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Template-Driven Dense Packing of Pentagonal
Molecules in Monolayer Films

Daling Cui, Maryam Ebrahimi*, Jennifer M. Macleod*, and Federico Rosei*

Abstract

The integration of molecules with irregular shape into a long-range, dense and periodic lattice
represents a unique challenge for the fabrication of engineered molecular scale architectures. The
tiling of pentagonal molecules on a two-dimensional (2D) plane can be used as a proof-of-principle
investigation to overcome this problem because basic geometry dictates that a 2D surface cannot
be filled with a periodic arrangement of pentagons, a fundamental limitation that suggests that
pentagonal molecules may not be suitable as building blocks for dense films. However, here we
show that the 2D covalent organic framework (COF) known as COF-1 can direct the growth of
pentagonal guest molecules as dense crystalline films at the solution/solid interface. We find that
the pentagonal molecule corannulene adsorbs at two different sites on the COF-1 lattice, and that
multiple molecules can adsorb into well-defined clusters patterned by the COF. Two types of these
dense periodic packing motifs lead to a five-fold symmetry reduction compatible with translational
symmetry, one of which gives an unprecedented high molecular density of 2.12 molecules/nm2.

Introduction

Molecular scale electronics is an emerging research area motivated by the increasing technical
demands of the miniaturization of traditional silicon-based electronic devices.(1,2) However,
efficient integration strategies for bridging hard electronics with the vast store of functional
materials in the soft-molecular world are still lacking. One of the hindrances is that many
functionalized single molecules have an irregular shape(3,4) which can create challenges in
directing single-molecular growth, i.e., making each molecular junction addressable on two-
dimensional (2D) surface. For example, the incompatibility between single molecule symmetry and
translational order will produce defects and disordering. One possible method to assuage these
intrinsic challenges is to use a tailored molecular template prepared by chemical synthesis to
predictably position individual low-symmetry molecules, creating a pathway to realize large-scale
single-molecule patterning.(5) However, few investigations can be found to date.

The dense and periodic tiling of pentagonal molecules on a 2D plane is an ideal model system to
investigate the controlled placement of molecules with irregular shape into a geometry suitable for
molecular devices. Five-fold symmetry is incompatible with translational symmetry. The 17 plane
groups representing the tessellations of the Euclidian plane do not include five-fold

symmetry(6) and the tiling of pentagons on a 2D plane must leave interstitial spaces. Diirer,
Kepler, and Penrose have demonstrated a wealth of plane-filling solutions by considering regular
pentagons, but all results are aperiodic or have a lower lattice symmetry.(7) These geometric
considerations suggest facile formation of defects when pentagons pack densely and periodically
on 2D surface by themselves.

In molecular experiments, previous observations(8-11) and simulations(12) have investigated the
assembly of five-fold-symmetric shape-persistent macrocycles. The role of five-fold symmetry has
also been demonstrated to be important in suppressing 3D crystallization(13) and in the formation
of quasicrystals on a 2D plane.(14) However, systematic studies of close packing strategies for
pentagonal molecules in the plane have exclusively addressed corannulene (CzH1, CORA, Scheme
1) and its derivatives.(15-20) These experimental observations also highlight the difficulty of



forming a long-range periodic densely packed crystal lattice in a flat 2D space with pentagonal
molecules. Long range periodicity is solely available with lower packing density by reducing the
five-fold symmetry to overcome its intrinsic mismatch with translational

order;(17,18,20) otherwise, pentagons can only pack densely in locally ordered patches and
different types of disorder/defects will appear over longer ranges.(16,18,19) Experimentally
achieving dense packing of regular pentagonal molecules in a periodic lattice in the 2D plane is
still an open question that has remained elusive using existing approaches.(12)

CORA COF-1
Scheme 1. CORA and COF-1°

°(a) Top view of ball-and-stick model of CORA showing its Cs» symmetry. (b) Schematic image of
single layer COF-1 (symmetry pémm) which has a lattice constant of 1.476 nm when synthesized
on an HOPG surface.

