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ne of the outstanding paradigms

of nanoscience’ is that of “magic”

nanoparticles or molecular assem-
blies. For example, single atoms may aggre-
gate into a cluster with a well-defined shape
and size due to favorable saturation of the
electronic shell in a particular “magic” atom-
ic configuration.” Likewise, organic mole-
cules can be self-assembled into magic
clusters if there exists a structure that
saturates the coordination shells of the
constituent molecules bonded via speci-
fic interactions.>™> Weak directional molec-
ular forces are central to self-assembly in
general, and are particularly important for
the formation of supramolecular structures
on surfaces because they provide a balance
between intermolecular and molecule-surface
interactions, as well as the propensity toward
coordination shell saturation.

Of the candidate attractive interactions,
hydrogen bonding is by far the most
significant. Typically, supra- and extended
molecular structures are produced by func-
tionalizing target molecules with strongly
polar groups (such as OH, COOH, NO, etc.),
and the ensuing hydrogen bonding (enthalpy
varying from 3 to 7 kcal/mol).>” However,
electrons in C—C-bonds, particularly those
of the triple bond, can also act as a soft base
and form the so-called XH/x hydrogen
bond (X=0, N and halogen) with a com-
paratively smaller enthalpy, such as, from 2
to 4 kcal/mol.2 In some special cases, the
carbon atom itself can act as a soft acid
leading to CH/sr hydrogen bonds®'® with an
enthalpy varying from 0.5 to 2 kcal/mol (the
weakest of the hydrogen bonds). The po-
tential advantage of CH/z bonding is its
directionality (the CH fragment aligns per-
pendicular to the z orbital in a single CH/x
bond) and the highly cooperative nature
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ABSTRACT

Supramolecular self-assembly on well-defined surfaces provides access to a multitude of

nanoscale architectures, including clusters of distinct symmetry and size. The driving forces

underlying supramolecular structures generally involve both graphoepitaxy and weak directional

nonconvalent interactions. Here we show that functionalizing a benzene molecule with an

ethyne group introduces attractive interactions in a 2D geometry, which would otherwise be

dominated by intermolecular repulsion. Furthermore, the attractive interactions enable

supramolecular self-assembly, wherein a subtle balance between very weak CH/zr bonding

and molecule-surface interactions produces a well-defined “magic” dimension and chirality of

supramolecular clusters. The nature of the process is corroborated by extensive scanning

tunneling microscopy/spectroscopy (STM/S) measurements and ab initio calculations, which

emphasize the cooperative, multicenter characters of the CH/7 interaction. This work points out

new possibilities for chemical functionalization of 7z-conjugated hydrocarbon molecules that may

allow for the rational design of supramolecular clusters with a desired shape and size.

KEYWORDS: phenylacetylene - self-assembly - STM - supramolecule - hydrogen

bonding - magic cluster

due to the ability of the CH/x fragments to
act as both a Lewis acid and base.

Here we present a combined theoretical
and experimental study that explores the
possibility of utilizing weak CH/z bonding
to enable 2D supramolecular self-assembly
of flat-lying z-conjugated molecules. The
latter, for example, benzene and pentacene,
have long been a basic model system for
an organic-metal interface which is key to a
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Figure 1. Topographic STM images of phenylacetylene molecules on Au(111), as-grown and after postannealing:
(a) molecular structure of phenylacetylene; (b) phenylacetylene molecules form clusters after low temperature deposition at
50K (800 mV, 30 pA), image size =130 x 130 nm?; (c) molecules self-assembled to form magic clusters array after annealing at

120 K (1V, 30 pA), images size = 160 x 160 nm?2.

variety of electronic and energy-related applications.
CH-7t bonding between aromatic molecules on surfaces
has been implicated previously, but so far primarily in
3D molecular assemblies,'""'? where phenyl rings can
orient normal or close to normal to each other. However,
a parallel relative orientation of the s7-conjugated systemin
the 2D geometry results in repulsive intermolecular inter-
actions, preventing significant ordering within the molec-
ular layer up to a relatively high coverage.''* We will show
that invoking ethyne groups as a source of attractive
intermolecular interactions can solve this problem and
enable supramolecular self-assembly in a 2D geometry.

