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ABSTRACT

Recognition and selection are of fundamental importance for the hierarchical assembly of supramolecular systems. Coronene induces the
formation of a hydrogen-bonded isophthalic acid supramolecular macrocycle, and this well-defined heterocluster forces, in its turn, DBA1 to
form a van der Waals stabilized honeycomb lattice, leading to a three-component 2D crystal containing nine molecules in the unit cell. The
recognition and selection events enable efficient error correction and healing in redundant mixtures.

Self-assembly of nanometer-sized building blocks at surfaces
and interfaces is of increasing interest for nanotechnology
research due to potential applications for nanopatterning,
surface templating, heterogeneous catalysis, and sensing.!~
Gaining control of molecular ordering on surfaces is therefore
an active field of research. Supramolecular chemistry is a
powerful methodology to create such controlled assembly
of nanostructures following bottom-up principles.’ Typically,
structural and functional information stored in the (molecular)
building blocks is expressed in self-assembled structures via
programmed (directional) noncovalent interactions. Nano-
structures of high complexity at surfaces can be fabricated
using appropriately designed building blocks, under ultrahigh
vacuum conditions (UHV),® in ambient conditions! or at
liquid—solid interfaces,”®® by tuning the hierarchical inter-
molecular interactions.

The formation of crystalline multicomponent two-dimen-
sional (2D) Ilattices, containing more than two different
organic molecular building blocks, has been achieved rarely®
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Chart 1. Chemical Structures of DBA1, DBA2, Isophthalic Acid
(ISA), Trimesic Acid (TMA), and Coronene (COR)

DBA1, R= CygHpy ISA ™A COR
DBA2, R= CyoHpg

since optimized recognition and selection processes!®!'! are
required to achieve the targeted multicomponent surface-
confined patterns. The melamine—PTCDI hydrogen-bonded
porous network of which the pores are filled by Cg
heptamers is a particularly nice example. However, such a
well-defined multicomponent structure was not reported to
form upon simultaneously bringing all components to the
surface.’

Herein, we report the modular hierarchical self-assembly
of a three-component 2D crystal at the liquid—solid interface
following a host—guest strategy, and we highlight the rec-
ognition and selection processes involved. (1) Coronene
(Chart 1: COR) acts as a molecular template directing the
assembly of isophthalic acid (Chart 1: ISA) as the second
component into a heteromolecular cluster, COR;—ISAg,



Figure 1. (a) Molecular mechanics (MM)-optimized structures of
(left) the “zigzag” pattern of ISA and (right) the COR-templated
assembly of ISA (COR;—ISAg). (b,c) STM images recorded at
the 1-octanoic acid/graphite interface of self-assembled patterns of
ISA (b) in the absence of COR (I = 387 pA, Vi = —0.75 V)
and (c) in the presence of COR (Ii; = 530 pA, Vi = —1.00 V).
Solutions are saturated.

Figure 2. (a,b) STM images at the 1-octanoic acid/graphite interface
(Isef = 453 pA, Viee = —1.00 V for image a and Iy = 305 pA, Ve
= —1.02 V for image b) of domains of different supramolecular
chirality formed by a templated assembly of ISA with COR and
(c,d) the corresponding molecular models. The equivalent (1 1 —2
OOdirections of the graphite lattice are indicated in the lower left
corner of the STM images. Unit cells are indicated in white. Possible
weak intercluster C—H=O hydrogen bonds (blue dotted lines) are
indicated in the black circle.

(Figure 1), of defined size, symmetry and composition. (2)
An alkoxylated dehydrobenzo[12]annulene (Chart 1: DBA1)
hosts this COR;—ISA¢ heteromolecular cluster to form a
well-ordered three-component 2D crystal (Figure 3), contain-
ing nine molecules in the unit cell. Actually, the heteromo-
lecular COR;—ISAg cluster templates the assembly of DBA1
into a honeycomb network as DBA1 by itself forms a
different denser pattern under the experimental conditions.
Regardless of the fact if the components are premixed in
solution or are consecutively added to the surface, the three-
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Figure 3. (a,b) STM images of DBA1 at the 1-octanoic acid/
graphite interface (a) in the absence and (b) in the presence of ISA
and COR. (a) The yellow arrow points to a distorted honeycomb
cavity, while the white arrow highlights a DBA molecule self-
trapped in a honeycomb cavity (I, = 28 pA, Vi = —1.10 V). (b)
After addition of ISA and COR, a complex supramolecular
tricomponent architecture forms (Iliq = 258 pA, Vi = —1.04 V).
Domains of different chirality arise as a result of the interdigitation
of the alkyl chains of the DBA1 host. The border between two
chiral domains is indicated. The orientation of the unit cell vectors
is determined to be 21 + 3°, either clockwise or counterclockwise
with respect to the main lattice axis 1 1 —2 OUof graphite. The
orientation of the graphite lattice is shown in the upper right corner
of (b). (c) The high-resolution image of the tricomponent archi-
tecture shows submolecular detail of the COR;—ISAg¢ cluster (/s
= 17 pA, Vi = 1.04 V). A model of the COR;—ISAg cluster is
overlaid on the image to guide the eye. (d) Molecular model of the
three-component hierarchical assembly, as optimized on graphite
with MM. Concentration: DBA1, 8 x 107> mol/L; ISA and COR
are saturated.

