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The self-organization of supramolecular structures, in particular gold-containing hydrogen-bonded rosettes, on
highly oriented pyrolytic graphite (HOPG) surfaces was investigated by tapping-mode atomic force microscopy
(TM-AFM) and scanning tunneling microscopy (STM). TM-AFM and high-resolution STM results show that these
hydrogen-bonded assemblies self-organize to form highly ordered domains on HOPG surfaces. We find that a subtle
change in one of the building blocks induces two different orientations of the assembly with respect to the surface.
These results provide information on the control over the construction of supramolecular nanoarchitectures in 2D with
the potential for the manufacturing of functional materials based on structural manipulation of molecular components.

Introduction

Self-assembly is a natural phenomenon, which can be observed
in many biological,1 chemical,2-5 and physical processes6 and
has recently been widely used as an efficient and versatile tool
for creating nanostructures at surfaces.7,8 The understanding of
the self-assembly of nanostructures and their self-organization
at surfaces is fundamental for the fabrication of stable and specific
devices (nanodevices) or functional surfaces with nanometer
dimensions.8-14 For the last two decades, supramolecular
chemistry has used the advantages of self-assembly to control
the synthesis of noncovalent structures in solution.15-18However,

there is still limited knowledge about how to transfer the principles
that govern the solution synthesis directly to the construction of
well-defined supramolecular structures on surfaces.8,14,19-25

Previous studies have shown nice examples of supramolecular
structures formed in situ on different types of surfaces by
noncovalent forces such as hydrogen bonds, metal-ligand
interactions, van der Waals forces,π-π stacking, or combinations
thereof.7 In contrast, there are few examples of supramolecular
structures formed in solution which are capable of being directly
deposited intact and self-organized on surfaces. Previous work
from our group has reported examples of well-defined supramo-
lecular structuresself-organizedonasurfacestudiedbyAFM.26-28

These supramolecular assemblies are held together by the
formation of complementary hydrogen bonds between the donor-
acceptor-donor (DAD) array of calix[4]arene dimelamine
derivatives and the acceptor-donor-acceptor (ADA) array of
the BAR (barbituric acid) or CYA (cyanuric acid) building blocks
(Scheme 1).
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Since then, examples of metal-coordinated29-31 assemblies
that self-organize on surfaces have appeared. In this paper, we
compare the hydrogen-bonded architectures obtained after
adsorption of gold-functionalized rosette assemblies13‚(DEB)6
(DEB ) 5,5-diethylbarbituric acid) and13‚(BuCYA)6 (BuCYA
) butylcyanuric acid) (Scheme 1) on HOPG surfaces. Although
rosettes bearing BAR and CYA are structurally very similar
(one carbon or one nitrogen atom in the fifth position of the
heterocyclic ring, respectively), encapsulation experiments and
molecular modeling of these rosettes have established important
differences in molecular recognition behavior.32-34 Scanning
probe based techniques provide powerful tools to visualize and
study the self-organization of supramolecular structures on
surfaces with molecular or even submolecular resolution.35-39

Here we use a combination of AFM and STM to study the self-
organization of novel hydrogen-bonded rosette assemblies. By
using these techniques we unambiguously demonstrate that
rosettes containing two structurally similar building blocks DEB
or BuCYA lead to different orientations of the supramolecular
structures on HOPG surfaces. It is shown that, depending on the
structures of the building block (DEB and BuCYA), the hydrogen-
bonded assemblies orient themselves in an edge-on or face-on

manner, respectively. In addition, these organized structures
containing gold atoms serve as good templates for metal alignment
on HOPG.

