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We report on the design and fabrication of a four-component
supramolecular network using the ‘core—shell’ approach. Each
‘core’ component templates the formation of an outer ‘shell’ leading
to formation of three concentric ‘shells’ around the central guest.
The ‘shells’ are formed only in presence of guests thus demonstrating
remarkable selectivity in molecular recognition.

Nanoscale materials are needed for the advancement of a
number of high- as well as low-end applications. Balancing
the complexity with synthetic precision at the nanometer scale
however is inevitably challenging. Molecular self-assembly on
solid surfaces is a promising approach in this context where
organic molecules are coaxed to organize into desired crystalline
patterns, typically monolayers, with periodicities at the lower end
of the nanoscale. By precisely controlling the intermolecular and
interfacial interactions, a wide variety of surface architectures
ranging from simple lamellae to sophisticated multicomponent
morphologies have been reported. The structure and composition
of such nanostructured interfaces can be characterized using
scanning tunneling microscopy (STM).' ™

Self-assembly becomes more and more challenging with
increasing number of building blocks. Therefore, while many
examples of two-component systems exist, the design and
fabrication of three- or four-component supramolecular net-
works is rarely reported.*”® The most popular approach is based
on host-guest interactions that use size and shape recognition,
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and complementary interactions between assembling components.’
For example, Adisoejoso et al. reported a four-component Kagomé
network which was used to host three different types of guest
species.® Multicomponent systems based on non-host-guest
interactions are considerably rare. A notable example is the
four-component network reported by Xue et al. where the shape
complementarity of alkadiyne side chains was used for building
ordered networks with repeat units up to 23 nm."°

The precise control over the surface stoichiometry of com-
ponents is dictated by complex thermodynamic processes that
define the self-assembly process itself. In fact, most design
strategies are based on enthalpic considerations. While for many
systems thermodynamics rules, in some cases, the nanostructured
networks are kinetic in origin despite being of high structural
quality."" The relative importance of kinetics versus thermo-
dynamics at a given temperature determines if the components
self-assemble into a crystalline multicomponent network,
undergo random mixing, exhibit competitive adsorption or a
combination thereof.'>"?

Here we describe the design and formation of a four-
component network using a novel strategy where the building
blocks co-crystallize in a concentric fashion around a central
guest leading to formation of a (laterally) layered assembly
(Fig. 1). The network is formed at the organic solution-highly
oriented pyrolytic graphite (HOPG) interface and characterized
at sub-molecular resolution using STM. The design strategy
allows formation of three concentric shells, each made up of six
molecules, around the central guest. The outer shells are only
formed in presence of an inner component thus exhibiting
remarkably high selectivity in supramolecular recognition.

Coronene (COR) was chosen as the central guest. It acts as
the ultimate core component around which the peripheral
shells assemble. It is a rigid aromatic molecule with six-fold
symmetry. Shells with six-fold symmetry approach the shape of
a ring and the formation of supramolecular hexagons is well-
documented.® For optimal size complementarity, a cyclic hexamer
of hydrogen-bonded isophthalic acid (ISA) molecules was selected
as the first shell around COR. This heteromolecular cluster is
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Fig. 1 (a) Chemical structures of the compounds. (b) Schematic illustration
of the ‘core—shell’ multicomponent system in which each core-shell
structure is assembled in a p6 plane group. (c) Molecular models illustrating
the design strategy.

stabilized by van der Waals interactions between COR and ISA.™*
The absence of a third carboxyl group (as in trimesic acid, which
forms an extended host-guest network with COR'*'®) allows the
COR-ISA cluster to act as a discrete guest (see Fig. S1 in ESIf).

