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3-phenyl-propynenitrile (PPN) adsorbs on Cu(111) in a hexagonal network of molecular trimers
formed through intermolecular interaction of the cyano group of one molecule with the aromatic
ring of its neighbor. Heptamers of trimers coalesce into interlocking pinwheel-shaped structures
that, by percolating across islands of the original trimer coverage, create the appearance of gear
chains. Density functional theory aids in identifying substrate stress associated with the chemisorp-
tion of PPN’s acetylene group as the cause of this transition. © 2011 American Institute of Physics.
[doi:10.1063/1.3643715]

INTRODUCTION

The adsorption and subsequent self-assembly of
molecules at metal surfaces provides a means of pattern
formation on a length scale that has seen significant increases
over the past decade;1–3 originating at the sub-nanometer
scale of individual small molecules,4 it now reaches all the
way to the 10 nm scale, connecting (almost) seamlessly to the
feature size accessible via e-beam lithographic techniques.
In this quest for methods capable of patterning surfaces on
an uninterrupted length scale, there is an obvious need to
understand the role of intermolecular and substrate-mediated
interactions in ordering adsorbate layers beyond the scale of
their constituent molecules.5–8 In broad brush terms these
intermolecular interactions can be intermolecular hydrogen
bonds,6, 9–11 metal coordination networks,12–16 or covalent
bonds between adjacent species.17–21 Substrate-mediated
interactions are most influential when they involve a surface
state (e.g., on coinage metals) or elastic effects.22–27 In this
paper, we show how a combination of hydrogen bonding and
substrate-mediated interactions—tentatively attributed to sur-
face stress—can generate arrays of interlocking pinwheels,
each almost 5 nm across.

This work addresses 3-phenyl-propynenitrile (PPN) (see
Fig. 1), a carbon-carbon triple-bond acetylene group carry-
ing on one end a cyano group and on the other a benzene
ring. Species without the nitrile group have been investigated
by White’s group;28, 29 there the surface binding has been as-
cribed to interaction of the acetylene with the substrate via
a double-σ bridge-bonded acetylene. Calculations involving
only two substrate atoms suggested that the aromatic moi-
ety points away from the substrate. In our theoretical work,
we also find a global energy minimum for such a configura-
tion; however, we additionally obtain a secondary minimum
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for the aromatic ring and the cyano group close to the surface.
This result corresponds much better with the scanning tunnel-
ing microscopy (STM) images and is, arguably, more intuitive
since there is no obvious reason for the benzene ring to avoid
interaction with the substrate charge density. A similar pattern
has also been predicted by White’s group absent of theoreti-
cal affirmation.29 Given that both the experimental evidence
from White’s group on a closely related system and our own
STM data both match the secondary minimum configuration,
we take this to be the true binding geometry.

A number of papers reported on interactions between ni-
trile groups and adsorbed benzene rings, characterizing them
as hydrogen bonding.9, 10, 15, 30, 31 While in the solution phase,
hydrogen atoms attached to aromatic rings are insignificant
hydrogen-bond donors,32 at the liquid nitrogen temperatures
accessed in this study—and including the possibility for do-
nation of charge density to the ring from the substrate—they
have been found to determine patterns.5, 11 In our proposed
binding geometry the aromatic ring lies in a configuration
which allows it to hydrogen bond to the nitrile group of a
neighboring PPN molecule, suggesting that the patterns ob-
served in this study are at least partially due to this effect.
While hydrogen bonding does help account for the nearest
neighbor interactions between PPN molecules, we will show
that this interaction by itself cannot explain the observed pin-
wheel chains.

This paper focuses on the coexistence of two PPN pat-
terns on Cu(111)—six-petal flowers and interlocking pin-
wheels, both at three molecules per 49 substrate atoms (result-
ing in a coverage of 6% of a monolayer)—and on the cause
for the aggregation of seven flowers into a single pinwheel.
The noteworthy seamless and commensurate coexistence of
these phases will be thoroughly discussed. At higher cover-
age, a plethora of other structures were observed in which
the molecules arrange more densely, in agreement with Sohn
et al.’s results.28, 29 Their multitude prevented us from under-
standing them in detail.
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FIG. 1. Chemical structure of 3-phenyl-propynenitrile (PPN).