Results and Discussion

Synthesis and Characterization of Gold-Functionalized
Double Rosettes. The synthesis of gold-functionalized rosettes
based on gold-substituted calix[4]arene derivative (1) and 5,5-
diethylbarbituric acid (DEB) building blocks has previously been
described by our group.28 Following the standard procedure
described in literature,28 the rosette assembly13‚(DEB)6 was
freshly prepared and used for the studies of self-organization on
HOPG surfaces. The synthesis of the rosette assembly13‚
(BuCYA)6 based on the gold-functionalized calix[4]arene
derivative and butyl cyanuric acid (BuCYA) building blocks
(Scheme 1) was performed following the same method.28 The
formation of the hydrogen-bonded double rosettes13‚(DEB)6
and13‚(BuCYA)6 was characterized by1H NMR (see Figures
S1 and S3 of the Supporting Information) and31P NMR (see
Figures S2 and S4 of the Supporting Information). Characteristic
signals of the imide NHBuCYA protons were observed at 13.37
and 14.18 ppm for the assembly13‚(DEB)6 and at 14.00 and
14.50 ppm for the assembly13‚(BuCYA)6 upon mixing of1 and
DEB or BuCYA in a 1:2 stoichiometry in CDCl3, indicating the
formation of the assemblies in their staggeredD3 isomeric forms.40

The31P NMR gives evidence of the coordination of gold atoms
to the phosphorus by a characteristic shift from-5.72 or-5.82
ppm (uncomplexed phosphanes) to 32.70 or 32.58 ppm (Au-
complexed phosphanes), respectively, for the two assemblies.
Moreover, the rosette assemblies present a remarkable stability
in solution as demonstrated by1H NMR spectra recorded months
later.

AFM and STM Microscopy Studies. The assemblies13‚
(DEB)6 and13‚(BuCYA)6, previously prepared in solution, were
deposited by drop casting onto freshly cleaved HOPG substrates
under a solvent saturated atmosphere obtaining a monolayer of
rosettes on the surface. AFM and STM data were acquired under
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Scheme 1. Schematic Representation for the Formation of the Gold-Functionalized 13‚(DEB)6 and 13‚(BuCYA)6 Rosette
Assemblies
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ambient conditions after annealing the samples at 60°C over-
night. The annealing process was necessary to obtain long range
organization of the assemblies on the surface. For the supra-
molecular structure13‚(DEB)6, rod-like structures were found
by both TM-AFM and STM as shown in Figures 1 and 2,
respectively. In the nanorod domains, an inter-row distance of
4.7( 0.3 (Figure 1) and 4.22( 0.4 nm (Figure 2), respectively,
is observed.

To fully characterize the nanorod domains by AFM, the
periodicity in the direction along the rows was analyzed following
reported procedures.28 We obtained a repeat-length along the
rows of 1.0( 0.1 nm for assembly13‚(DEB)6. As individual
rosettes have dimensions of 2.8 nm× 1.3 nm (as shown in
Scheme 1), these values are in good agreement with the complete

double rosette assembly stacking in the row direction (edge-on
orientation) as depicted schematically in Figure 3, left side.

In the case of assembly13‚(BuCYA)6, we also observe rod-
like structures by AFM as shown in Figure 4. In this case, an
inter-row distance of 4.8( 0.3 nm is found; however, the repeat-
length along the rods is found to be 3.0( 0.2 nm (See Figures
S5 and S6 of the Supporting Information). The alignment of the
rods is influenced by the substrate as the orientation of the different
domains is related to the 3-fold symmetry of the graphite lattice.
The observed periodicities in combination with the dimensions
of the individual13‚(BuCYA)6 assembly indicates that these
rosette assemblies are oriented on the HOPG surface on a face-
on manner, which is different from the edge-on-orientation
observed for the13‚(DEB)6 assemblies (Figure 3). To provide

Figure 1. TM-AFM image of rosette assembly13‚(DEB)6 on HOPG surfaces. Left: Phase image (500× 500 nm2). Right: Phase image
(200 × 200 nm2).

Figure 2. Left: STM image of rosette assembly13‚(DEB)6 on HOPG surfaces (340× 340 nm2). Middle: correlation-averaged zoom-in
image (40× 40 nm2). Right: Fourier plot along the cross-section displays the predominate periodicities along the cross-section (top); Height
profile along the indicated line (bottom). Different orientations of the rows on the surface are indicated by arrows.

