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ABSTRACT: Bowl-shaped n-conjugated compounds offer the possibility to study *HI"(
curvature-dependent host—guest interactions and chemical reactivity in ideal model Einvvac .+ °% =~ E
systems. For surface-adsorbed z bowls, however, only conformations with the bowl N

opening pointing away from the surface have been observed so far. Here we show for ) :
sumanene on Ag(111) that both bowl-up and bowl-down conformations can be stabilized. AEags 3~ Einvaga |f)
Analysis of the molecular layer as a function of coverage reveals an unprecedented
structural phase transition involving a bowl inversion of one-third of the molecules. On
the basis of scanning tunneling microscopy (STM) and complementary atomistic
simulations, we develop a model that describes the observed phase transition in terms of a
subtle interplay between inversion-dependent adsorption energies and intermolecular
interactions. In addition, we explore the coexisting bowl-up and -down conformations
with respect to host—guest binding of methane. STM reveals a clear energetic preference
for methane binding to the concave face of sumanene.

Bowl inversion

p 1g—ﬁ_\'i‘: «— * ‘ds lk/

the surface.”™'" For SUM, the smallest 3-fold symmetric
fullerene fragment4’26_28 (Figure la), studies of the bowl-to-
bowl inversion revealed an inversion barrier of ~0.9 eV in
solution,®® which is larger than that of the shallower
corannulenes. Very recently, a related bidirectional concave to

B INTRODUCTION

Bowl-shaped z-conjugated compounds (commonly referred to
as “open geodesic polyarenes”, “buckybowls”, or “z bowls”),' ™
structurally related to fullerenes, represent a class of hydro-
carbons with unique properties and potential for application as

novel materials. The rich coordination chemistry of 7 bowls®™®
allows for the formation of stable monolayers on metal
surfaces,” "' which are important model systems for studying
the electronic properties of organic/inorganic interfaces
relevant in molecular electronics."*™'®> The curvature-induced
rehybridization of the 7 orbitals has a pronounced effect on the
chemical reactivity of 7 bowls'®'” and is expected to increase
the adsorption energy for guest molecules adsorbed within the
bowl. This raises interest in 7 bowls as model systems for
identifying high density and low pressure storage materials for
weakly interacting energy carriers such as methane."®"? From
the point of view of tunable host—guest interactions and
controlled reactivity it would thus be highly desirable to control
the inversion state of adsorbed 7 bowls (Figure 1). Bowl-to-
bowl inversion is known as a characteristic behavior in solution,
as reported, for example, for corannulene’®>* and suma-
nene”>™** (SUM) (Figure 1a). In the case of corannulene, the
smallest 5-fold symmetric fullerene fragment, however,
molecule—surface interactions on Cu surfaces clearly favor
the inversion state where the bowl-opening is facing away from
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convex conformational switching has been reported for a
surface-adsorbed porphyrin derivative.”

Here, we show for SUM that the inversion state of adsorbed
molecules can be controlled via intermolecular interactions,
thus making both inversion states accessible for investigation of
their respective host—guest and reactivity properties. Specifi-
cally, we report on the molecular aggregation and conformation
of SUM on Ag(111) as studied by means of scanning tunneling
microscopy (STM) and complementary atomistic simulations.
Analysis of the molecular layer as a function of coverage reveals
an unprecedented structural phase transition involving a bowl
inversion of one-third of the molecules. Atomistic simulations
based on density functional theory (DFT) reveal that a subtle
interplay between an inversion-dependent molecule—substrate
binding energy and intermolecular interactions is at the heart of
the observed transition.
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Figure 1. Bowl inversion of sumanene on Ag(111). (a) Molecular structure of sumanene (SUM). (b) Schematic view of the two possible inversion
states of SUM on a metal surface. The computed adsorption heights of the hub and rim carbon atoms are indicated for both the bowl opening up
(U) and down (D) configurations. (c) Inversion barriers from D to U via a planar transition state (TS) computed in vacuum (dashed line) and

adsorbed on Ag(111) (full line).