component 2D crystal is formed. Dynamic equilibrium
conditions are met. (3) Interestingly, the honeycomb DBA1
matrix is “selective”; it hosts exclusively heteromolecular
clusters of the composition COR;—ISAg¢, even in the
presence of other related molecular building blocks such as
trimesic acid (Chart 1: TMA). (4) Moreover, DBA2 (Chart
1), which forms a slightly larger cavity because of the longer
alkoxy side groups, is not able to host or immobilize
COR;—ISAg clusters. (5) Finally, the addition of DBA1 to
a preformed pattern formed from a mixture of TMA, ISA,
and COR is able to “extract” ISA from the TMA—ISA—
COR monolayers, and as such, DBA1 plays a cleaning role
by selectively removing and hosting ISA in the presence of
COR, demonstrating the peculiar stability of the
DBA1—ISA—COR motif.

Monocomponent Supramolecular Assembly: Isoph-
thalic Acid. Considering the typical hydrogen bonding (H-
bond) interactions between carboxylic acid (—COOH) groups,
ISA is predicted to assemble into a zigzag chain (“trans”)
or into a cyclic hexamer (“cis”), as shown in Figure 1a. When
allowed to assemble at the 1-octanoic acid/graphite interface,
ISA forms zigzag chains which further assemble into 2D
crystalline domains via van der Waals interactions. ISA
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molecules are resolved as small bright circles with a diameter
of about 0.7 nm in the scanning tunnelling microscopy
(STM) images (Figure 1b). A close-packed monolayer is
formed, and the unit cell parameters are a = 0.69 £ 0.05
nm, b = 1.52 £ 0.07 nm, and o0 = 90 + 4° (plane group:
pz).lz

Bicomponent Supramolecular Assembly: Isophthtalic
Acid—Coronene. When COR is present in solution, a
dramatic difference is observed (Figure 1c). The self-
assembly pattern belongs now to plane group p6, and the
unit cell parameters are determined to be a = b = 2.31 +
0.04 nm and oo = 60 % 1°. The repetitive unit contains one
big bright disk (~1 nm in diameter) surrounded by six small,
less bright circles. This is interpreted as a COR molecule
which is surrounded by a cyclic hexamer of ISA molecules.
The six ISAs are held together by, in total, 12 hydrogen
bonds. The interactions between the ISA rosette and COR
are mainly van der Waals (Figure 1a).'3 These heteroclusters
further assemble into 2D close-packed domains through van
der Waals interactions.

It does not come as a surprise that ISA itself does not
form cyclic hexamers at the liquid—solid interface. Molecular
modeling simulations show that the total stabilization by
H-bonding is almost identical for the experimentally observed
zigzag motif and the nonobserved cyclic hexamer network
since, in both cases, ISA forms four hydrogen bonds with
its neighbors (Supporting Information). Neglecting any
potential stabilizing effects by solvent molecules or by ISA
molecule(s) adsorbed in the cavity of such a cyclic hexamer
network, the latter is clearly less stable than the zigzag pattern
because its adsorption energy per unit area is smaller.

Molecular mechanics (MM) calculations (with the PCFF
force field, see SI) support the formation of heteromolecular
clusters upon mixing of COR and ISA. MM indicates that
there is a significant stabilizing interaction between COR
and the surrounding ISA molecules (—13 kcal/mol; see also
the table in the Supporting Information), reflecting the perfect
accommodation (structural fit) of COR into the cavity of
the cyclic ISA hexamer, sterically constraining it. Moreover,
MM shows that COR can adopt an epitaxial orientation on
graphite due to s-stacking. Therefore, COR is a proper
molecular “template” to induce the transformation of the
monocomponent ISA zigzag network into a 2D crystalline
bicomponent network of heteromolecular COR;—ISAg clus-
ters. A related “template”-induced transformation was re-
cently reported.'*

