
along the chain direction, in agreement with the expected for-
mation of hydrogen bonds between the PVBA endgroups.
Reflecting the threefold symmetry of the Ag(111) substrate,
three rotational domains exist on the surface [38]. High-
resolution data reveal that within the twin chains, a head-
to-tail coupling prevails and that the two molecular rows in
a given twin chain are oriented antiparallel [11]. Moreover,
the twin chains are enantiomorphic due to the distinct di-
rectional shift in the adjacent molecular rows. For example,
in the data presented in Fig. 3a it is always the left PVBA
row that appears to be displaced in the chain direction. It
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FIGURE 3 Formation of a regular 1-D
supramolecular PVBA nanograting by H-
bond-mediated self-assembly on the Ag(111)
surface at intermediate coverages (following
adsorption or annealing at 300 K, measured
at 77 K). This pattern is continued in ex-
tended domains in the wm-range. The STM
images in a and b reveal that enantiomor-
phic PVBA twin chains evolve, where the
molecular endgroups are connected. Domains
exist where the supramolecular chirality of the
twin chains is strictly correlated. ¢ Schematic
model for the two possible supramolecular
chiral PVBA twin chains with OH---N and
weak lateral CH - - - OC hydrogen bonds indi-
cated. Adapted from [38]
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can be easily seen that the twin chains shown in Fig. 3a can-
not be transformed into those shown in Fig. 3b by simple
translations and rotations in 2-D. Rather, a mirror operation
would be required. Thus, for each rotational domain two pos-
sibilities for supramolecular chiral ordering exist. Theoretical
modeling indicates that for each type only one chiral PVBA
species is employed (Fig. 1b) [13]. Corresponding models
are reproduced in Fig. 3c with the hydrogen bonding be-
tween the molecules indicated. The OH - - - N hydrogen bond
length is estimated to be 2.5 A, assuming an unrelaxed mo-
lecular geometry. Due to their antiparallel arrangement, the
crooked molecules nicely match each other. Furthermore, de-
tailed theoretical analysis reveals that the inward orientation
of the more negative double-bonded oxygen atoms simultan-
eously accounts for lateral bonding and the saturated nature
of the repulsively interacting twin chains [13]. A striking fea-
ture in the data shown is that all twin chains in the domains
shown are of the same chirality (Fig. 3a and b), i.e. there
exists a mesoscopic correlation of supramolecular chirality,
which was found to be strictly obeyed over the entire pwm
domains. Consequently, the racemic mixture that had been
originally deposited from the stochastic molecular beam un-
derwent spontaneous mesoscopic chiral resolution during the
formation of the nanogratings [13].

33 Low-temperature TMA honeycomb phase on
Cu(100)

In Fig.4a, a STM image revealing hydrogen-
bonded TMA assemblies is shown (deposited at 240 K, data
recorded at 205 K). The apparent height of the molecules, ap-
proximately 1.5 A, indicates a planar adsorption geometry;
this is typical for aromatic molecules with a -system ori-
ented parallel to the surface [36,40]. Additional STM data
reveal a triangular appearance of the molecules with a char-
acteristic side length of approximately 8 A [41] (which agrees
with the dimensions of an individual TMA molecule [42]).
Extended 2-D TMA islands with smooth borders have formed
at the surface, decorating the atomic steps. This implies a pre-
ferred TMA adsorption at the step edges and an appreciable
low-temperature diffusion rate. Within the islands, a hon-
eycomb motif with a periodicity of approximately 20 A is
identified. This configuration is associated with supramolecu-
lar self-assembly through dimerization of carboxyl endgroups
(Fig. le), similar to the network structures in 3-D TMA crys-
tals, as demonstrated by the model depicted in Fig. 4b. When
additionally the preference for a specific high-symmetry
bonding site at the Cu(100) surface is posed, a slightly in-
creased and deformed cavity of approximately 16 x 18 A2 is
suggested [41]. In this case, the characteristic shortest dis-
tance between network knots (of &~ 20 A) through the center
of a single mesh coincides with the corresponding value in the
crystal structure of a-polymorph trimesic acid [43]. Assum-
ing an unrelaxed molecular geometry, the average length of
the OH - - - O bond comes close to 2.7 A (which exceeds by ap-
proximately 1 A the corresponding distance in the crystalline
a-phase of TMA [43]). Note that the network formation nec-
essarily implies the free transfer of H atoms from one oxygen
atom to the other within the carboxyl groups. In the ab-
sence of this effect, the adsorbed flat-lying TMA molecules
would exist in several distinct configurations (being partly
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FIGURE 4 a STM image of the low-temperature phase of TMA on
Cu(100) (deposited at 240 K, image taken at 205 K). In the islands decorating
the step edges, a honeycomb motif is resolved, which is associated with ex-
tensively hydrogen-bonded 2-D TMA networks. b Schematic model for the
honeycomb structure with TMA in a flat adsorption geometry and threefold
dimerization of self-complementary carboxyl moieties. Adapted from [41]