Figure 3. Structural model proposed for the organization of13‚(DEB)6 and13‚(BuCYA)6 on HOPG. Left: Edge-on model. Right: Face-on
model.
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additional proof for the observed difference, STM experiments
were performed utilizing the higher resolution capabilities of
STM.

In the high-resolution STM image shown in Figure 5, we
again see rods but now with an inter-row distance of 2.4( 0.2
nm. The fact that the observed periodicity is twice the periodicity
observed by AFM leads us to the conclusion that each individual
13‚(BuCYA)6 assembly in the STM image shows up as three
spots. These three spots are most likely the result of three calix-
[4]arene units in the molecules. The alignment of the rosette
assemblies is depicted schematically in Figure 5, where individual
rosette assemblies are now visible as three bright spots with the
zigzag arrangement of protrusions between the dotted lines with
4.8( 0.6 nm inter-row distances (Figure 5, right panel) appears
similar to the packing of adsorb on graphite observed by AFM
with 4.8 ( 0.3 nm inter-row distances (Figure 4, right panel).
As such, the high-resolution STM images in combination with
the AFM data provide unambiguous proof that the13‚(BuCYA)6

assemblies are oriented in a face-on orientation on the surface.
On the basis of the results obtained by both AFM and STM

analyses and the dimensions of the rosette assemblies obtained
by X-ray studies41 and molecular modeling,28 we therefore
conclude that the small difference between the building blocks
induces two different orientations (edge-on and the face-on

orientations) for the individual assemblies in contact with the
substrate.

In general, one would expect a face-on organization on the
surface because adsorption of the assemblies is influenced
predominantly by the affinity of the molecules for the graphite
substrate due to cooperativeπ-π interactions.42 The adsorption
perpendicular to the surface, in an edge-on orientation, is
energetically unfavorable since theπ-π interactions with the
substratearenotpossible for this case.However,when thestacking
aggregation takes place in the solution phase43 and the formed
nanorods are subsequently deposited on the HOPG, theπ-π
interactions between the molecules can compensate for the lack
of interactions with the surface. In addition, the geometry of the
substituents in the building blocks (DEB and BuCYA) is playing
an important role in the rosettes organization on the surface. The
planar geometry of the butyl substituent in the case of BuCYA
favors the rosette organization to be facing on the substrate
contrary to DEB-containing rosettes. Furthermore, it is well-
known that the self-organization process on the surface is
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Figure 4. TM-AFM image of rosette assembly13‚(BuCYA)6 on HOPG surfaces. Left: Phase image (500× 500 nm2). Right: Phase image
(200 × 200 nm2).

Figure 5. Left: STM image of rosette assembly13‚(BuCYA)6 on HOPG surfaces (150× 150 nm2). Right: Hight resolution STM image
(30 × 30 nm2).
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determined by the interplay between the molecule-substrate
and molecule-molecule interactions. The observed hexagonal
symmetry of the13‚(BuCYA)6 rosette assembly indicates that
the underlying hexagonal graphite lattice exerts a stronger
influence on the self-organization process in the case of13‚
(BuCYA)6 rosette assembly than for the rosette assembly13‚
(DEB)6. Our results demonstrate that the balance between these
interactions can be easily influenced by a small structural change
in one of the components of the supramolecular assemblies leading
to different orientations of the rosettes on the solid surface.

Conclusions

We have demonstrated by the combination of AFM and STM
that two double rosette assemblies,13‚(DEB)6 and13‚(BuCYA)6,
based on structurally very similar building blocks self-organized
differently on HOPG surfaces. The formation of different
organizations based on similar platforms becomes evident with
the combination of TM-AFM and STM analyses. This work
provides an important example of how small manipulations at
the supramolecular level generate considerable self-organization
changes on HOPG surfaces. Moreover, the studies presented
here are the first example of self-assembled hydrogen-bonded
molecular boxes that can be imaged by STM. The structural
flexibility given by these systems makes them very suitable for
many applications in material science. In adittion, these assemblies
containing metal atoms (gold atoms) may function as potential
templates for metal alignment leading to new methods for the
fabrication of electrically conducting nanowires.44,45