The shape of COR is well-resolved in the STM images,
showing even submolecular details, indicating that COR
molecules are immobilized and not rotating within the pore,'
in line with the MM calculations (Supporting Information).
The immobilization of COR in the cyclic ISA hexamer is
further confirmed by molecular dynamics (MD) simulations.
When keeping the position of the ISA molecules fixed
according to the optimized H-bonding network, COR shows
very small lateral displacements, with its molecular plane
remaining parallel to the graphite sheets. The standard
deviation of the displacement of COR during the MD
simulation is only £0.2 A. Interestingly, there is no rotation
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of COR inside of the cavity during the MD simulation,
although the MD time scale (300 ps) is large compared to a
typical rotation time (a few ps) (Supporting Information).
COR is stabilized into the ISA matrix by the geometrical
match within the ISA cyclic hexamer and by its strong
m-stacking interaction with the graphite substrate.

Finally, we remark that the 2D patterns are chiral (Fig-
ure 2). Different from previous reports on chiral assemblies
composed of achiral molecules, here, chirality is only
expressed at the highest level of the hierarchical self-
assembly process, that is, the 2D pattern formation of the
achiral bicomponent supramolecular clusters.!®!7 Different
from the chiral patterns formed by (pro)chiral building
blocks,!®!7 neither ISA nor COR nor the heteroclusters
themselves are (pro)chiral. It is the relative shift of the
heteroclusters in the 2D lattices, maximizing the molecular
density and intermolecular interactions, that leads to chiral
domains. By imaging the graphite lattice underneath, the
relative orientation of the patterns with respect to the
substrate have been determined. This analysis reveals that
the unit cell vectors of these domains are rotated by 10 £
2°, either clockwise (+10°) or counterclockwise (—10°), with
respect to the main lattice axis 0 1 —2 OUof graphite.
Therefore, chirality is expressed at two levels, the monolayer
symmetry and monolayer substrate orientation.

Three-Component Supramolecular Assembly: Isoph-
thalic Acid—Coronene—DBA. Alkoxylated dehydrobenzo-
[12]annulenes (DBAs) are reported to assemble into either
close-packed linear/hexagonal or nanoporous honeycomb
patterns, depending on the solvent and concentration.'®! At
the 1-octanoic acid/graphite interface, DBA1 forms a close-
packed pattern with some distorted honeycomb defects
(marked with the yellow arrow in Figure 3a) in the
concentration range from 8 x 107*to 8 x 107% mol/L. Most
of the DBA cores appear with a clear triangular shape, but
some of them appear fuzzy (the white arrow in Figure 3a).
We attribute these fuzzy ones to mobile DBA molecules self-
trapped in the honeycomb cavities.

When a drop of octanoic acid solution containing ISA and
COR is added to the preassembled DBA pattern, a structural
transformation is observed; the DBA network transforms
from a close-packed network to a 2D honeycomb pattern,
and COR;—ISAg clusters fill the honeycomb cavities (Fig-
ures 3b and c). All of the clusters have identical composition
and symmetry. The experimental data, supported by MM
calculations, show that the ISA molecules, in their hexagonal
H-bonded arrangement, are locked in position at the end of
DBA1 alkyl groups. The unit cell parameters are a = b =
4.1 £ 0.1 nm and oo = 60 + 1° (Figure 3b) (plane group
p6). On one hand, the total H-bonding interactions (as
estimated with the Dreiding force field) are identical to that
of the pure ISA cyclic hexamer, that is, around —44 kcal/
mol (for 12 H-bonds). This highlights the perfect structural
accommodation of the H-bonded hexamer made of ISA (and
its COR guest) into the DBA1 network. On the other hand,
adsorption of the COR;—ISAg clusters in the voids does not
affect the intrinsic honeycomb-forming characteristics of
DBAI1. The unit cell parameters are identical to those of self-
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Figure 4. (a) Assembly of DBA2 at the 1-octanoic acid/graphite
interface (I = 328 pA, Ve = —0.74 V). The inset is a high-
resolution image of a honeycomb. (b) Host—guest architecture
formed by coadsorption of DBA2 with ISA and COR (/¢ = 920
PA, Vit = —0.87 V). The cavities appearing fuzzy are believed to
be occupied by mobile COR. The inset is a high-resolution image
corresponding to the area marked by the white rectangle. Concen-
tration: DBA2, 7 x 107> mol/L; ISA and COR are saturated.