Here, we use a 2D host template to induce a long-range, periodic, dense self-assembly of
pentagonal CORA guest molecules. The idea of using 2D host/guest (H/G) structures to control
guest molecular deposition and layer structure has been explored for over a

decade.(21-23) However, work done so far has mainly focused on high-symmetry guests like
fullerene or its derivatives(24-31) and circulene molecules(32-36) in different types of 2D
templates.(25,27,37,38) The symmetric compatibility in the host/guest system is also an
important factor in the design of hierarchical supramolecular self-assemblies with multiple
components.(38-40) In all cases, the symmetry of the guest molecules is compatible with
translational symmetry.

We have used scanning tunneling microscopy (STM) to reveal the adsorption of densely

packed CORA molecules (Cs» symmetry) on the host of a 2D covalent organic framework (COF-

1, Scheme 1)(41) at the solution/solid interface. In these assemblies, the five-fold symmetry

of CORA can be broken in two different ways, giving rise to a coexistence of two different long-
range ordered phases. This approach can lead to an unprecedented high density periodic packing:
one of the observed structures gives pentagonal molecular packing with a density of 2.12
molecules/nm?®.(18,20) The successful realization of long-range dense and periodic growth of five-
fold molecules on 2D plane represents an important breakthrough for the limit set by molecular
shape on the fabrication of molecular electronics.

Results and Discussion

COFs are porous crystalline materials that are characterized by robustness and customizable
topology.(42) 1,4-Bezenediboronic acid monomers can form a single layer of COF-1 template
through an on-surface dehydration reaction and have been used as a host to accommodate
fullerene guest molecules under a range of conditions.(37,43-45) A high quality COF-1 template
can be prepared on freshly cleaved highly oriented pyrolytic graphite (HOPG), producing a
honeycomb mesh with a lattice parameter of 1.476 nm.(37)



After introducing the CORA solution, host/guest architectures were observed by STM. Two
different adsorption sites can be identified. CORA molecules can adsorb within the pores of the
COF-1 template, denoted as pore-site, as shown in Figure 1a. The rounded appearance of the pore-
site CORA suggests a small rotational movement of the adsorbed molecules.(32) In Figure 1b,
COF-1 is discernible as low-contrast hexagonal template, whereas the bright protrusions indicate
that the adsorption position of CORA is on top of a phenyl ring of the COF-1. We denote this
adsorption site as rim-site, in contrast to the top-site which corresponds to adsorption on a
boroxine ring (Figure S1).(37) This observation of two different adsorption sites is similar to the
Cso/COF-1 system(37) where the pore site provides more stable adsorption, yet guest molecules
also populate a site on top of the COF lattice due to the adsorption of solvent molecules within the
COF pores.(45) We suggest that the adsorbed solvent could also lead to the observed rim-site
adsorption for CORA.

Figure 1. (a) Pore-site adsorption of CORA in COF-1 template. Image dimension: 6.9 x 6.9 nm®.
Tunneling conditions: V = -1800 mV, | = 50 pA. (b) Rim-site adsorption of CORA in COF-1. Image
dimension: 7.2 x 7.2 nm”. Tunneling conditions: V = -=1800 mV, | = 50 pA. Schematics of COF-1
together with one pore-site or rim-site CORA are superimposed on STM images showing the
adsorption position. One rim-site without adsorbed CORA molecule is marked by a black circle.
The optimized architectures of bowl-up pore-site and bowl-down rim-site adsorption are shown in
the inset images.

In both the pore-site and the rim-site, the CORA molecules present a dark feature in the center and
bright protrusions around the edge, which is explained by a bowl-up orientation.(18,20,46,47) Our
density functional theory (DFT) calculations suggest that up-oriented CORA is the most stable
adsorption geometry in the pore-site, with an energy of -1.16 eV. (See Table 1) However, for the
rim-site, down-oriented CORA is more stable than other geometries, corresponding to an
adsorption energy of -0.84 eV. The similar appearance of both molecules can be explained by
temperature-related fluctuations: at room temperature, CORA molecules experience a rapid (2 x
10° Hz) bowl to bowl inversion,(48) which is much faster than the frequency of STM scanning. The
final STM appearance in the rim site is likely the result of a superposition of two orientations.(49)

