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Structural Comparison of Self-Organized Adlayers of Ligands and Their
Metal-Coordinated Complexes on a Au(111) Surface: An STM Study
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Abstract: Scanning tunneling microsco-
py (STM) was employed to investigate
the adsorption of the linear-spacer-
bridged ligands bis(pyrrol-2-yl-methyl-
eneamine) (BPMB and BPMmB), and

plexes adsorb onto the Au(111) surface
and self-organize into highly ordered
two-dimensional arrays. The complexes
BPMB/Zn" and BPMmB/Zn" appear
in helical and triangular conformations,

chemical structures. Although the
metal complexes include ligands, the
assembled structures and adlayer sym-
metries of the ligands and complexes
are totally different. The structures and

their ~ Zn"-coordinated = complexes,
BPMB/Zn" and BPMmB/Zn", onto a
Au(111) surface in 0.1m HCIO, solu-
tion. Both the ligands, with different
spacer bridges, and their Zn" com-

respectively,

Introduction

During the development of modern coordination chemistry,
various metal-ligand complexes with elaborate structures
have been synthesized.l'! The structural complexities as well
as coordination processes of these metal-ligand complexes
can be compared to those of biological systems formed by
self-assembly with weak inter- or intramolecular interac-
tions."™! These complexes with different shapes and geome-
tries, from a simple planar-shaped rhomboid to higher sym-
metry polygon cages,!"! usually present interesting electronic,
optical, and magnetic properties and show potential in the
fabrication of nanometer-scale devices.">*? One of the pre-
requisites for employing these molecules in nanotechnology
is the construction of ordered and controllable molecular
nanostructures on solid surfaces. For this purpose, the tech-
nique of self-assembly or self-organization has proven to be
a powerful “bottom-up” approach for nanodevice fabrica-
tion. This technique is of great importance in chemistry and
materials science, especially in the construction of molecular
nanostructures on solid surfaces.”) It is possible to obtain
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their  intramolecular features obtained by
high-resolution STM imaging are dis-
cussed. The results should be important
in fabricating surface supramolecular

structures.

monolayers -

structural information on various self-organization processes
at atomic or submolecular scale by using the well-establish-
ed scanning tunneling microscopy (STM) technique. This is
one of the most powerful tools in surface or interfacial anal-
ysis and has been used to characterize surface molecular ar-
chitectures in various environments.! Moreover, STM
images can provide structural evidence of complicated su-
pramolecules, enabling the molecular structures prepared by
coordination chemists to be confirmed. For instance, the
direct evidence of chemical structure in a complex of a cal-
ix[8]arene derivative with fullerene was provided by STM
on a Au(111) surface, which showed clearly the configura-
tions of calix[8]arene and Cg,."’

There has been increasing interest in the fabrication of
metal-complex nanostructures by the self-assembly meth-
0d.P°l For example, Lehn et al. observed the variation of
molecular orientations by changing substituents at given lo-
cations.® The supramolecular assemblies were constructed
on highly oriented pyrolytic graphite (HOPG) surfaces by
using a bis(terpyridine) ligand. A (2x2) grid-type array of
Zn" and Co" complexes was observed by STM.*! Kurth
and Rabe et al. prepared perfectly straight nanostructures of
metallosupramolecular coordination-polyelectrolyte amphi-
phile complexes on graphite surfaces.”! Wan and Stang
et al. fabricated the mesoscopic self-organizations of a
supramolecular rectangle on both HOPG and Au(111) sur-
faces.*! The rectangles spontaneously adsorb onto both sur-
faces and self-organize into well-ordered adlayers. On a
HOPG surface, the long edge of the rectangle stands on the
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surface, forming a two-dimensional molecular network. In
contrast, the face of the rectangle lies on the Au(111) sur-
face in a flat-lying orientation, forming linear chains. This
result implies that the interaction between molecule and
substrate plays an important role in the formation of the dif-
ferent adlayers.