B RESULTS AND DISCUSSION

After deposition of 0.5 monolayer (ML) of SUM molecules on
a clean Ag(111) surface under ultrahigh vacuum conditions,
large-scale STM images show the presence of two distinct
features (Figure 2a): randomly distributed small islands (S
islands) composed of less than about SO molecules, and large
islands (L islands) extending over tens of nanometers. Figures
2b,c shows small-scale STM images of both island types,
revealing that all molecules within S islands have the same
apparent height, while two different height levels are observed
for L islands. In both cases neighboring SUM molecules are
spaced 1.0 nm apart, with nearest neighbor directions oriented
along the (1-21) directions of the Ag substrate. Closer
inspection of high resolution STM images such as the ones
given in Figure 2b,c reveals that both island types are described
by a hexagonal lattice with unit cell of side length 1.70 + 0.04
nm containing three inequivalent molecules. This is compatible
with a (6 X 6) superstructure with respect to the Ag(111)
surface lattice and translates into a nearest neighbor SUM—
SUM distance of 1.00 nm. For both types of islands, the three
molecules within a unit cell take different azimuthal
orientations (i.e., rotation with respect to an axis perpendicular
to the surface). When sampling the occupied molecular states,
such as in Figure 2b,c, the molecules’ 3-fold symmetry is clearly
apparent for both S and L islands. However, in L islands only
two of the three molecules per unit cell show the same apparent
height compared with those within § islands. The third
molecule appears significantly higher and exhibits a character-
istic ring-like contour at its center. While the relative height
between the third and the two other molecules sensitively
depends on the chosen sample bias (see the Supporting
Information), the experimental images demonstrate that there

are only two different molecular conformations present in the
unit cell.

The detailed molecular conformations within S and L islands
can be derived from a comparison of the experimental STM
images to DFT-based simulations. Among the various
configurations considered for simulation of filled-state STM
images, we identify two that reproduce the main features of the
experimental STM images from S and L islands, respectively
(Figure 2b,c). Within § islands, all SUM molecules orient their
bowl openings upward, i.e., away from the surface. We denote
this adsorption configuration as bowl-up, and the correspond-
ing SUM molecules as U for “bowl-up” (Figure 1b). We note
that U molecules face the substrate surface with their central
six-membered ring. For the L islands, we identify a
configuration with only two U molecules and the third SUM
bowl oriented upside down (bowl-down, D, Figure 1b). The
corresponding STM simulations (Figure 2d,e) show excellent
agreement with experiment and reveal that the three lobe
features correspond to bowl-up (U) molecules, whereas the
molecules imaged with higher apparent height are SUM
molecules in bowl-down (D) configuration. We thus identify
a significant structural difference between S and L islands: The
unit cell of S islands consists of three bowl-up molecules (3U),
but L islands are formed by two bowl-up and one bowl-down
molecule (2U1D) per unit cell. The latter is a remarkable and
unprecedented observation and raises questions about the
origin of the corresponding phase transition, which we address
in the following.

We start by examining the growth mode in some more detail
(Figure 3). At a molecular coverage of 0.02 ML, a stochastic
distribution of monomers and dimers is found on the surface
(Figure 3a), with about 30% of the molecules forming dimers.
Analysis of the island size distribution with increasing coverage
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Figure 2. Coexistence of small (S) and large (L) islands of sumanene
molecules on Ag(111). (a) Overview STM topography image
revealing the coexistence of L and § islands at a coverage of 0.5 ML
(U =17 V, 0.05 nA, 5.3 K). Small scale experimental (b, c) and
simulated (d, e) STM images of the occupied states (U= —0.5 V) in §
islands (left) and L islands (right). Scale bars: 1 nm. Both island types
illustrate a hexagonal lattice with unit cell (dashed blue) of side length
1.70 + 0.04 nm and contain three inequivalent molecules (nearest
neighbor spacings of 1.002 nm). S islands are found to consist entirely
of bowl-up molecules (3U configuration), but L islands are formed by
two bowl-up and one bowl-down molecule per unit cell (2U1D).

reveals that distinct “closed-shell” configurations are preferred,
indicating that molecules are highly mobile at deposition
temperature. The fact that for coverages up to 0.1 ML both the
number of islands (island density) and the island size grow
simultaneously indicates that the island size and their
distribution on the substrate terraces is given by a subtle
interplay between intermolecular interactions and a repulsive
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Figure 3. Coverage-dependent phase transition from small bowl-up
islands to large domains with mixed bowl-up and bowl-down
sumanenes. (a) STM images for increasing coverage of SUM on
Ag(111) (20 X 20 nm?, 5.6 K) and evaluation of the corresponding
island size distribution for the small S islands consisting entirely of
bowl-up (U) molecules. Insets show typical cluster geometries for the
most frequent cluster sizes. (b) Island density in S regions as a
function of molecular coverage.