RESULTS AND DISCUSSION

After low temperature deposition of ~0.1 ML, the
phenylacetylene molecules (Figure 1a) clustered into
largely disordered structures within the fcc domains of
the Au(111) surface (Figure 1b). The height of a single
molecular layer was around 0.15 nm, typical for flat-
lying z-conjugated molecules.'®'® Supramolecular
self-assembly of regular clusters was triggered by
postannealing the sample to ~120 K for 10 min,
wherein most of the molecules on the surface rear-
ranged themselves into a single type of cluster with a
regular triangular shape and exactly six constituent
phenylacetylene molecules (in the following we refer
to this cluster as a hexamer). Increasing the coverage
up to 0.3 ML only produced more hexamers, but
neither their shape nor their internal structure changed
(Figure 1c). The highly preferential formation of hex-
amers in a broad range of surface coverage (see
Supporting Information, Figure S1) signifies the exis-
tence of “magic” rules that underpin supramolecular
self-assembly of phenylacetylene on Au(111) (see Sup-
porting Information, Figures S2 and S3).

Within the hexamer, one can differentiate three
central molecules forming a pinwheel arrangement
with ~120° relative angle between molecular axes,
and three corner molecules each at ~90° angle with
respect to its central neighbor (Figure 2a). The central
pinwheel has a 3-fold symmetry axis but no mirror
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planes perpendicular to the surface, which gives rise to
chirality. We schematically label this chirality as either a
clockwise (C) or anticlockwise (A) orientation of the
hexamer (see Figure 2a). From inspection of a large
number of hexamers, we established that all A (and C)
hexamers are oriented exactly the same way with
respect to the surface. Equivalently, each complex
can rotate only by 120°, and no other angle. Further-
more, the “axis” of each hexamer is rotated by approxi-
mately £9° relative to the (112) direction of the Au
surface (Figure 2b,c). If we assume that the all pheny-
lacetylene molecules within the hexamer occupy ap-
proximately the same surface site, it is straightforward
to verify that there exists only one way to arrange the
hexamer over the Au(111) surface that would satisfy
the above spatial constraints. The corresponding struc-
ture is schematically shown in Figure 2a, where all the
phenyl rings of the constituent molecules were posi-
tioned over the fcc-hollow sites and the hexamer
became centered approximately around an atop sur-
face site.

The involvement of CH/z bond in the stabilization of
the hexamer is evident from the relative orientation of
the ethyne groups within the hexamer, specifically the
90° angle between each corner molecule and its
central neighbor, anticipated for CH/z bonding.” The
structure of the hexamer also suggests that the
phenyls rings do not contribute to the CH/x bonds.
This is due to the surface parallel orientation of the
m-conjugated phenyl ring, which prevents CH/x attrac-
tive interactions between the flat-lying phenyls. Notably,
the relative angles between central molecules within the
pinwheel are 120°.

To gain further insight into the hexamer's structure
and the bonding mechanism, a hexamer was placed on
a slab of Au(111) and relaxed using Density Func-
tional Theory (DFT) calculations, with the PBE'® func-
tional and long-range interactions accounted for by
the van der Waals (vdW)-DF approach.'” The relaxed
structure of the hexamer on Au(111) is shown in
Figure 3b, and it is in very good agreement with
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Figure 2. Chirality of the hexamer: (a) structural models showing the inferred adsorption configuration of hexamers with
clockwise (C) and anticlockwise (A) chirality, mirrored with respect to (112) direction of the Au(111) substrate. Enlarged STM
images show the individual hexamer. (b) High resolution STM image showing few hexamers with both C and A chiralities
(600 mV, 50 pA). White dashed line indicates the soliton line ((112) crystallographic direction). Image size: 20 x 20 nm?.
(c) More hexamers in a larger area scan (800 mV, 30 pA), 60 x 60 nm>2.

the experimental observation: its size (the average
distance between the centers of two corner molecules)
is 16.4 A, very close to the experimental value of
15.8 + 0.5 A; the average length of the CH/x bonds in
the relaxed hexamer is 2.76 A, in the upper range of
bond lengths known from bulk experiments;'® and
the simulated scanning tunneling microscopy (STM)
image (Figure 3c) with a sample bias of 800 meV
agrees well with the experiment (Figure 3a).

The underlying bonding mechanism was investi-
gated by performing a Natural Bond Orbital (NBO)'®
analysis for the relaxed structure of the hexamer. NBO
analysis not only confirms the CH/z bonding, but also
clearly emphasizes its cooperativeness (Figure 4): each
central molecule acts as an electron acceptor for one of
its central neighbors, and as an electron donor for one
central and one corner neighbor. On the other hand,
each corner molecule is only an electron acceptor from
one of the central phenylacetylene molecules. In every
case, the stabilization energy varies between 0.9 and
1.2 kcal/mol within the energy window of CH/z bonds
(0.5—2 kcal/mol).