Although the metal-ligand complex includes ligand, the
assembled structures of ligand and complex can be totally
different. The adsorption behavior that a ligand and its com-
plex will adopt on the same solid substrate is an interesting
issue in surface chemistry, supramolecular chemistry, and
nanostructure fabrication. Therefore, understanding the
structural differences between the self-assemblies of ligand
and its complex is important if they are to be employed as
building blocks for surface molecular architectures. Until
now, the structural relationship between a ligand and its
complex in their self-organization on a solid surface has
been rarely studied. Recently, Ma et al. synthesized several
linear-spacer-bridged bis(pyrrol-2-yl-methyleneamine)s,
which are ideal building blocks for fabricating supramolec-
ular complexes with metal ions.”) By varying the spacer
bridges between two pyrrol-2-yl-methyleneamine units, the
ligands can form complexes with Zn" ions in special shapes,
such as a double-stranded helix and a triangle. The typical
ligands used in this study are linear-spacer-bridged bis(pyr-
rol-2-yl-methyleneamine) (BPMB and BPMmB), and their
Zn"-coordinated complexes, BPMB/Zn" and BPMmB/Zn".
The chemical structures and space-filling models of these li-
gands are shown in Scheme 1. Here, we employed these two
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pairs of ligands and complexes to prepare adlayers on a Au-
(111) surface. The structural differences between the adlay-
ers of ligands and complexes were investigated by STM.
Both the ligands with different spacer bridges and their Zn"
complexes can adsorb onto the Au(111) surface and self-or-
ganize into highly ordered two-dimensional arrays. Two
complexes, BPMB/Zn" and BPMmB/Zn", appear in helical
and triangular conformations, respectively, and two ligands
form a linear shape, consistent with their chemical struc-
tures. The adlayer symmetries are determined from STM
images. This study provides structural information for deter-
mining the differences between self-organizations of ligands
and their complexes.

Results and Discussion

BPMB ligand: The self-assembly of ligand BPMB was inves-
tigated initially by STM. Figure la is a typical large-scale
STM image of a BPMB adlayer recorded at 550 mV on Au-
(111) in 0.1Mm HCIO, solution. The ligands adsorb onto the
Au(111) surface and self-organize into a long-range ordered
adlayer. The molecules form ordered molecular rows along
the A and B directions, which cross each other at an angle
of 65° with an experimental error of +2°. The molecular
rows in the A direction are composed of regular sets of two
bright spots.

The structural details of the ligand adlayer were studied
by high-resolution STM imaging. Figure 1b is a high-resolu-
tion STM image of the area
shown in Figure 1a. In Figure 1b,
each ligand can be resolved as a
dumbbell-shaped protrusion
highlighted by a pair of ellipses.
The average length of each indi-
vidual ligand was measured as
1.6+0.1 nm, consistent with the
optimized size of BPMB shown
in Scheme 1. The insert in the
lower left corner shows a single
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Scheme 1. Chemical structures and space-filling models of ligands BPMB and BPMmB, and their Zn" com-

plexes BPMB/Zn" and BPMmB/Zn.
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ligand and the two depressions
of the ligand can be clearly
seen. From the chemical struc-
ture of BPMB, the two bright
spots with dark depressions in
the center correspond to the
two Schiff-base units of the mol-
ecule. Therefore, it can be con-
cluded that the BPMB ligands
are self-assembled on the Au-
(111) surface side-by-side in the
A direction and form a well-or-
dered adlayer. Each ligand as-
sumes a flat-lying orientation on
the Au(111) lattice. The under-
lying Au(111) substrate lattice
could also be observed in the
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Figure 1. a) Large-scale STM image of BPMB ligands adsorbed onto Au(111). b) High-resolution STM image of the BPMB ligands in (a). Imaging condi-

tions: E=550 mV, E;,=421 mV, I,

=2.11 nA. The insert in the lower left corner of (b) shows a single BPMB molecule. The insert in the upper right

corner shows an Au(111)—(1x1). c) Proposed structural model for the BPMB adlayer.

same experiment by scanning the electrode potential to the
hydrogen-adsorption region, in which the ligand adlayer des-
orbed from the surface. The insert in the upper right corner
in Figure 1b shows the substrate lattice. Comparison of the
Au(111) substrate with the ligand molecular adlayer shows
that the rows of BPMB ligands in the A direction are
aligned along the (121) direction of the underlying Au(111)
lattice. From the adlayer symmetry, a unit cell could be de-
duced, as outlined in Figure 1b. In this unit cell, the intermo-
lecular distances along two molecular rows were measured
to be a=1.0+0.1nm and b=1.8+0.1 nm. The angle 6 is
65°. It was observed that the direction of each ligand along
its longer axis deviates by 7° from the (121) direction of the
Au(111) underlying lattice.

On the basis of the intermolecular distances and molecu-
lar orientation, a structural model for the adlayer is pro-
posed in Figure 1c. The adlayer is defined as a (2/3x/37)
structure. The A direction is rotated from the close-packed
Au(111) direction by 30°, and the B direction is rotated by
25°. The molecules adsorb onto the Au(111) surface in a
flat-lying orientation and form a well-defined assembly. To
explain clearly the adsorption geometry, two markers A and
A’ were used to indicate two nitrogen atoms in pyrrole rings

of a BPMB ligand. The direction of each ligand along its
longer axis A—A’ deviates by around only 7° from the (121)
direction, consistent with the STM observations shown in
Figure 1b. In this model, the pyrrole rings of Schiff-base
units in each molecule sit on the three-fold positions of the
underlying Au(111) lattice, which may be responsible for
the 7° deviation of the ligand from the (121) direction.

