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ABSTRACT: Isophorone (CgH,,O) adsorption is studied on the Au(111) surface by
means of low-temperature scanning tunneling microscopy. Formation of magic islands,
containing four, six, and nine molecules in distinct geometries, is revealed at intermediate
coverage. The island formation is traced back to the interplay of dipole—dipole
interactions, hydrogen bonding, and repulsive contributions between the side groups of
adjacent molecules. The observed island geometries suggest chiral ordering of isophorone

on the Au(111) surface.

Isophorone on Au(111)

N\

N
Hexamer-Island

Nonamer-Islands

W

B INTRODUCTION

The self-assembly of organic molecules on crystalline surfaces,
in particular on Au(111), Ag(111) and HOPG(0001), has been
extensively studied with scanning probe techniques in the
past.”” The fundamental interest in such experiments arises
from the academic quest to gain better understanding of
intermolecular interactions and their role in the observed
ordering processes. From a more applied point of view,
structure formation in molecular ensembles is considered to be
a first step to develop functional devices, e.g., organic-thin films
for molecular electronics, luminescence, and photovoltaics.3
Self-assembly processes occur spontaneously on flat surfaces
due to the impact of intermolecular forces, or can be triggered
by template effects of suitable supports.” Recently, on-surface
reactions have been exploited to visualize pattern formation in
situ.”°

The complexity of 2D ordering phenomena on surfaces
reflects the diversity of intermolecular interaction schemes.””
The strongest coupling is typically induced by covalent bonds
that either form between molecular side groups, e.g., thio- or
amino-groups, or through metal adatoms located in between
two molecules.”” Given the directional character of covalent
bonds, the resulting networks often exhibit a distinct 2-, 3- or 4-
fold symmetry.'"~"” Electrostatic interactions, on the other
hand, are more long-ranged and thus weaker. They originate
from charged functional groups or uneven electron distribu-
tions inside the molecules.'”'" Charge-driven ordering effects
have been revealed for oppositely charged molecules that
typically agglomerate in the form of donor—acceptor pairs.">"¢
Also, dipole forces between molecular species have been linked
to pattern formation, as shown for carboranethiols on
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Au(111)."” Closely related to charge-mediated coupling is
hydrogen bonding, in which the electropositive hydrogen of
one molecule is attracted to the negative ion (O, Cl, F) of
another.”'® Hydrogen bonding gives rise to a universal
interaction length of 2—2.5 A, and governs, for example, the
pairing of DNA strings and the cohesion of H,O molecules.
Fluctuating charges and the concomitant polarization effects
produce attractive van der Waals forces between molecules.
Given their notorious weakness, they become important only if
other coupling schemes are absent. In any case, the attractive
intermolecular forces are balanced by repulsive interactions that
govern the distance between neighboring entities and hence the
nature of the molecular network.">"*

In most studies, molecular self-assembly has been addressed
in the limit of extended films and large islands. Experiments on
molecular clusters, comprising only a few constituents, are
rarely found in the literature, although they Provide even better
insights into relevant coupling schemes.'”** Of particular
interest in this respect are so-called “magic” clusters, being
characterized by unique geometries and high thermodynamic
stability. As magic clusters occur more frequently than their
“nonmagic” counterparts, they play a crucial role as building
blocks in extended molecular networks and hierarchical
assemblies.” ">

In this study we discuss the adsorption characteristic of
isophorone on Au(111), as probed with a scanning tunneling
microscope (STM). Isophorone, an unsaturated cyclic ketone,
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aggregates to nanoislands containing three to 12 molecules,
whereby six- and nine-membered structures are particularly
abundant. We assign the observed ordering effects to dipole—
dipole coupling combined with hydrogen bonding, the latter
being induced by the negatively charged O-ions in the
molecules. The peculiar geometries of the observed nanoislands
are compatible with the concept of chiral ordering. Our work
thus unravels the surprisingly complex interaction behavior of a
relatively simple organic molecule.

B EXPERIMENT

The experiments have been performed with an ultrahigh-
vacaum STM operated at 5 K. The Au(111) surface was
prepared by alternating cycles of Ar" sputtering and heating to
800 K, producing the gold herringbone reconstruction on the
entire surface. Liquid isophorone was purified by several
freeze—pump—thaw cycles prior to the experiments. Because of
its high vapor pressure, the molecules could directly be dosed
from a flask onto the freshly prepared surface at room
temperature. The exposure time was varied between 10 and
100 s at 107 mbar partial pressure. The samples were
transferred into the cryogenic STM immediately after exposure
to avoid contamination by the rest gas.