2-D chiral), effectively obstructing the periodic dimerization
of carboxyl endgroups.

4 Nanostructuring with metal-ligand interactions
4.1 Copper—carboxylate bonding in PVBA / Cu(111)

With the deposition of PVBA on Cu(111) at ele-
vated temperatures (T = 425 K), arrangements are encoun-
tered which are associated with the formation of copper car-
boxylates where PVBA molecules are laterally linked via
Cu adatoms. The adsorbed molecules are highly mobile at
elevated temperatures and in analogy with the surface chem-
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istry of related carboxylic acids [44], the PVBA carboxyl moi-
ety is expected to be deprotonated. Simultaneously, mobile Cu
adatoms exist within the terraces at the elevated temperature.
The reason behind the presence of Cu adatoms is their con-
tinuous 2-D evaporation/condensation at atomic step edges,
which accounts for the presence of a surface lattice gas. This
process can be understood as the 2-D analogue to the coexis-
tence of gas and condensed phases in 3-D systems described
by the vapor pressure of a substance. On Cu(111), the atom
detachment rate from kink sites onto a terrace is approxi-
mately 15s~! at 425 K [45]. This suggests that lateral inter-
actions between PVBA and substrate adatoms may become
important. Upon cooling down, pairs of molecules are prefer-
entially found, as demonstrated by the STM image in Fig. Sa.
This pairing is in marked contrast to the repeated head-to-
tail motif encountered with PVBA and PEBA on Ag(111). It
is associated with lateral copper—carboxylate bonding where
two molecules arrange in a linear complex with a flat bonding
geometry, as demonstrated by the model in Fig. 5b. Accord-
ingly, the length of the pairs in the STM data amounts to
approximately 28 A. Similar findings have been obtained with
benzoic acid and related species on Cu surfaces [44, 46].

4.2 Cu-TMA compound on Cu(100)

TMA was observed on Cu(100) at room tempera-
ture. Similar to the Cu(111) substrate, a 2-D lattice gas of
Cu adatoms was present, leading to a complete deprotoniza-
tion of the carboxylic groups such that three reactive COO
ligands per TMA existed [41,47]. At appreciable coverages,
individual molecules can be resolved as equilateral triangles
in STM images (Fig. 6a), reflecting a flat-lying geometry.
The symmetry and characteristic side length of approximately
8 Angstrom agrees well with the shape and dimensions of
TMA [30,43]. Four distinct orientations with respect to the
substrate lattice were found with one of the triangle cor-

— — (7]
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FIGURE 5 a Pairing of PVBA molecules upon deposition on Cu(111)
at elevated temperatures (adsorption at 425K, measured at 77 K). The
molecules are imaged slightly shorter than on the Ag(111) surface. b Model
of copper—carboxylate bonding with a head-to-head pairing of two PVBA
molecules with deprotonated carboxyl moieties

ners always pointing along a high-symmetry direction of the
Cu(100) surface. This is understood to be as a consequence
of high-symmetry site occupation of the aromatic ring at the
substrate atomic lattice. The data reveal moreover that the
molecules tend to be arranged in a complementary manner,
i.e. neighboring TMAs are oriented anti-parallel, which ac-
counts for close packing at the surface due to the space-filling
principle. However, this rule is not generally obeyed and ar-
rangements occur where four TMAs form a cloverleaf struc-
ture with a bright protrusion at the center. This configuration is
associated with a central Cu adatom which is coordinated by
the carboxylate ligands from the four surrounding molecules
and is hence designated Cu(TMA)4 (The decisive role of atom
evaporation from steps could be proven in the present case
by the following experiments: On the one hand, evaporation
was limited via step decoration by carbon monoxide. In this
case, the compound formation was significantly delayed. On
the other hand, the compound formation could be triggered by
co-deposition of Cu.) A close inspection of the STM image re-
veals that the TMA carboxylate ligands do not point straight
towards the central protrusion in the compound. This demon-
strates that the oxygen atoms in the respective COO moieties
are not equivalent, indicating a unidentate coordination of the
Cu adatom, as illustrated by the model in Fig. 6b.