BPMB/Zn" complex: We prepared an adlayer of the Zn'-
coordinated complex with BPMB ligands on Au(111). The
adlayer structure was observed by employing STM. Fig-
ure 2a shows a typical large-scale STM image of complexes
on Au(111). A highly ordered and consistent molecular
array of the complexes was observed and the STM image
was reproducible, although a reconstructed Au(111) surface
with herringbone lines can be seen in the image. Molecular
rows are clearly visible, and align along the A and B direc-
tions. The two directions cross each other at an angle of
71+£2°. More details of the internal structure, orientation,
and packing arrangement of the adlayer and individual com-
plexes are revealed in a high-resolution STM image shown
in Figure 2b. The molecular appearance of the complex is
clearly different from that of its ligand BPMB shown in Fig-

Figure 2. a) Large-scale STM image of BPMB/Zn" complexes adsorbed onto Au(111). b) High-resolution STM image of the BPMB/Zn" complex adlayer
in (a). Imaging conditions: E=550 mV, E;,=418 mV, I;,=1.678 nA. The insert in the upper right corner of (b) shows an Au(111)—(1x1). c) Proposed

structural model for the BPMB/Zn" adlayer.
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ure la. The orientation of the Au(111) substrate can be de-
duced from the reconstructed lines and the substrate lattice.
The insert in the upper right corner of Figure 2b shows an
Au(111)—(1x1) structure. Compared with the underlying
Au(111) lattice, the molecular rows in the A direction are
parallel to the (121) direction. The intermolecular distances
a and b in the A and B directions are 1.0+£0.1 and 1.5+
0.1 nm (about 2,/3 and 2,/7 times the underlying lattice), re-
spectively. On the basis of the orientation and intermolecu-
lar distances, the adlayer can be defined as a (2/3x2./7)
structure. The chemical structure shown in Scheme 1 sug-
gests that the complex has a stereoscopic helical conforma-
tion. However, careful observation revealed that the com-
plex does not assume the orientation on the Au(111) surface
shown in Scheme 1. The molecules almost lie down on the
substrate upon adsorption. A schematic illustration outlined
in Figure 2b shows that the helical conformation is pre-
served and an almost flat-lying orientation is confirmed. It is
known that the substrate plays an important role in the ad-
sorption of molecules onto a solid surface. Here, the adsorp-
tion of the stereoscopic helical complex is dominated by the
underlying lattice. The helix exists in the stable array with
its molecular plane inclining towards the substrate. If the
molecule assumes a vertical orientation on the surface, only
the edges of the two pyrrole rings make contact with the
substrate, resulting in an unstable adsorption. On the other
hand, if the molecule adsorbs onto the surface in an almost
flat-lying orientation, larger overlapping between molecules
and the Au(111) surface can be achieved, resulting in a
stable adlayer. Therefore, the orientation of each complex
molecule can be determined and illustrated in Figure 2b.
The length of a complex was measured to be 1.6+0.1 nm,
consistent with its chemical structure.”” From the features
shown in the images and the period of the molecular ar-
rangement, a unit cell was determined, as outlined in Fig-
ure 2b.

A structural model for the BPMB/Zn" adlayer is pro-
posed in Figure 2c. In this model, each helix adsorbs onto

FULL PAPER

Au(111) with its molecular plane inclining towards the sur-
face. The appearance of the complex in the STM image is
consistent with the molecular structure. The adlayer symme-
try of the complex is different from that of its ligand. In this
adsorption mode, a stronger overlapping between the com-
plex and the Au(111) surface is possible.