The probe molecule, isophorone (C,H,,0), is composed of
an unsaturated Cg4 ring, hosting one C=C double bond and
three CH; side groups (Figure 1). Main functional unit is a
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Figure 1. Ball models of the two isophorone enantiomers with their
intrinsic dipole. The adsorbed molecule is of chiral nature due to the
orientation of the CHj side groups marked by arrows that point out of
the image plane in both cases.

double—bonded oxygen (carbonyl oxygen), located close to the
C=C ring bond. The carbonyl oxygen serves as negative
charge center of the molecule and produces, in combination
with the electropositive C=C bond, a dipole of about 5 D.
Surface-bound species are of chiral nature, as the CHj side-
group opposite to the C=C ring bond points away from the
surface in both enantiomers to reduce molecular tilting (Figure
1).>** Isophorone has recently attracted attention, as it can be

used to sense excess charges in metal-oxide systems used to
. 2
mimic heterogeneous catalysts.”

B RESULTS AND DISCUSSION

Coverage Dependent Adsorption Behavior. Individual
isophorone molecules appear as round protrusions of ~2.4 A
height and 12—14 A diameter on the Au(111) surface (Figure
2a). No internal structure is resolved at bias voltages between
—1.0 and +1.0 V, suggesting that the C4 ring and not the
carbonyl oxygen dominates the image contrast. Because of their
circular appearance, the surface orientation of the molecules
cannot be determined from the STM images. At low exposure,
only individual molecules that typically bind to the ridges of the
gold herringbone reconstruction are detected (Figure 2a). Not
all molecules appear with identical contrast, which is ascribed to
variations in their binding behavior to the structurally
inhomogeneous Au(111) support. With increasing coverage,
small islands develop at the herringbone elbows (Figure 2b).
Although a variety of molecular structures is observed on the
surface, certain sizes and shapes appear more frequent than
others.

A compilation of such “magic” islands together with a
histogram of their occurrence is depicted in Figure 3. Evidently,
six-membered islands are most abundant and make up 40% of
the total population, followed by four-and nine-membered
structures both appearing with about 14% at small coverage.
The magic islands are found in three orientations, reflecting the
symmetry of the Au(111) support, but adopt very distinct and
reproducible geometries otherwise. For example, the hexamer
in the top panel of Figure 3b is composed of two triangles that
directly face each other, while the distinctively different
hexamer at the bottom comprises a central rhomboid, flanked
by two distant molecules. The two nonamers in Figure 3c are
nearly identical except their rotation angle that differs by 60°.
The intermolecular distances measured in the isophorone
islands fall into two groups, centered at 6.5 and 8.5 A,
respectively. This bimodality is clearly discernible for the
hexamer in Figure 3b (bottom), being characterized by a dense
packing in the center but larger distances to the outer
molecules. The sequence of short and long intermolecular
intervals is characteristic for a given island type and underlines
their magic nature. It also explains, why isophorone does not
undergo a simple hexagonal ordering on the Au(111) surface.
We connect the occurrence of two specific molecular
separations with the fact that more than one interaction
scheme governs the aggregation of isophorone.

At higher exposure, the magic clusters disappear in favor of
large ad-islands that contain several dozens of molecules. The
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Figure 2. STM topographic images of Au(111) exposed to increasing amounts of isophorone at room temperature (—0.6 V, 0.1 nA, 43 X 43 nm?).
No internal structure can be resolved for the individual molecules, as reflected in the inset of panel a (4 X 4 nm?).
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Figure 3. STM topographic images of magic (a) four- (—0.5V, 0.1 nA, 5 X 7 nm?), (b) six- and (c) nine-membered isophorone islands on Au(111)
(5 x 5 nm?). (d) Histogram of differently sized molecular islands, as revealed from a few dozens of STM images.