Assuming an unrelaxed TMA geometry, the Cu—O dis-
tance is estimated to be approximately 3 A, exceeding sub-
stantially the characteristic Cu—O distance of approximately
2 A encountered in 3-D copper carboxylates [48,49] (note

o
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o

c
FIGURE 6 a STM topograph of TMA adsorbed on a Cu(100) surface
at 300 K. The triangular shape reflects a flat-lying adsorption geometry.
Cloverleaf-shaped arrangements of four TMA molecules with a central pro-
trusion represent Cu(TMA)4 coordination compounds. b Regular ordering
of the complexes close to saturation coverage. ¢ Model for the Cu(TMA)4
compound with a Cu adatom coordinated by four carboxylate ligands. In
agreement with the STM image, the TMA triangles do not point straight to
the central site, indicating unidentate coordination of the central Cu. Adapted
from [47]
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that in theoretical calculations, carboxylate formation at sur-
faces with Cu—O distances of up to 2.6 A and appreciable
chemical bonding was found [50]). The Cu-O distance re-
laxation is attributed to the role of the substrate atomic lat-
tice [47]. Moreover, the nature of the coordination bond itself
is expected to be modified in the presence of the electrons
from the Cu conduction band, which may account effectively
even for substrate-mediated interactions. The square shape
of the Cu(TMA), configuration with its fourfold coordina-
tion is characteristic of Cu(Il) complexes [51,52]. Thus the
cloverleaf arrangement per se should be considered formally
as a (Cu(I)(TMA),)'°~ ion. However, the charge on both the
Cu adatoms and the adsorbed TMA molecules is strongly af-
fected by the presence of the electrons of the metal surface,
which effectively screen any charged adsorbate. That is to
say, an isolated deprotonated TMA molecule at the surface
should not be considered as (TMA,q)>~, but rather as a neutral
TMA /Cu(001) complex. As an important consequence, the
oxidation state of the central Cu atoms in the Cu(TMA),4 con-
figuration cannot be determined unambiguously. This con-
trasts with the situation encountered with isolated compounds
in three dimensions, where the charge is usually balanced by
counterions.

Itis impossible to fabricate extended 1-D or 2-D networks
where more than one carboxylate ligand per TMA participates
in coordination-bond formation. This is again associated with
the influence of the substrate atomic lattice, which pins the
positioning and orientation of the reactive species at the sur-
face. However, a second compound could be identified close
to saturation of the TMA monolayer, where two Cu atoms
are bound by six TMAs. An analysis of corresponding STM
data [47] revealed that with this Cu,;(TMA)¢ configuration,
four unidentate and two syn syn coordination bonds were
present. In order to obtain quantitative information on the life-
time and formation of the compounds, measurements at small
concentrations were undertaken, where both Cu adatoms and
individual TMA molecules are highly mobile at the surface
and elude direct observation. However, single or small groups
of compounds could be readily resolved, i.e. the Cu(TMA)4
configuration was stationary and could be imaged until it
eventually dissociated. From an analysis of STM sequences
recorded at room temperature with high scanning velocities,
the average lifetime of an isolated cloverleaf was determined
to be 34 £ 5 s. In a similar way, dissociation rates at reduced
temperatures have been determined. As a result, the energy
barrier for dissociation of the coordination compound (Eq)
could be determined to be Eg = 0.31 £=0.08 eV [47]. With the
present system, this energy is a convolution from the contri-
butions associated with coordination bond formation and the
repositioning of the involved elements.

5 Conclusions

The data presented demonstrate that supramolecu-
lar architectures and nanostructures at surfaces can be scruti-
nized at the single-molecule level by means of temperature-
controlled STM. Assemblies stabilized by both hydrogen-
bonding and metal-ligand interactions were addressed. It is
suggested that systematic investigations may lead to a com-
prehensive rationale for deliberate construction of complex

supramolecular aggregates and the positioning of functional
units in specific geometries at suitable substrates. This ap-
proach is believed to be useful in the search for molecule-
based nanoscale devices.
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