EXPERIMENTAL AND COMPUTATIONAL SECTION

This paper describes a combination of STM imaging
and density functional theory (DFT) modeling of molecu-
lar adsorption structures. All STM measurements proceeded
on sputter-and-anneal cleaned samples of Cu(111), on which
PPN was deposited at cryogenic temperatures (∼100 K) fol-
lowed by annealing to room temperature for ∼1 h; prior to
annealing no stable imaging conditions were achieved. The
resultant low coverages leave roughly 2/3 of the surface area
unoccupied. PPN was obtained commercially from Aldrich.

Density functional theory calculations use the VASP
code33 with the PW92 generalized-gradient approximation34

for the exchange-correlation functional and projected
augmented waves. (For calculation of PPN adsorption ge-
ometries, the results were also verified with the plane-wave
pseudopotential method35 using ultrasoft pseudopotentials.36)
An electronic energy cutoff of 400 eV and augmentation
charge cutoffs of 640–700 eV were used. We did not consider
van der Waals (vdW) interactions since adsorption energy
differences exceeded 1 eV; even if the adsorption energies
were consequently underestimated, our main concern is with
determining the geometry of the adsorption configuration.
(Note that, e.g., while VASP calculations without vdW un-
derestimate the 1/2 eV binding energy of benzene on Cu(111)
and mangle the relative stability of unstable binding sites,
they do find correctly that the most stable sites are nearly
degenerate fcc and hcp hollows.37 Furthermore, the standard
vdW implementation in VASP has its own vagaries, e.g.,
incorrectly predicting a reconstruction of Ag(001).38) Given
the diffuse nature of vdW bonding, the effect on this aspect
should be minimal. We also expect that inclusion of vdW will
only enhance the relative stability of the flat conformation
of PPN. All supercells use three substrate atomic layers of
6 × 4 copper atoms each, thus providing sufficient lateral
space to prevent direct intermolecular interaction across the
supercell boundary (i.e., >5 Å between any two atoms). A
single k point was used in each cell, with the exception of
the data of Fig. 4(c), which uses 3 × 3 × 1 k points. All
results are optimized so that the remaining forces are less
than 0.04 eV/Å. We also performed temperature programmed

desorption (TPD) measurements, which agree with Sohn
et al.’s data on phenylpropyne28, 29 and are not shown here.

RESULTS

Figure 2 shows STM images of molecular islands of
PPN on a Cu(111) surface exhibiting the coexistence between
a pinwheel and a flower phase. The islands into which the
molecules aggregate are surrounded by empty terrace area, in-
dicating that attractive intermolecular (or substrate mediated)
interactions are at play. All such islands are found attached to
the lower side of copper step edges, suggesting that the latter
serve as nucleation sites. Only some terraces contain molec-
ular islands while others appear devoid of adsorbates, indi-
cating that during room-temperature annealing, molecules are
able to cross step edges. Individual molecules are mobile on
Cu(111) even at liquid nitrogen temperatures; however, they
are sufficiently slow to be observed during their diffusion to
join molecular islands.

The molecular population of Fig. 2 consists of triplets
of molecules forming a six-petal flower (Fig. 3(a)) and hep-
tamers of such flowers whose peripheral molecules are re-
arranged to form interlocking pinwheels. We lightly colored
flowers red and pinwheels green in Fig. 2(b) to facilitate their
recognition. Approximately 2/3 of all molecules are part of
pinwheels. On many analyzed images, we barely ever find
a flower-covered area between pinwheels that is sufficiently
large to accommodate another pinwheel. Rather, the flower-
covered areas appear to represent the interstitial space af-
ter coalescence of flowers into percolating pinwheel chains.
The pinwheels interlock geometrically, thus forming “gear
chains;” since each pinwheel owes its stability to the inter-
play between adsorbate-substrate and intermolecular interac-
tions, these gear chains are not expected to be able to trans-
mit rotation in any meaningful manner. The percolating nature
of the pinwheels suggests that they formed sequentially; the
presence of the flower phase in the interstitial area indicates
that, once formed, the pinwheel chains are relatively rigid and
stable.