From a design point of view, the multishell network is built
up shell-by-shell, meaning that the inner diameter of the shell
“x” must fit the outer diameter of shell “x — 1”7, with a
precision of about 0.1 nm. This is necessary for good van der
Waals contact between the shells. The demand for dimensionality
control limits the choice of molecular systems. The next shell was
thus designed by considering the approximate diameter of the
COR-ISA heteromolecular cluster (ca. 2.8 nm). We have reported a
three-component system based on encapsulation of COR-ISA
clusters by extended honeycomb networks formed by a
dehydrobenzo[12]annulene (DBA) derivative substituted with
six decyloxy chains.'* Alkoxy DBA derivatives are known to form
stable nanoporous networks via interdigitation between alkoxy
chains.'® A DBA derivative with decyloxy chains can serve as the
second shell provided that its tendency to form extended host
network by itself is prohibited (see Fig. S2 in ESIf). From a
design point of view, this can be achieved by replacing two
alkoxy chains with hydrogen atoms such that extended honey-
comb network formation is not possible. Thus, a DBA derivative
with four decyloxy chains (DBA-(4)-OC10, Fig. 1a) was synthesized
as the constituent of the second shell. We reasoned that this
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design will allow the DBA-(4)-OC10-ISA-COR cluster to act as a
discrete guest for a much larger shell (vide infra).

The realization of the outermost shell is challenging because
the diameter of the DBA-(4)-OC10-ISA-COR cluster is ca.
6.0 nm and thus it requires host network with relatively large
cavities. Molecular models suggested that a DBA-OC26 derivative
(Fig. 1a) with six OCycHs;3 chains can in principle serve as the
outermost shell and provide the large cavities needed for trapping
the DBA-(4)-OC10-ISA-COR cluster. Given the installation of six
alkoxy chains, it is expected to form an extended honeycomb
network with anticipated p6 symmetry. The choice of DBAs as the
constituents of outer shells is motivated from the fact that they form
relatively flexible networks, the diameter of which can be readily
tuned by changing the alkoxy chain length. However, in general,
the formation of open porous networks with large cavities is
energetically expensive and thus it remained to be seen whether
DBA-OC26 can efficiently serve as the outermost shell in the
anticipated concentric supramolecular network."”

The formation of an ordered monolayer comprised of COR-ISA
clusters has been reported by us earlier.'* The monolayer is
typically obtained by mixing an excess of COR with ISA solution
in octanoic acid (OA). COR-ISA clusters are close-packed and
interact with each other via van der Waals interactions (see
Fig. S3 in ESIf). The next step is the realization of the three-
component network. The desired network was obtained by
application of a drop of OA solution containing DBA-(4)-OC10
(1.6 x 107° M), ISA (2.2 x 10> M) and COR (1.3 x 10™* M) to
the basal plane of freshly cleaved HOPG. In this network, six
molecules of DBA-(4)-OC10 form a hexagonal shell around the
COR-ISA heterocluster and these hexagonal heteroclusters are
further packed in an ordered fashion. All the three-components
are clearly resolved by STM (Fig. 2). The structure is stable to
STM scanning and is imaged with high-resolution. At a different
solution composition, significant co-adsorption of DBA-(4)-OC10
is observed, however the domains are phase separated from the
three-component domains (see Fig. S4 in ESIY).

Apart from the network described above, another three-
component network is observed at compositions with higher
COR concentration (5.3 x 10~* M), which differs in the number

Fig. 2 (a) STM image showing the three-component network with two-
concentric shells obtained at the octanoic acid/HOPG interface. Solution
composition [DBA-(4)-OC10 (0.012): ISA (16.9): COR (1.0)]. Graphite
symmetry axes are shown in lower left corner. (b) Molecular model for
the three-component system. The unitcell (@ = b =5.8 £ 0.1 nm, o = 60 + 1°)
consists of 13 molecules: 6 DBA-(4)-OC10, 1 COR and 6 ISA.
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Fig. 3 (a) STM image showing the three-component Kagomé network
with two-concentric shells obtained at the OA/HOPG interface. Solution
composition [DBA-(4)-OC10 (0.003): ISA (4.2): COR (1)]. Graphite symmetry
axes are shown in lower left corner. (b) Molecular model for the three-
component Kagomé system. The unitcell (@ =b =6.1+ 0.1 nm, « = 60 + 1°)
consists of 15 molecules: 6 DBA-(4)-OC10, 6 ISA and 3 COR. The COR
molecules occupying the interstitial sites between DBA hexagons are shown
in brown colour.