Table 1. Cohesive Energy of Different Adsorption Architectures of CORA Molecule on COF-
1/Graphene Bilayer

pore-site rim-site top-site trimer-11
bowl-up -1.16 eV —0.409 eV —0.55eV —0.453 eV

bowl-down —0.80 eV —0.84 eV —0.68 eV —0.447 eV



When the density of CORA molecules adsorbed on the rim site of the COF-1 template increases,
the submolecular features of the CORA become identifiable (Figure 2). This change suggests a
transition from a state with some rotational freedom to an immobilized state. We assign this
immobilization to the geometrical hindrance imposed by the additional

adsorbed CORA.(50,51) Long-range STM topographies reveal the formation of coexisting periodic
structures formed by two different trimer motifs (Figure S3). In both phases, the trimers pack into
a honeycomb-like geometry commensurate with the COF-1 template. In the first phase (Figure 2a),
three identically oriented CORA molecules form a D-symmetric trimer motif. In the second phase
(Figure 2c), CORA molecules symmetrically orient around the center of the trimer, producing a
motif with Cs» symmetry. These periodic arrangements of trimers define two different porous
honeycomb-like lattices: a pm-symmetric lattice (Phase |) and a p3m1-symmetric lattice (Phase
), which are both subgroups of the p6mm symmetry of the COF-1 template. These two
approaches to reduction of the five-fold symmetry are similar to a previous study of symmetry
mismatching, which showed D1 symmetric tilted CORA adsorption(18) and Cs trimer formed by
penta-tert-butylcorannulene on Cu(111).(17) The basic geometrical consideration suggests

that CORA molecules in both cases are tilted and their STM appearance supports bowl-down
orientation since tilted bowl-up orientation will give a mirror symmetric appearance, as shown

in Figure S7.(18,19) DFT simulations (see Table 1) produce an optimized structure for Phase I, yet
not for Phase |. We propose that this likely arises because of experimental conditions that we do
not adequately capture in the Phase | model, such as solvent effects, which have already proven to
play an important role, especially for the less-symmetric structures, in a similar

system.(44) Anecdotally two different trimer motifs occur in approximately equal proportion.

-—

Figure 2. (a) STM image of pm symmetric phase |. The D»-symmetric trimer is marked by a large

open triangle and the small triangles show the parallel orientation of the CORA molecules. Image
dimension: 4.1 x 4.1 nm®. (b) Proposed schematic image of (a). Red and black circles are placed
according to (a). (c) STM image of p3m1 symmetric phase Il. The Cs-symmetric trimer is marked



by a large open triangle and the small triangles show the symmetric orientation of

the CORA molecules around the center of the trimer. Image dimension: 4.4 x 4.4 nm’. (d) Tilted
bowl-down optimized structure of (c). Red and black circles are placed according to (c). Tunneling
conditions: V = -1800 mV, I = 50 pA.

In addition to these structures, other packing geometries have also been observed, including a
dimer formed by two CORA molecules, as shown in Figure S4. There is also a possibility for
coadsorption of pore-site CORA along with trimeric rim-site CORA molecules in the COF-1
template, as shown in Figure S5. However, STM cannot unequivocally identify this architecture due
to the relatively planar geometry of CORA, which makes it difficult to distinguish the pore-

site CORA, in contrast to three-dimensional guests like fullerene.(43,44)

After the formation of a honeycomb-like trimer lattice, one more CORA can adsorb in the pore
formed by CORA, as shown in Figure S6. We denote this adsorption site as raised-pore-site (RP-
site). This architecture could be stabilized through two mechanisms: (i) if a CORA is adsorbed in
the pore site, one more CORA can adsorb in the RP site through a CORA-CORA interaction;(52) (ii)
with one or more solvent molecules in the COF-1 pore, which would prevent the formation of pore-
site CORA, the RP-site can be stabilized through van der Waals interaction with the trapped solvent
molecule(s) in the COF-1 pore.(53) When this adsorption occurs in a Phase | lattice (Figure 3a), the
submolecular features of CORA in the RP-site are still distinguishable and suggest that the
molecule has the same orientation as the rim-site CORA. This arrangement produces a parallel
linear pattern(11) and gives a packing density of 2.12 molecules/nm?®. In contrast, the appearance
of the RP-site CORA molecule in Phase Il is brighter than the rim-site molecules. This is attributed
to the Phase Il pore having a different shape from Phase |, meaning that it cannot accommodate
an in-plane CORA molecule. The CORA molecule may be trapped in a tilted geometry, or partially
trapped with a different z-position from rim-site molecules, leading to a slight asymmetry in the
appearance. Both of these periodic densely packed structures have been observed over a long-
range (~50 nm, consistent with the domain size of COF-1),(41) as shown in Figure 3c,d. Although
some defects can be observed in these long-range images, we attribute them to template defects,
rather than to the inherent mismatch arising from five-fold symmetry.