Overlaying a grid on a portion of Fig. 2(b), we find that
both the flowers and the pinwheels’ teeth and cogs lie on a
hexagonal lattice and in registry with each other. The flowers
form a (7 × 7) R23◦ pattern, which may also be described

as a
(

8 −3
3 5

)
pattern; the pinwheels form a (

√
7 × √

7) R19◦

superstructure of the flower pattern, which is a (73/2 × 73/2)

R3◦ pattern or, in matrix notation, a
(

19 −1
1 18

)
pattern. Its unit

vectors are 47 Å long, its area is 1115 Å2, and it contains
21 identical molecules. While complex patterns of identical
molecules have been found in many adsorption systems, 21
molecules per unit cell rank among the most complex molec-
ular patterns.5, 10, 16, 39–41

We performed DFT modeling of the adsorption of
the molecule on a 6 × 4 × 3 substrate atom super-
cell, determining the adsorption configuration shown in
Fig. 3(d) (with adsorption energy ∼0.84 eV). This con-
figuration is in good agreement with Sohn et al.’s results
for a substrate represented by two atoms only.28 In ad-
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FIG. 2. (a) STM images of large islands of PPT on a Cu(111) terrace with a mixture of pinwheel and flower coverage. The top right corner shows a dislocation
line in the island. (b) Enlarged view of the pinwheels (colored pale green) and flowers (colored pale red). High symmetry directions of the adlayer are indicated.
Image parameters: (a) Bias: −1.3V, current: 0.96 nA, image size: 42 × 41 nm2 (b) Bias: −1.6V, current: 80 pA, image size: 26 × 19 nm2.

dition, we find—at substantially weaker adsorption energy
(∼0.41 eV)—a second adsorption configuration (minimized
to forces <20 meV/Å), in which both the ring system and the
cyano group rest nearly flat on the substrate (Fig. 3(c)), in sig-
nificantly better apparent agreement with the elongated shape
of the molecular units in STM (see, for instances, the edges of
the island in Fig. 2). In this configuration the cyano group and
the benzene rings are nearly coplanar, which allows lateral
interaction between the molecules, to be discussed in “Dis-

FIG. 3. (a) and (b) STM images of the flower and pinwheel phase and the
corresponding models based on the adsorbate configuration shown in (c),
which is a local minimum in our optimization. Panel (d) shows the PPN con-
figuration on Cu(111) that has the highest binding energy according to our
calculations. Image parameters: bias: −1.5 V, current: 0.12 nA.

cussion” section. In both the cases, the molecule is primar-
ily attached to the substrate by insertion of the carbon-carbon
triple bond into a substrate bridge, in good agreement with
Sohn et al.’s results.28, 29

DISCUSSION

In this section we propose an adsorption model for
the flower and pinwheel structures, based on which we
will explain the coalescence of the flower structures into
pinwheels. These models rely on the adsorption configuration
of PPN shown in Fig. 3(c), which is in much better geometric
agreement with our STM images. In previous investigations
of aromatic moieties pinned by reactive groups to metal
surfaces,11, 42–44 we generally found that the aromatic moiety
comes to rest relatively close to the substrate, potentially
providing some support for this configuration. While DFT
codes quite consistently place aromatic species relatively
far away from a metallic substrate,37, 45–47 experimental
evidence, such as from standing wave, x-ray absorption,48

suggest a different behavior. Arguably, chemical intuition
may also favor an adsorption configuration in which both
the cyano and the phenyl group are sufficiently close to the
substrate for interaction rather than pointing away from it,
foregoing the opportunity of any interaction.

This adsorption configuration allows interpretation of the
flower shapes as trimers of PPN molecules, in which the
cyano nitrogen atom interacts with the hydrogen atom at the
meta position of the phenyl ring (Fig. 3(a)). Such an interac-
tion is in good agreement with, for instance, the interactions
found in benzenethiol films.11, 49 Aromatic hydrogen atoms
have been found to form hydrogen bonds to nitriles and other
nitrogen atoms in other organic groups quite frequently, fur-
ther supporting our interpretation.9, 10, 15, 30 The experimental
resolution is insufficient to distinguish reliably between the
cyano and the phenyl end of the molecule. Hence, it is un-
known whether the film consists of trimers exclusively of one
rotational orientation (enantiomer) or a (potentially ordered)
racemic mixture of them.
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FIG. 4. Spatial distribution of the acetylene groups in (a) flower, and (b) the pinwheel structure. In the flower pattern the acetylene species are bunched more
frequently in close trimers, although the overall coverage is identical to the pinwheel structure. Panel (c) shows the dependence of the total energy of a (circle)
6 × 4 × 3 Cu slab, (triangle) Cu slab with a non-adsorbed acetylene molecule, and (squares) a Cu slab with an adsorbed acetylene molecule, on the copper
lattice constant. The larger equilibrium energy indicates expansive stress induced by the di-σ interaction of PPN acetylene moiety with the substrate.