interaction between islands. Upon further increase of the
coverage to 0.4 ML, the island size further increases while their
density decreases continuously (Figure 3b). Then a dramatic
change of the growth mode occurs at about 0.45 ML coverage,
when the § islands have reached a maximum island size of
about SO molecules (Figure 3). Instead of further increasing S
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island size or density, molecules exceeding the local 0.45 ML
coverage in the S domains are accommodated in a
concomitantly appearing new domain containing large L
islands. For a SUM coverage above ~0.5 ML the number of
the L islands rapidly increases while the area occupied by the S
island domain that maintains the local 045 ML coverage
(Figure 3b) is decreasing until the L islands cover the entire
surface area. We note that the critical coverage of 0.45 ML at
which the transition between pure S domains and mixed S and
L domains occurs does not depend on whether the sample is
rapidly cooled in the cryostat precooled to 5 K or more gently
in the cryostat precooled to 77 K. Accordingly, the observed
ratio between S and L domains is not affected by kinetics but
rather is the thermodynamically preferred molecular structure.

The transition from § islands with three U molecules per unit
cell (3U configuration) to L islands with two U molecules and
one D molecule per unit cell (2U1D configuration) involves a
bowl inversion of one-third of the SUM molecules. To
understand the origin of this transition, we studied the
molecule—molecule and molecule—substrate interactions by
means of DFT calculations including empirical van der Waals
corrections.”® We performed calculations both in vacuum and
with inclusion of the Ag(111) substrate for single molecules as
well as for extended two-dimensional (2D) islands (see
Supporting Information for details).

First, we emphasize that the transition from the 3U to the
2U1D configuration cannot be explained by a simple “roll over”
of one-third of the SUM molecules; such rotational transition
from U to D involves an energy barrier of the order of the
adsorption energy, which we calculate within DFT to be 1.5 eV
for a U molecule facing the substrate with its central six-
membered ring. We find, however, that the surface interaction
significantly lowers the barrier to bowl inversion from 1 eV for
SUM in vacuum to 0.7 eV for a SUM molecule adsorbed on
Ag(111) (Figure lc, see Supporting Information for computa-
tional details). This inversion barrier is easily overcome at room
temperature: Within an Arrhenius picture and an estimated
attempt frequency of 1 X 10" s7', a barrier of 0.7 eV translates
into a bowl inversion rate of about 10° s™* or a half-life of 6 X
1073 5. But what stabilizes one inversion state rather than the
other one? For isolated SUM molecules adsorbed on Ag(111),
our DFT calculations show that the bowl-up (U) adsorption
geometry is energetically favored by about 0.1 eV over the
bowl-down (D) configuration. This naturally explains the
observed U configuration of isolated adsorbed SUM molecules.

Next we consider the other extreme, i.e. extended 2D
islands. We find that the 2U1D configuration (L islands) is
favored by 0.1 eV per molecule over the 3U one (S islands),
again in agreement with experimental observations. This
suggests that on Ag(111) U molecules are more stable unless
interactions within the adsorbed layer induce the transition to
2UID islands. Such transition between 3U and 2U1D
configurations is thus the result of a subtle interplay between
(i) a difference in adsorption energy for U and D molecules
(0.1-0.3 eV; see Supporting Information), (i) molecular
interactions U—D and U-U, and (iii) possible longer range
interactions.

To address point ii above, we show the gas phase molecule—
molecule pair potential as derived from DFT calculations in
Figure 4a. The U-U (blue line) and U-D (red line)
interaction energy is plotted as a function of normalized
intermolecular distance d/d, where d; = 1.002 nm is the nearest
neighbor distance for a SUM island with Ag(111)-(6 X 6)
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Figure 4. Mechanism of the phase transition involving bowl inversion
of every third SUM molecule. (a) Molecular pair potential as derived
from DFT calculations for U-U (blue line) and U—D (red line) pairs
(substrate not considered). (b) Comparison of the penalty energies
arising from strain in 3U islands (colored lines) and from U/D
inversion into 2U1D ones (black lines) as a function of island size
expressed as molecules per island. The colored lines correspond to
strain of 1% to 4% as labeled. The two black lines correspond to 0.04
and 0.06 eV total energy gain per molecule, respectively.