There remains a question of why six molecules is the
“magic” number on Au(111). To address this question,
we have computed the binding energies of gas-phase
clusters comprising two, three, four, five, six, seven,
and eight phenylacetylene molecules using PBE and
vdW-DF (see Supporting Information, Figure S4a).
In this case, the binding energies are defined as the
energy gained by forming a cluster from isolated
phenylacetylene molecules. We did not find
a pronounced energy minimum for a hexamer
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(see Supporting Information, Figure S4b) and thus infer
that the Au(111) substrate must play a crucial role in
stabilizing the hexamer.

For starters, the hexamers are mostly located within
the fcc domain of the herringbone reconstruction of
the Au(111) surface. A similar phenomenon has been
reported for many other molecules®®?' on Au(111),
and it can be understood on the basis of the domain
dependence of the electronic potential®® or, alterna-
tively, the anisotropy of the adsorbate-induced
stress.”> However, we observe significant adsorption
of both disordered and supramolecular clusters only
within the fcc-region. Thus, we believe that the pre-
ference toward an fcc-stacked region cannot explain
the stability of the hexamer.

A more relevant property is the epitaxial relation-
ship of the hexamer relative to the surface lattice
(Figure 2a), which has been inferred above from the
statistics and relative orientation of the chiral supra-
molecular clusters. To probe the preferred adsorption
site of the hexamer on the Au(111) surface, we have
used ab initio techniques to calculate the binding
energy of the hexamer in six different configurations,
denoted here as fcc, top, hcp, bridge-hcp-fcc, bridge-
hcp-top, and bridge-top-hcp (see Figure S5a in the
Supporting Information for details). The binding en-
ergies were computed employing DFT with the PBE
approximation to the exchange correlation potential,
and the DFT-D2 approach of Grimme?* to account for
weak dispersion interactions. The results are shown
in Figure 5b of the Supporting Information. The fcc
adsorption site is most stable, followed by hcp at about
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Figure 3. High-resolution STM image of a hexamer as well as its calculated structure. (a) High resolution STM image showing
the internal structure of hexamer. (b) Structural model for the hexamer. Distances between the center of the rings of
individual corner phenylacetylene molecules and the bonding lengths for each CH/zx bonds are presented, in which
experimental data are highlighted by red and calculated values are shown as blue numbers in brackets. (c) Theoretical
simulated STM image for the fully relaxed hexamer on two layers of Au(111).

Figure 4. NBO analysis of the bonding motif for the relaxed
hexamer. The arrows indicate the direction of electron
transfer and the numbers above each arrow stand for the
computed stabilization energy (in kcal/mol). The colors of
each arrow indicate electron donor (blue) or electron ac-
ceptor (red) behavior.

47 meV apart. These results support the observation
that there exists an epitaxial relationship between the
molecules within the hexamer and the underlying
lattice.

What happens if a seventh molecule is added to the
hexamer in the 2D geometry? Maintaining a flat overall
structure would make it necessary for the angle be-
tween this corner molecule and the bonded central
partner, to deviate from 90°, in line with the 120°
formed by cooperative CH/z bonding within the pin-
wheel center of the hexamer. Steric repulsion would
clearly not favor this scenario, necessitating significant
disruption of the center-corner CH/xr bonding, and by
extension of the other bonds within the hexamer.
Furthermore, the seventh molecule would not be able
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to occupy the same surface site as its neighbors, and
still avoid significant steric repulsion and optimize the
CH/7 bonding. Therefore, the hexamer is most likely
the lowest-energy arrangement that satisfies three
criteria: (1) maximum overall saturation of the coordi-
nation shell of the cooperative CH/zt bonds; (2) 2D-
geometry; and (3) favorable adsorption sites for all the
constituent molecules. Although we do not have a fully
conclusive answer to the origin of the “magic” rule at
present, our findings immediately suggest that one
should be able to form different supramolecular “mag-
ic” clusters by using different substrates.

The electronic properties of the hexamer were in-
vestigated by measuring the distance—voltage (Z—V)
spectra,®>?® which register displacement of the tip
relative to the surface with increasing bias. When a
resonance, such as a molecular state, falls into the
tunneling window, an abrupt increase of the tunneling
conductance takes place, which results in a step-like
feature in the z-displacement curve (see Supporting
Information, Figure S6). The numerically differentiated
(dz/dV) spectra acquired over a corner or central
molecule are shown in Figure 5a. When the tip is
placed over a corner molecule, a peak centered at
~3.32 V is registered, whereas a peak centered at
~3.21 V appears when the tip is placed over a central
molecule. We argue that these peaks are associated
with the collective lowest unoccupied molecular orbit-
al (LUMO) state of the hexamer.