Experimental Section

Materials and Methods. The building blocks have been
synthesized according to literature procedures.28,46Matrix-assisted
laser desorption ionization (MALDI) time-of-flight (TOF) mass
spectra were recorded on a Voyager-DE-RP mass spectrometer
(Applied Biosystems/PerSeptive Biosystems Inc., Framingham, MA)
equipped with delayed extraction. A 337 nm UV nitrogen laser
producing 3-ns pulses was used, and the mass spectra were obtained
in the linear and reflection mode and with m-nitrobenzyl alcohol
(NBA) as the matrix.

Preparation of Rosette Solutions.The synthesis of the gold
functionalized calix[4]arene dimelamine derivative1 and the
formation of the hydrogen-bonded assembly13‚(DEB)6 were carried
out according to the following literature procedures.28,41,46,47The
formation of the assembly13‚(BuCYA)6 was achieved by mixing
the corresponding building blocks1 and BuCYA in a 1:2 ratio in
CDCl3 (Sigma-Aldrich, 99 atom % D). Characterization of each
step of the synthesis was carried out by mass spectrometry,1H NMR,
and31P NMR analyses. The formation of the rosette assemblies was
confirmed by1H NMR and31P NMR, which were recorded in CDCl3

on a Varian Unity 300 locked to the deuterated solvent at 300.1 (1H)

and 121.5 (31P) MHz, respectively. Chemical shifts are given in ppm
relative to tetramethylsilane (TMS) for1H NMR and phosphoric
acid for31P NMR. For the studies on surfaces 10-6 M solutions of
rosettes13‚(DEB)6 and13‚(BuCYA)6 were prepared in chloroform.
To form the observed structures, a drop of these solutions was
deposited onto freshly cleaved HOPG (Grade ZYA, SPI Supplies,
The Netherlands) surfaces, and the evaporation process was done
in a solvent-saturated atmosphere to avoid crystallization of the
rosettes on the surface. Annealing at 60°C overnight improved the
organization of the nanostructures on the surface, facilitating their
visualization.

The TM-AFM data were acquired with a Nanoscope III multimode
AFM (Veeco Co., Santa Barbara, CA) by using a 10µm (E) scanner
and microfabricated silicon tips/cantilevers (model NCH-W,
resonance frequencyν0 ≈ 320-370 kHz, Nanosensors, Germany).
The system was thermally equilibrated over a period of typically 1
to 2 days by operating the AFM in contact mode with false
engagement. The rms amplitude of the cantilever (≈40 nm) and the
amplitude damping (≈5%) were minimized to reduce the peak normal
forces. Height and phase images were captured using scan rates
between 0.75 and≈1 Hz. All data presented here have been subject
to a first order plane fit to compensate for sample tilt.

The STM experiments were performed under ambient conditions
with a Nanoscope IIIa MultiMode SPM system (Veeco Co., Santa
Barbara, CA). STM tips were mechanically cut from a 0.25 mm
Pt/Ir wire (80/20) and tested on freshly cleaved HOPG surfaces. All
STM images were recorded in the constant current mode under
various tunneling conditions (typical tunneling currents 0.5-1.2 nA
and tunneling voltages 0.5-1.0 V) and with the sample positively
biased. The STM scanner was calibrated using images of clean HOPG
using the Scanning Probe Image Processor (SPIP) software (Image
Metrology ApS). Alignment difficulties prevented identification of
the lattice directions of the underlying HOPG substrate in the images
of molecular over layers. STM images are shown either as
unprocessed images (except for background subtraction and a slight
low-pass filtering) or processed by the correlation averaging method
of the SPIP software. In the correlation averaging a template area
is defined, and an average is performed over theN (hereN ) 100)
equivalently sized regions in the image that provides the best match
(correlation) to this template.
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