Figure 4. STM topographies, calculated low-energy dipole patterns and associated structure models for five magic isophorone islands on Au(111).
The dipole orientations have been derived from optimizing dipole—dipole coupling in the experimentally observed clusters. When translating these
dipole patterns into structure models, two molecular arrangements need to be considered for symmetry reasons. Those are depicted in the third and
fourth row of the figure, which also shows possible hydrogen bonds as dashed, yellow lines. From the two possible configurations, one is typically in
better agreement with the concepts of hydrogen bonding and shows reduced steric repulsion. This configuration is highlighted by a bold frame and

might be thermodynamically preferred. See text for further details.

elongated aggregates largely follow the zigzag pattern of the
gold herringbone reconstruction, whereby fcc- and hep-regions
directly adjacent to the ridges get covered first (Figure 2c). This
binding preference mimics local reactivity variations, induced
by the different stacking sequence of Au atoms in the
herringbone reconstruction.”® A complete isophorone layer
can be produced only at very high exposure; while no second
layer gets stabilized at room temperature. Let us stress that
STM conductance spectra taken on isophorone did not unravel
the molecular frontier orbitals. We rationalize this finding with
the relatively wide HOMO—LUMO gap of this ketone that
exceeds 4 eV according to DFT calculations.”” In contrast, the
energy window for conductance spectroscopy was limited to
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+1.0 V, as the molecules started moving under the tip at higher
voltage.

Intermolecular Interactions and Island Formation.
The observation of magic isophorone islands indicates a subtle
interplay of various intermolecular coupling schemes. While
direct covalent bonding can be excluded due to the high degree
of chemical saturation of the molecule, dipole—dipole attraction
and hydrogen-bonding via the carbonyl oxygen may be
responsible for molecular aggregation. Steric repulsion of the
CHj; sides groups, on the other hand, governs the distance
between adjacent entities. Within the scope of this paper, we
are unable to carry out full-scale ab initio calculations of the
isophorone/Au(111) system, especially because relevant bind-
ing contributions, e.g., van der Waals forces, are weak and
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require special treatment. To identify at least some general
building principles of the magic clusters, we have concentrated
on the role of electrostatic coupling and qualitatively checked
the structural requirements for hydrogen bonding. As starting
point, the relative coordinates of molecules inside the magic
islands were determined from the STM images. We thereby
assumed an on-top binding position of the Cg4 ring on the
Au(111) surface, as revealed from earlier work.”® In accordance
with the magic nature of the islands, the coordinates exhibit
only a small spread for islands of the same type. By revolving
the molecules around the derived positions, we maximized the
dipole—dipole interactions for each molecular aggregate in a
next step. Remember that isophorone exhibits a dipole moment
P between its carbonyl oxygen and the C=C ring position. The
total energy Ej, arising from pairwise dipole coupling is given

29 — _ i _ .
by:*” Ep = Zi>i 4ﬂ€gr,-,-3(cos ©; — 3 cos ©; cos ®), with r;

and O being the distance and relative angle between two
dipoles and ©); the tilting against the x-axis. To screen the full
phase space, the dipole associated with each molecule was
rotated by 360°, which implies sampling a nine-dimensional
hyper-surface in the case of a nonamer cluster. Given the large
number of possibilities, the angular resolution was set to 2° in
the case of tetramer and hexamer clusters but reduced to 10°
for nonamers.

The deduced dipole orientations are depicted in Figure 4 for
five characteristic cluster types. Two alignment principles are
discernible. In the tetramer and hexamer clusters, a row-wise
dipole orientation prevails with a parallel alignment within a
row and an antiparallel alignment between neighboring rows.
For the more compact nonamers, a vortex-type dipole pattern
is found in the quasi-hexagonal central unit, whereby the
orientation of the inner dipole is rather unimportant for the
total energy. The dipoles of the two molecules outside the
vortex typically align parallel or antiparallel to their direct
neighbors. We note that especially for nonamer clusters, a large
number of nearly iso-energetic arrangements were found and,
given the finite increments of rotation angles, the global energy
minimum might have been missed. Nonetheless, the overall
building principle with a central vortex-type arrangement and
two correspondingly aligned outer dipoles is consistently found
for all low-energy configurations. The impact of the polarizable
Au support has been neglected in our calculations, as we are
mainly interested in the role of intermolecular forces for pattern
formation and not in absolute values of the interaction strength.