Figure 5. High-resolution STM image obtained after adding DBA1
(8 x 107> mol/L) to an already equilibrated surface pattern formed
by a TMA/ISA/COR mixture (TMA, ISA, and COR are saturated)
at the 1-octanoic acid/graphite interface (it = 189 pA, Vi = —1.00
V). High-quality TMA—COR domains (inset right), free of any
ISA molecules, coexist with porous DBA1 domains filled with
COR;—ISAg clusters.

assembled patterns of DBA1 at the 1,2.4-trichlorobenzene/
graphite interface where DBA1 is known to self-assemble
exclusively into a honeycomb type pattern, even in the
absence of guests.!® COR;—ISAg clusters fit perfectly in the
hexagonal cavity formed by DBA1 molecules, leading to an
appreciable interaction between the DBA1 host and the
COR;—ISA¢ supramolecular guest, around —18 kcal/mol.
The submolecular resolution of COR and the ISA molecules
in the host—guest matrixes confirms that they are im-
mobilized and that no rotation happens. Note that the ISA
hexamer involves hydrogen bonding, while the surrounding
DBA1 network is stabilized by van der Waals interactions;
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different noncovalent interactions are at play at the two
hierarchical assembly levels.

This three-component system is chiral too. Figure 3b
displays a domain boundary with mirror image domains. Due
to the offset between the alkyl chains of interdigitating
molecules (see, for instance, the inset in Figure 3b and
models in Figure 3d), the pore is obviously chiral, a
characteristic which is extended at the level of the 2D
network and at the level of the registry of the 2D network
with respect to the lattice of the graphite substrate underneath.
This analysis reveals that the unit cell vectors of these
domains are rotated by 21 + 3°, either clockwise (+21°) or
counterclockwise (—21°), with respect to the main lattice
axis 1 1 —2 Oof graphite. Therefore, chirality is expressed
in two different ways, the monolayer symmetry and mono-
layer substrate orientation.

Guest-Induced Structural Transformations. The struc-
tural transformation from a nonporous to porous network in
response to the presence of guest molecules has been
observed before for alkoxylated DBAs? and other alkylated
and nonalkylated compounds.®'* Some of these alkoxylated
and alkylated systems show concentration-dependent poly-
morphism. At “high” concentrations, a dense nonporous
pattern is formed at the liquid—solid interface, while at low
concentrations, porous matrixes are formed.'® However,
patterns that are intrinsically nonporous at a given concentra-
tion can be transformed into the porous network upon adding
an appropriate guest. Such transformations are explained by
the gain in energy resulting from guest—substrate interac-
tions, increased host—substrate interactions in case of DBAs
(six alkyl chains adsorbed instead of four), and host—guest
interactions which overcome the loss of stability inherent to
the formation of “voids” and low-density host matrixes.?
In addition, the host—guest networks must be more stable
than the formation of phase-separated nonporous host and
pure guest phases. Addition of ISA alone does not induce
the structural transformation of the DBA1 host matrix
(Supporting Information). Addition of an excess of COR
(in the absence of ISA) leads to a complete structural
transformation of the DBA1 host matrix, but the COR
molecules are mobile, and their orientation in the voids is
not fixed. The situation obtained here is the first example of
a structural transformation induced by a supramolecular guest
entity, that is, a heteromolecular cluster, and is again evidence
for the synergetic action of ISA and COR and the strong
interaction between those two components.

Recognition and Selection. It is important to note that
the sequence followed to add the three components to the
surface does not affect the outcome of the self-assembly
process (Supporting Information). Identical results are ob-
tained upon premixing of the three components too, and the
patterns are almost always observed within a few minutes
after preparation of the sample, without showing any
significant structural evolution as a function of time. This is
a strong indication that the multicomponent architectures
involving DBA1, ISA, and COR represent equilibrium
structures. Furthermore, it suggests that recognition is
involved between the heteromolecular cluster and the host
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Figure 6. Large-scale image showing the assembling structure of the ternary mixture of TMA, ISA, and COR before (a) (It = 328 pA,
Vit = —1.04 V) and after (b) addition of DBA1 (It = 189 pA, Vi = —1.00 V). Before addition of DBA1, cavities filled with ISA can
still be observed as defects (dark spots) (see the high-resolution image in the inset; the scale bar corresponds to 5 nm). However, after
addition of DBA1, all of these defects disappear. A large-scale image where DBA1 networks filled with COR;—ISAg clusters are observed
between domain boundaries of TMA networks is shown in (¢) (It = 189 pA, Vi = —1.00 V).

matrix, possibly due to a selection process based on size and
shape/symmetry commensurability of the cluster and cavity.
To test this hypothesis, two control experiments were
conducted.