Figure 3. (a) STM image showing the adsorption of RP-site in a Phase | lattice. Image dimension:
5.9 x 5.9 nm”. Tunneling conditions: V = -1800 mV, | = 50 pA. (b) STM image showing the
adsorption of RP-site in a Phase Il lattice. Image dimension: 6.0 x 6.0 nm’. Tunneling

conditions: V = -1800 mV, | = 50 pA. Sketches are superimposed on the STM images to show the
positions and orientations of the CORA molecules. Large scale STM images showing Phase | (c)
and phase Il (d) periodic densely packing of CORA molecules. Image dimensions: 20.0 x 20.0
nm? (c) and 14.0 x 14.0 nm?” (d). Tunneling conditions: (c) V = -1500 mV, | = 50 pA; (d) V = -1800
mV, | = 50 pA.

The COF-1 template imposes registry to well-defined positions on five-fold-symmetric adsorbate
guest molecules, breaking through the limitations of the intrinsic lattice of preferred adsorption
sites offered by a crystalline metal surface.(18,20) The defined corrugation of the template,
compromising the interactions between dense contact five-fold molecules,(17) drives the
formation of hierarchical assemblies with long-range periodic symmetry-reduced superstructures
and a high packing density. The presence of solvent molecules in the COF-1 pore may prevent the
formation of pore-site CORA and contribute to the stability of these high-density RP-site-
containing CORA architectures.

Conclusions and Perspectives

We have shown that the COF-1 lattice presents two distinctive adsorption sites for the CORA guest
molecules, pore-site, and rim-site. When coverage increases, the incompatibility of five-fold
symmetry with the 2D plane is resolved in two distinct packing motifs and gives rise to
unprecedented dense periodic structures. These results suggest that the template can act as
external control to overcome the intrinsic symmetric mismatch between guest molecules and
translational order. A range of novel potential dense supramolecular assemblies can be produced
based on this method, where building blocks can own several different mismatch symmetries.



Experimental Section

Scanning tunneling microscopy (STM) was performed at room temperature at the solution/solid
interface, using a Digital Instruments STM equipped with a Nanoscope llla controller. Tips were
cut from a Ptoslroz wire (Nanoscience Instruments). Bias voltages are reported with respect to the
STM tip. STM images were calibrated with the covalent organic framework (COF-1) lattice
parameter (1.476 nm) using free WSxM software.(54) Model images were visualized by free Vesta
software.(55)

Monolayer COF-1 on highly oriented pyrolytic graphite (HOPG) was formed using an established
synthesis approach.(56) One milligram of 1,4-benzenediboronic acid (BDBA, Tokyo Chemical
Industry Co. Ltd.) was added to 1.5 mL of heptanoic acid (99%, Sigma- Aldrich) and then sonicated
for approximately 30 min. This produced a whitish suspension. Ten microliters of BDBA
suspension was dropped onto freshly cleaved HOPG (Structure Probe International, grade SPI-1)
and put into a reactor with a volume of ~16 mL. One hundred thirty microliters of deionized water
was added to the bottom of the reactor, and a valve to atmosphere was left slightly open to
maintain an open system. The entire reactor was placed in an oven preheated to 125 °C and left
for 60 min. After the thermal treatment, the reactor was taken out of oven and allowed to cool for
at least 20 min before the samples were removed.

Afterward, 15 pL of corannulene (CORA. 97%, Tokyo Chemical Industry Co. Ltd.) in heptanoic acid
was applied onto the substrate. Different concentrations had been used (8 x 10°M, 8 x 107 M, 8 x
107 M). All solution concentrations yield adsorption of CORA. We did not observe a strong
concentration dependence in CORA density on COF-1 and anecdotally two different trimer motifs
were observed in approximately equal proportion.

After introduction of a CORA solution with a concentration of 8 x 10™ M onto clean HOPG, STM
characterization did not show any molecular features or patterns, suggesting that CORA cannot
self-assemble on HOPG alone.

Notes
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