Starting out from this intermolecular interaction motif,
we can construct a pinwheel structure that shows good agree-
ment with the experimentally observed features (Fig. 3(b)).
While the flower required only three rotational configurations
of PPN on the substrate, the pinwheel requires six, as well
as their inversion-symmetric counterparts. Thus, while in the
flower shape all molecules adsorb at equivalent sites (due to
the threefold symmetry of the substrate), for the pinwheel
structure the molecule needs to be inverted, corresponding to
a change between hcp and fcc hollow sites.

There is no readily apparent energetic benefit in the for-
mation of the larger, more complicated and, hence, entrop-
ically disfavored pinwheel structure from the perspective of
direct intermolecular interaction: if there were substantial en-
ergetic benefits from the slight variations between the inter-
molecular orientations in the pinwheel as compared to the
flower pattern, a directly periodic arrangement of thus inter-
acting species would be expected instead of the kind of co-
alescence of the flowers into larger superstructures observed
here. Since the molecular patterns form on partially covered
terraces, their molecular adlayer is not subjected to signifi-
cant compressive stress or strain. Consequently, we look for a
different origin of this phenomenon.

A close inspection of the primary interaction of PPN with
the substrate suggests that the insertion of the acetylene group
into a substrate atomic bridge creates expansive stress on the
top substrate layer. Could this stress be the origin of the for-
mation of the pinwheels? To substantiate this, Fig. 4 shows
the flower and the pinwheel pattern, highlighting the locations
at which the acetylene group inserts itself into a substrate
atomic bridge: in the flower pattern, closely spaced triplets
of this interaction are distributed on a regular hexagonal net-
work. While at the center of a pinwheel the same triplet is
found, the six peripheral locations in the pinwheel appear
to distribute their 18 acetylene moieties more evenly (as op-
posed to clustering them in six triplets on a regular hexagonal
grid). To evaluate this quantitatively, we calculated the spatial
correlation between the acetylene moiety locations x in one
pinwheel unit cell and the acetylene moiety locations in the

same unit cell as well as the six surrounding unit cells (i.e., a
total of (3 × 7)

acetylene moieties in pinwheel

× 7 (3 × 7)
self and surrounding pinwheels

− (3 × 7)
self −correlation

= 3066 distances r). We also calculated the

same correlation for the flower pattern in the same area. As-
suming, for simplicity, that the relaxation of the substrate
stress is inversely proportional to the distance from the stress
center (i.e., a 1/r potential), we find that the sum s over
the reciprocal of all distances is about 0.4% smaller for the
pinwheel structure than for the flower structure.

s =
Acetylene moieties

in center PW∑
i

Acetylene moieties
in seven PWs∑

j

1∣∣�xi − �xj

∣∣ .

Clearly, a perfect 1/distance dependence of the stress
potential is an oversimplification. However, a higher power
would only increase the reduction of strain energy (e.g., a 1/r2

relationship leads to 2.4%), and a lower power (i.e., an even
longer range potential) would be hard to justify.

Direct DFT modeling of these long-range interactions
requires too large a supercell to be feasible. However, we
can corroborate the presence of expansive stress caused by
adsorption of an acetylene group on the substrate: to this end,
we calculate the total energy of a 6 × 4 × 3 substrate-atom
supercell with no acetylene molecule attached, with an
acetylene molecule in the vacuum above the substrate, and
with the acetylene chemisorbed on the surface. We vary the
geometric dimensions of the supercell to cause slightly larger
or smaller lateral interatomic spacing of the copper atoms
and relax all atoms in each case using (3 × 3 × 1) k-space
mesh. For these calculations we maintain constant overall cell
volume through variation of the amount of vacuum separating
the slabs, in order to have constant net electron density in
the unit cell to enhance comparability of the total energies
obtained. Figure 4(c) shows the results: a quadratic fit of the
total energy as a function of the lattice parameter shows a
larger equilibrium unit cell for the case of acetylene substrate
interaction than for the two cases without. This clearly
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demonstrates that the kind of interaction found between PPN
and the substrate exerts stress to expand the substrate lattice.

CONCLUSION

3-phenyl-propynenitrile (PPN) on Cu(111) forms a
hexagonal network of molecular trimers, which coalesce into
sequences (gear chains) of interlocking pinwheel-shaped hep-
tamers. Density functional theory modeling of the adsorption
of individual molecules results in two adsorption configura-
tions, of which the one with the lower calculated binding en-
ergy appears to be the physically correct solution, represent-
ing a near-planar molecule in close proximity to the substrate.
Evaluation of the lateral distribution of molecule-substrate in-
teraction centers suggests relief of adsorption-induced surface
strain as the driving force behind the formation of the large
pinwheel structures.
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