superstructure as determined from experiment. The location of
the minimum of the red line in Figure 4a reveals that the 2U1D
lattice is almost perfectly commensurate (d/d, = 1.007) with
the substrate while the shifted position of the blue curve shows
that the 3U configuration prefers a significantly expanded unit
cell (d/dy = 1.051). On the basis of this evidence, we discuss a
simple model to explain the coverage-dependent transition
from § islands with 3U configuration of molecules to L islands
with 2UID configuration in terms of mismatch energy
accumulated with increasing 3U island size. Figure 4a shows
that inversion of a SUM molecule from U to D leads, in terms
of intermolecular interactions, to an energy gain of ~0.24 eV.
On the other hand, the inversion from U to D (inside a island)
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entails a decrease in adsorption energy of 0.1-0.3 eV
(depending on computational models; see Supporting In-
formation). If only nearest neighbor interactions are consid-
ered, islands are thus expected to be stable either in the 3U
geometry or in the 2U1D configuration depending on the exact
values of the energy gain/loss discussed above.

We thus also need to address point iii above, ie., possible
longer range interactions. Note that S islands with 3U
configuration are only stable up to a maximum island size of
about 50 molecules, which indicates that strain accumulated
with increasing island size might provide the missing ingredient
to drive the phase transition from 3U to 2U1D. Indeed, Figure
4a shows that S (3U) islands have an equilibrium lattice
constant djy larger than d, and are thus significantly
compressed on Ag(111) where they are observed to take the
dy = 1.00 nm lattice constant imposed by (6 X 6) substrate
commensurability. To estimate the impact of such strain, we
compute the mismatch penalty energy (strain energy)
accumulated in 3U islands of increasing size (number of
molecules varying from 7 to 91) for equilibrium lattice
constants dyy that are 1%, 2%, 3%, and 4% larger than the
commensurate d, value of 1.00 nm (for details, see Supporting
Information). In Figure 4b, we compare the corresponding
mismatch penalty energies to the interaction energy penalty
arising from U to D bowl inversion or more precisely from
transforming a 3U island into a 2U1D island of corresponding
size that is perfectly commensurate to the substrate (d,y;p =
dy). The latter consists of the two contributions discussed
above, namely the loss in adsorption energy upon U to D bowl
inversion and the corresponding gain in molecule—molecule
interaction in going from a 3U to a 2U1D configuration. The
black lines in Figure 4b correspond to 0.04 and 0.06 eV total
energy gain per molecule in the 2U1D configuration. The lower
one crosses the dark blue line (lattice compression of 3%) at an
islands size of 61 molecules. For 3% of strain and 0.04 eV
interaction energy penalty upon U—D inversion, 3U islands are
thus initially favored, but the accumulated strain drives the
islands into the 2U1D configuration for islands larger than 61
molecules. This simple model thus provides a mechanism that
rationalizes the observed transition between § islands with 3U
configuration of SUM molecules into L islands with 2U1D
configuration beyond a critical island size (see Supporting
Information for additional details).

While this simple model catches the main features of the
experimentally observed phase transition, and in particular the
accompanying bowl inversion, it certainly does not describe all
details of the observed growth mode. We have thus also
explored more elaborate models to gain further insight into the
intriguing coverage-dependent phase transition of SUM on
Ag(111) and the associated bowl inversion. In the Supporting
Information we discuss a model based on rigid lattice Monte
Carlo simulations, where in addition to first neighbor
interactions also long-range repulsion is included. Interestingly,
this alternative model, that does not rely on strain accumulation
but on long-range repulsive interactions, also reproduces the
experimentally observed behavior: At low coverages, small
islands of U molecules are obtained (S islands), while at higher
coverages, L islands with 2U1D configuration are energetically
more favorable. We conclude that three key ingredients drive
the observed phase transition/bowl inversion: (i) a higher
adsorption energy for bowl-up (U) than for bowl-down (D)
molecules, (ii) a higher pair attraction energy for U-D than for
D-D and U-U pairs, and (iii) either strain accumulation in

13670

islands of U molecules due to lattice mismatch with the
underlying Ag(111) surface or a long-range repulsive
interaction that is stronger for U-U than for U-D pairs
(e.g, from different amounts of charge transfer).