The two other relevant coupling schemes between
isophorone molecules, hydrogen bonding and steric repulsion
induced by the CHj; side groups, cannot be assessed on this
quantitative level. However, we may check whether the dipole
configurations derived for the magic islands are compatible with
the basic requirements for these interaction mechanisms. For
this purpose, appropriately scaled ball models of isophorone
were overlaid with the predicted dipole patterns, searching for
conflicts in the molecular arrangements. For the tetramer island
in its preferred dipole configuration, the molecules can be
arranged without spatial overlap and hydrogen bonds are
formed between all four carbonyl-oxygen and respective
hydrogen atoms in adjacent molecules (Figure 4a, third row).
Apparently, the proposed angular orientation of isophorone
within the cluster is not in conflict with other mechanisms of
molecular coupling. This situation changes for the hexamer
cluster depicted in the Figure 4b. In the low-energy dipole
configuration calculated for this structure, the CHj side groups
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of isophorone strongly overlap in the upper and lower
triangular unit of the island, while a wide gap opens up in
between. Moreover, oxygen—hydrogen distances between
adjacent molecules are sometimes too large to enable hydrogen
bonding. This molecular configuration thus appears unfavor-
able.

The specific symmetry of isophorone allows however for
another molecular arrangement, as illustrated in the lower part
of Figure 4b. In this case, the mirror images of isophorone have
been arranged according to the calculated low-energy dipole
pattern, which actually implies that the molecule is replaced by
its chiral counterpart. The resulting structure seems favorable,
as overlapping regions in the upper and lower parts of the
island have disappeared and hydrogen bonding becomes
possible in all six cases. Apparently, the new configuration
fulfills the requirements for molecular interaction better than its
counterpart. We have also explored mixed-chiral molecular
assemblies that match both the geometric input from STM and
the calculated dipole alignment. However, all tested arrange-
ments have clear disadvantages with respect to the homochiral
structure proposed in the fourth row of Figure 4b.

Similar results have been obtained for other magic islands
studied in our work. The relatively open hexamer cluster in
Figure 4c can be constructed with both enantiomers; however,
the conditions for hydrogen bonding are clearly better in the
upper arrangement, where six bonds can be established instead
of three in the lower one. The preference for one chiral
configuration becomes even clearer for the nine-membered
aggregate shown in Figure 4d. The central region of this island
appears highly crowed in the upper configuration, while most
geometric conflicts are avoided in the lower one that seems also
favorable for hydrogen bonding. Similar observations are made
in the last example, the nonamer island shown in Figure 4e.
While, several conflicts between molecular side groups occur in
the lower configuration, the upper one looks somewhat more
spacious. Moreover, the number of potential hydrogen bonds
decreases from nine in the upper to six in the lower molecular
assembly. In general, one chiral arrangement of the magic
isophorone islands seems always preferred over the other one,
at least on the basis of calculated dipole orientations and a by-
eye judgment of hydrogen bonding. We note that these
conclusions are mainly based on empirical arguments and
cannot replace an ab-inito modeling of the system. Nonetheless,
chiral ordering seems to be an option to explain the nature of
magic isophorone islands on the Au(111) surface.

B CONCLUSIONS

Low-temperature STM measurements revealed the formation
of characteristic isophorone clusters on Au(111), such as six-
and nine-membered aggregates. The distinct geometries of
these islands have been explained with the interplay of three
molecular coupling schemes that are dipole—dipole inter-
actions, hydrogen bonding, and steric repulsion induced by the
CHj; side groups. In addition, the chiral nature of isophorone
was considered, as the observed morphologies seem to be
reproduced best if only one enantiomer is taken into account
for island formation.

Chiral ordering has been connected to many self-assembly
processes of organic molecules before and often gives rise to
homochiral molecular domains.’””" Examples are the patterns
of tartaric acid and adenine formed on Cu(110)**** and the
hierarchical structures of rubren on Ag(111) and Bi( 111).24%*
Unfortunately, we are unable to pinpoint the role of chirality
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here, because the isophorone enantiomers could not be
distinguished directly in the STM. Also other binding
peculiarities of the molecule, e.g, its tendency to bind in a
tilted fashion as found on Pd(111),”* have not been considered
in our interpretation. For more reliable adsorption scenarios, ab
initio calculations are required that are however beyond the
scope of this paper. The corresponding calculations are
challenging due to the mere size of the molecular system and
the notorious weakness of dipolar and van der Waals forces.
Despite the empirical character of our approach, we have
illuminated some relevant coupling schemes that might be
behind the formation of magic isophorone islands on the
Au(111) surface.
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