BPMmB ligand: We also studied the adlayers of another
ligand and complex pair, BPMmB and BPMmB/Zn, and the
structural differences in their self-assemblies. The chemical
structure of ligand BPMmB suggests that it can coordinate
with Zn" ions to form a complex with triangular conforma-
tion.™ Figure 3a is a typical large-scale STM image ob-
tained at 510 mV in an area of 30 nmx30 nm. Similar to
BPMB, the BPMmB ligands form a long-range ordered
adlayer on the surface with molecular rows extending in the
A and B directions, crossing each other at an angle of 79+
2°. The rows in the A direction align along the (121) direc-
tion of the underlying Au(111). A high-resolution STM
image for the BPMmB adlayer is shown in Figure 3b. Each
ligand is clearly recognizable as a linear conformation com-
posed of five discrete spots in a set, as indicated by the five
solid ellipses. These bright spots are attributable to the high
electron densities of two Schiff-bases, one benzene ring, and
two carboxylate groups of the molecule. An STM image
showing an Au(111)—(1x 1) structure is inserted in the upper
right corner of Figure 3b. From the (1x1) structure, the ori-
entation and dimension of the adlayer unit cell can be easily
determined. The length of each individual ligand was mea-
sured to be approximately 2.3+0.1 nm, consistent with the
optimized size of BPMmB. From the features of the image
and the chemical structure, the molecular plane of each
ligand is proposed to be parallel to the Au(111) surface. The
intermolecular distances a and b in the A and B directions
were measured to be 2.0+0.1 and 1.3+0.1 nm, respectively.
On the basis of the adlayer orientation and intermolecular
distances, a unit cell was determined, as shown in Figure 3b.
The lattice constants were found to be a=2.0 nm (about

Figure 3. a) Large-scale STM image of BPMmB ligands adsorbed onto Au(111). b) High-resolution STM image of the BPMmB adlayer in (a). Imaging

conditions: E=510 mV, E,
for the BPMmB adlayer.

=379 mV, I,
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4,/3 times that of the underlying lattice) and b=1.3 nm
(about /21 times that of the underlying lattice). The cross-
ing angle is 79°. Therefore, the observed adlayer has a
(41/3 x+/21) structure.

A proposed model for the observed adlayer is shown in
Figure 3c. All the ligands are proposed to adsorb onto the
surface in a parallel orientation and to form a self-organized
adlayer with a (4,/3 xy/21) symmetry. The benzene and pyr-
role rings adsorb onto the three-fold and quasi-top site of
the underlying lattice, respectively. In this arrangement, the
nitrogen atoms in pyrrole rings occupy the top sites of the
Au(111) substrate. Consequently, the carboxylate groups
occupy these same positions, although the exact bonds to
the Au(111) lattice are not clear. To explain the adsorption,
two markers A and A’ indicate two oxygen atoms in ethoxy
units of a BPMmB molecule. Each molecule adsorbs onto
the substrate along the IT (A-A’) direction, crossing the di-
rection I ({121) direction of the lattice) at an angle of 30°.
This tentative model is consistent with the results of STM
observations.

BPMmB/Zn" complex: By employing STM, we obtained
direct structural evidence and detected the self-assembled
architecture of BPMmB/Zn" molecules on the Au(111) sur-
face. The STM procedures were the same as those described
above. Figure 4a shows a typical large-scale STM image of
the adlayer of this complex. The complexes form a well-or-
dered two-dimensional array with regularly molecular rows.
The molecular rows aligned in the A and B directions,
which are parallel to the (121) direction of the underlying
Au(111) lattice. The molecular rows in the two directions
cross each other at an angle of 60°. Even in the relatively
large area of 50 nm x50 nm, individual complex molecules
can be clearly observed. The image was observed consistent-
ly and was reproducible under the imaging conditions de-
scribed. Details of the complex are revealed in Figure 4b,
which is a high-resolution STM image acquired from the
area shown in Figure 4a. The adlayer consists of sets of tri-
angular-shaped protrusions, each with a dark depression in
the center. Each complex is seen to be a triangle, consistent

with its chemical structure, and this is represented by a
white solid triangle superimposed on the image. All three
edges of the triangle have a length of 1.8+ 0.1 nm, consistent
with the crystallographic data.™ The results indicate that
the molecular plane of the complex is parallel to the under-
lying Au(111) surface. The intermolecular distances a and b
in both the A and B directions are around 2.0£0.1 nm. One
apex of a triangular complex is adjacent to an edge of the
next complex in rows along the A direction. All the com-
plexes self-organize into a close-packed hexagonal assembly.
From the intermolecular distance and adlayer orientation, a
unit cell was deduced, as shown in Figure 4b. The adlayer
can be defined as a (4,/3 x4,/3) structure.

On the basis of these observations, a structural model for
the Zn"-coordinated BPMmB complex adlayer is proposed
in Figure 4c. Each complex preserves its triangular confor-
mation on the Au(111) with a flat-lying orientation. In this
arrangement, the strongest overlapping between the com-
plex and the substrate is achieved. The intramolecular struc-
ture of the complex is consistent with that revealed by high-
resolution STM images. We observed a self-organized as-
sembly and triangular conformation of this complex, which
provides direct evidence for its chemical structure.