First, the host properties of DBA1 have been compared
with those of DBA2, the analogue with longer alkyl chains,
which intrinsically should give rise to larger cavities upon
self-assembly. The DBA2 host matrix is also transformed
into a porous network upon adding an excess of ISA/COR.
However, this transformation is most probably the result of
the addition of COR itself and not the outcome of a
heteromolecular complex activity involving COR and ISA.
No well-ordered three-component assembly is observed. Only
very few heteromolecular clusters are accommodated in some
highly distorted cavities. The majority of the cavities appear
fuzzy and featureless (Figure 4) and are possibly filled with
COR, mobile COR—ISA clusters, or, with a low probability,
only ISA clusters.2'?> Only DBA1 supports the uptake and
stabilization of well-defined COR;—ISA¢ clusters in its
cavities.

Second, the competitive uptake of different cluster com-
positions by DBA1 has been probed. Instead of ISA/COR,
mixtures of TMA/ISA/COR were added. In the absence of
DBA1, TMA is known to form well-defined heterocom-
plexes with COR, where COR is adsorbed within the voids
of the H-bonded honeycomb network formed by TMA."
These voids are identical in size and composition to the ISA
cyclic hexamer. However, if such a saturated TMA/ISA/
COR mixture is added to a preformed DBA1 nonporous
matrix, the only surface pattern observed is identical to the
previously described tricomponent 2D crystalline assembly
of DBA1 hosting COR;—ISAg clusters. This means that
DBAL is very selective with respect to the composition of
the clusters it hosts. Only COR;—ISAg clusters are selected,
out of the numerous other possibilities with varying ISA and
TMA compositions. This is confirmed by experiments where
only TMA/COR is added to a DBA1 monolayer. In addition
to TMA/COR domains, porous DBA1 domains are formed,
but the content of the voids appears fuzzy, and no well-
defined TMA/COR clusters are adsorbed. Most likely, the
cavities contain only mobile COR. Such specific recognition
at the level of the supramolecular host and efficient error
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correction compare beautifully with the selectivity expressed
by enzymes.?32*

Dynamics and Healing. Saturated mixtures of TMA and
ISA give rise to TMA honeycomb networks with, most
probably, ISA molecules as guests in the cavities.?> No pure
ISA domains are observed, suggesting that the porous TMA
network is more stable or its formation is kinetically favored
compared to the ISA zigzag network. A saturated TMA/
ISA/COR mixture initially leads to TMA host networks
filled with ISA (kinetically favored) and occasionally COR.
In time, COR replaces the trapped ISA molecules. Only at
domain boundaries and if the cavity is occupied by COR
can TMA host molecules be replaced by ISA host molecules
(Supporting Information). Even after reaching equilibrium,
cavities filled with ISA and COR still coexist. The surface
composition and structures are therefore complex.

When DBAL1 is added after the ternary TMA/ISA/COR
mixture has reached equilibrium, porous DBA1 networks,
filled with COR;—ISAg clusters, are observed to occupy only
a small fraction of the surface area, either at domain
boundaries or by replacing small TMA/COR domains
(Figure 5). However, a notable and clear change in the TMA/
COR architecture is revealed upon addition of DBA1; all
of the “defects”, that is, TMA cavities filled with ISA,
disappear, and the TMA/COR host—guest architecture
becomes perfectly defect free. All guest sites are occupied
by COR (Figure 6). This indicates that the presence of DBA1
tends to release ISA guest molecules from the TMA network;
in other words, it “cleans” TMA domains from ISA guest
molecules. The fact that the DBA1 domains filled with
COR;—ISAg clusters remain relatively small indicates that
the TMA network is difficult to break apart once the
H-bonded network is formed; it is kinetically stabilized.
Needless to say, these experiments prove the dynamic nature
of adsorption at the liquid—solid interface, a requisite for
the formation of highly ordered surface patterns from
complex solution mixtures.

In summary, we have demonstrated a successful multi-
component and hierarchical templating approach to construct
a three-component crystalline lattice, involving both hydro-
gen bonding and van der Waals interactions. The efficient
recognition and selection processes allow for a programmable
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fabrication of highly complex hierarchical architectures. This
approach paves the way for using the nanoporous DBA
networks, for instance, as nanoreactors to create oligomers
with well-defined size, symmetry, and composition.>?6-28
Though maybe not very practical, DBA networks could also
act as molecular sieves, that is, to “purify” a solution by
retaining ISA molecules in the presence of COR. As
demonstrated, thanks to the dynamic nature of the liquid—solid
interface, often equilibrium conditions are met, facilitating
the design and formation of complex highly ordered substrate-
based patterns.
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