We computed the Projected Density of States
(PDOS) of the hexamer placed on Au(111) surface by
taking the sum of the PDOS for the phenyl rings over
the hexamer (Figure 5b). Two peaks are observed and
both have contributions from the corner and central
molecules. This already implies that the LUMOs of the
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Figure 5. Electronic properties of a hexamer. (a) Numerically differentiated distance—voltage signal against the applied
sample bias, dZ/dV, showing the LUMO states of the corner or central molecule in the hexamer. Inset figure shows locations of
distance-voltage (Z—V) spectroscopic measurements over a corner, central molecule and bare Au surface, respectively. (b and
c): Ab-initio projected density of states (PDOS) for the corner and central molecule sites in the hexamer on Au(111) and in the
gas phase hexamer, respectively. The peaks L1, L2, and L3 in panel c correspond to the first six LUMO states of the hexamer.
(d) Wave functions' moduli of the three peaks labeled in panel c.

parent molecules sufficiently hybridize and form sev-
eral states split in energy. The peak below 2 eV has a
larger weight on the central molecule, while the high-
er-energy peak has a majority component on a corner
molecule. The calculated splitting is thus in qualitative
agreement with the measured trend. The overlap of
the constituent LUMO states is most clearly observed in
the gas-phase PDOS calculations (Figure 5¢,d), where
three distinct energy levels are formed as a result of the
overlap of LUMOs of the individual molecules.

CONCLUSIONS

We successfully synthesized uniform hexamers
made of phenylacetylene molecules on a Au(111) surface.
Both experiment and theory suggest that a balance
between CH/m and surface—molecule interactions
drives the favorable formation of the hexamers. Both

METHODS

Sample preparation and STM measurements were performed
in an ultrahigh vacuum system (base pressure is better than 1 x
10~ "° mbarr). Experiments were conducted with a home-built
variable temperature scanning tunneling microscopy (VT-STM),
whose temperature can vary from 25 to 300 K. In the present

LI ET AL.

the directionality and multicentricity of the CH/x bond
appear to be critical for supramolecular self-assembly,
dictating the number of molecules within the assembly
and their relative orientation. It also appears that the
substrate plays a significant role in defining the “ma-
gic” number six. Finally, Z—V spectroscopy has further
revealed that the electronic properties of the mol-
ecules are modified upon self-assembly, specifically
causing significant overlap of the LUMO states despite
the relative weakness of the intermolecular interac-
tions. We envision that adding more acetylene groups
to the phenyl ring or using different substrates will
allow for additional structural flexibility and possibly
tunable control over the shape, size, and electronic
properties of supramolecular assemblies, as well as the
transition between supramolecular and extended self-
assembled structures.

paper, if not otherwise mentioned, all the STM/S measurements
are performed at 28 K. Phenylacetylene molecules were purified
by the standard freeze—pump—thaw process. The Au(111)
surface was cleaned by standard argon sputtering—
annealing cycles before deposition of phenylacetylene mole-
cules. The Au(111) substrate is kept at 50 K during the
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molecular deposition. A commercial Pt—Ir tip was carefully
prepared by gentle field emission with clean Au(111) sample.
The STM images were analyzed using WsXM.?’

To compute the STM image, we first use PBE and vdW-DF to
relax a hexamer on Au(111). We placed the hexamer structure
on top of the Au surface in a position such that the center of
each phenyl ring was positioned approximately above one
of the Au atoms of the first layer. Two layers of gold were used
to represent the Au(111) surface. The hexamer/Au(111) sys-
tem was relaxed by keeping the Au atoms frozen and letting
the hexamer relax fully. The calculations were done with
the PWscf software?® using an energy cutoff of 544 eV, a
2 x 2 x 1 k-point mesh with a Gaussian smearing of 0.02 eV,
and used dipole corrections.?’ The relaxation was carried
out until all the forces in the hexamer were smaller than
0.001 Ry/a.u.

The NBO analysis was performed with the NWChem
software®® and employing PBE with the DFT-D2 approach and
the 6-31G* basis set.

Relaxation of the clusters in gas-phase was performed using
PBE and vdW-DF in a unit cell of dimensions 40 A x 40 A x 285 A,
which is large enough to avoid interaction between periodic
images. The clusters were relaxed only in two dimensions,
except for the 7' cluster, in which one phenylacetylene (the
one in the plane perpendicular to that occupied by the
hexamer) was allowed to relax in every direction.

The PDOS of the hexamer in gas-phase and on Au(111) was
computed using PBE and vdW-DF.
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