It is known that the structures of self-assembled adlayers
on solid surfaces are dependent on the subtle balance be-
tween intermolecular and molecule-substrate interactions.
All ligands and complexes studied in this work self-organize
into well-ordered assemblies with defined structures on a
Au(111) surface. Although the ligands are the main compo-
nents of their coordinated complexes, the self-assembly sym-
metries of the ligands and complexes are totally different,
due to their different molecular conformations. The two li-
gands, BPMB and BPMmB, adsorb on the underlying sub-
strate with their molecular planes parallel to the substrate
surface. The complexes coordinated by Zn" ions also bind
on Au(111) and form a stable adlayer. Both ligands and
complexes are inclined to overlap strongly with the substrate
surface. However, the adlayer structures between the ligands
and related complexes are not comparable. The complex
with stereoscopic helical conformation adopts a strong over-

Figure 4. a) Large-scale STM image of BPMmB/Zn" complexes adsorbed onto Au(111). b) High-resolution STM image of the BPMmB/Zn" complex

adlayer in (a). Imaging conditions: E=536 mV, E;,=334 mV, [,
posed structural model for the BPMmB/Zn" adlayer.
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lapping adsorption mode between molecule and substrate.
For the complex in triangular conformation, the molecule
assumes a parallel orientation of its molecular plane to the
Au(111) surface. In this model, the molecule will adopt a
more stable adsorption and have a larger contacting area
with the Au(111) surface. On the other hand, the intermo-
lecular interactions are usually related to molecular confor-
mation, so that the adlayer of the triangles appears in a hex-
agonal network. Therefore, we can conclude that molecular
conformation plays a key role in self-organization. Although
the crystallographic features of the substrate will dominate
the adlayer symmetry, molecular conformation is important
in the adsorption of different complex molecules onto the
same substrate. Here, the molecular rows are found to align
in the same direction along (121) in the adlayers of ligands
and complexes. However, no direct relationship exists be-
tween the adsorption sites in the two pairs of adlayers.

After obtaining the well-ordered adlayers of ligands and
complexes, we attempted to investigate the in-situ coordina-
tion of ligand to complex. Unfortunately, this proved to be
difficult; however, experiments are still ongoing.

In summary, ligands of BPMB and BPMmB, and their
Zn"-coordinated complexes, were employed to prepare sur-
face supramolecular adlayers. These molecules self-organize
into well-ordered assemblies on a Au(111) substrate. The
molecular conformation is responsible for the formation of
the structurally defined adlayers. Although no direct rela-
tionship exists between the formation of adlayers of ligands
and their complexes, all are inclined to adsorb onto the un-
derlying substrate surface so that overlapping is optimized
and a stable adlayer is formed. These results may be helpful
for fabricating surface supramolecular structures and should
provide insight into other research fields, such as nanotech-
nology and biological organization.

Experimental Section

A well-defined Au(111) surface was prepared as described previously.**!

An Au(111) facet formed on a single-crystal bead was used directly for
STM observations. Before each measurement, the Au(111) electrode was
annealed further in a hydrogen—oxygen flame and quenched in ultrapure
water (Milli-Q, >18.2M®, TOC <5 ppb) saturated with hydrogen.

The ligands and their Zn" complexes were synthesized and purified by
using the method reported.” Spectroscopy-grade ethanol (Acros Organ-
ics) was used as solvent without further purification. The self-assemblies
of both ligands and complexes were prepared by immersing the gold
bead into ethanol solutions containing either 10~ m ligands or their Zn"-
coordinated complexes for about 1 min, then taking the sample from the
solution and rinsing it thoroughly with Milli-Q water. STM was carried
out by using a Nanoscope E (Digital Instruments) electrochemical STM
apparatus in 0.1 HCIO, (ultrapure grade from Kanto Chemical, Japan).
The adlayers adsorbed onto the Au(111) surface could be protected in
electrolyte solution from contamination. The electrode potentials in the
STM observations were held at the double layer potential region. The
typical potential used in the experiment was ~500-550 mV (vs RHE), at
which no surface redox reaction takes place and molecular adlayers were
well preserved. The STM tips were prepared by electrochemically etching
a tungsten wire (0.25 mm in diameter) in 0.6M KOH with a voltage of
~12-15 V until the etching process stopped. The W tips were coated with
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clear nail polish to minimize the Faradic current. STM images were re-
corded in the constant-current mode by using a high-resolution scanner
(HD-2140A). Tunneling conditions are reported in the corresponding
figure captions. The molecular models were constructed according to the
crystallographic data and optimized by the AMI1 method in Hyper-
Chem 6.0 (Hypercube). The numerical values for the molecules were es-
timated from the molecular models.
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