Finally, we explore the concave as well as convex faces of
SUM with respect to host—guest interactions by adsorption of
methane on an intermediate coverage SUM/Ag(111) sample
with coexisting S and L islands (Figure S). For methane dosage

Figure 5. Methane adsorption on SUM. (a) STM image of a 2U1D
island after dosing ~0.4 L of methane at 12 K on SUM adsorbed on
Ag(111) (—0.5 V, 12 pA, S K). Methane guests are imaged as single
bright spots and are exclusively found at positions corresponding to
bowl-up (U) hosts. (b) STM image of a 2U1D island for ~1.2 L of
methane. Methane adsorbates that cannot be accommodated by U
molecules assemble to heptamer clusters located around bowl-down
(D) molecules (—1.5 V, S pA, 5 K). (c) Small-scale STM image
revealing methane guests in U SUM hosts as well as two methane
heptamer clusters centered on D SUM molecules. (d) Structural
model of the observed SUM-methane host—guest complex (top and
side views). Scale bars: 3 nm.

at ~30 K, we find adsorption on both types of islands. In S
islands (U molecules) all SUMs can accommodate a methane
guest (not shown). In L islands, however, only U molecules
(bowl-up configuration) host methane (Figure Sa), whereas D
molecules do not bind methane guests. For the weakly
interacting methane, this evidences a clear adsorption
preference for the concave over the convex side of the 7
bowl. Only at higher methane dosage and after full occupation
of all available U host sites are adsorption sites in the vicinity of
D SUMs getting decorated (Figure Sb). From STM images, we
identify close-packed methane heptamer clusters centered on D
molecules in addition to the singly occupied U SUMs. Clusters
with less than seven methane molecules cannot be stably
imaged, indicating that individual methane molecules are not
stably adsorbed on or near D (bowl opening down) molecules.
The observed clear preference for methane adsorption on U
molecules is corroborated by computed methane—SUM
binding energies that amount to 0.12 eV on the concave side
(U) but only to 0.06 eV on the convex (D) side of SUM.

In conclusion, we have identified and characterized an
intriguing coverage-dependent phase transition involving bowl
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inversion for sumanene on a Ag(111) surface. For low
sumanene coverage, islands with all bowl openings pointing
away from the surface are observed. At higher coverage, bowl
inversion of one-third of the molecules is activated by
accumulated strain and stabilized by enhanced intermolecular
interaction. At monolayer coverage, the sumanene on Ag(lll)
system thus provides the unprecedented case of a 7-bowl layer
with concave as well as convex faces pointing away from the
surface. This mixed inversion state layer provides an ideal
template for investigations of site- and inversion state-specific
host—guest interactions and offers the opportunity to explore
the curvature-dependent reactivity against physically or chemi-
cally interacting adsorbates. As a first step along these lines, we
have demonstrated the selective adsorption of methane on the
concave side of sumanene.

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

STM experiments were performed with a commercial low temperature
STM (Omicron) operated in ultrahigh vacuum. Ag(111) single crystal
surfaces were prepared by repeated cycles of sputtering with Ar* ions
at ~4 X 107 mbar and annealing to 700 K for 15 min at pressures
below 5 X 107'° mbar. LEED and STM were used to check the quality
of the surface before deposition of molecules. SUM molecules were
deposited by molecular beam epitaxy at 410 K from a homemade
Knudsen-cell-type evaporator onto the Ag(111) surface kept at room
temperature (deposition rate of about 1 A/min as monitored with a
quartz crystal microbalance). STM measurements were taken in
constant-current mode for as-deposited samples cooled to the
indicated temperature. Indicated tunneling bias voltages are given
with respect to the sample, and STM data were analyzed with WSXM
software.>’ DFT simulations of adsorption energies, equilibrium
geometries, and inversion barriers were performed in the mixed
plane wave Gaussian framework implemented in the cp2k code®* with
inclusion of semiempirical van der Waals corrections.’® STM
simulations were performed within the Tersoff Haman approxima-
tion.>® Inversion barriers were computed using the NEB method with
climbing image** (see Supporting Information for further details).

B ASSOCIATED CONTENT
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Details for DFT calculations, Monte Carlo simulations, and
additional STM images. This material is available free of charge
via the Internet at http://pubs.acs.org.
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