of COR molecules per unit cell. The hexagonal cavities are
occupied by COR-ISA and additional COR molecules adsorb in
the interstitial triangular cavities between adjacent DBA-(4)-
OC10-ISA-COR clusters giving rise to a Kagomé pattern (Fig. 3
and Fig. S5 in ESIt). The observation of DBA-(4)-OC10-ISA-COR
clusters separated by COR indicates that this three-component
cluster is a robust supramolecular entity by itself.

The final step is the realization of extended four-component
network. It was obtained by deposition of OA solution containing
the four components namely, DBA-OC26 (2.8 x 10~ ° M), DBA-(4)-
0C10 (3.2 x 107 ° M), ISA (2.7 x 10~ * M) and COR (2.3 x 10> M).
Fig. 4a shows STM image of the four-component structure
obtained at the OA/HOPG interface. It is clearly evident that
the DBA-(4)-OC10-ISA-COR heterocluster is immobilized inside
the DBA-OC26 cavities. Each DBA-OC26 cavity thus represents the
outermost shell whereas the subsequent inner shells are formed
by DBA-(4)-OC10 and ISA, respectively (see Fig. S6 in ESIt).

While the design strategy appears to work in principle, the
surface coverage of the four-component network is relatively
poor. As evident from the STM image provided in Fig. 4a, the

Fig. 4 (a) STM image of the four-component network with three-concentric
shells obtained at the OA/HOPG interface. Solution composition [DBA-OC26
(0.12): DBA-(4)-OC10 (0.14): ISA (11.7): COR (1)]. (b) Molecular model for an
ideal, extended network of the four-component system. The unit cell
(@=b=8.0+0.1nm,a =60+ 1°) consists of 15 molecules: 2 DBA-OC26,
6 DBA-(4)-OC10, 6 ISA and 1 COR.
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four-component hexagons are surrounded by the densely packed
network of DBA-OC26 (see Fig. S6 and S7 in ESIt). DBA derivatives
are known to form densely packed structures at higher concentra-
tions and the concentration range over which the porous to dense
phase transition occurs depends on the length of the alkoxy
chains: the longer the alkoxy chains, the lower the concentration
at which the porous phase appears.'” Thus DBAs with significantly
long alkoxy chains such as DBA-OC26 do not readily form porous
networks. The porous network formation also depends on the
solvent. While 1,2,4-trichlorobenzene (TCB) and 1-phenyloctane
favours the formation of porous network, densely packed linear
structures are preferentially formed from tetradecane and OA.'®

DBA-OC26 alone does not form a porous network even at
concentrations as low as 7.7 x 107’ M at the OA/HOPG inter-
face, which is an order of magnitude lower than the one used to
obtain the four-component system. At this concentration, the
surface coverage decreases drastically and only isolated domains
of densely packed network are observed (see Fig. S8 in ESIf).
Thus the main roadblock lies in the concentration dependent
phase behaviour of the DBA-OC26 system which allows formation
of a structure other than the one anticipated from the design. The
two- as well as three- component systems on the other hand, yield
long-range ordered crystalline networks with relatively less defects.
Annealing the sample as well as addition of excess DBA-(4)-OC10-
ISA-COR did not improve the surface coverage of the four-
component hexagons.

An important aspect that merits special attention for the
successful realization of multicomponent supramolecular net-
works is competitive adsorption.®***° Each molecule has different
adsorption energy and the stabilization of a given component is
also governed by the type of supramolecular interaction it has with
its partner. The adsorption energies are typically compensated by
adjusting the solution mole ratio. As a consequence, the solution
composition which leads to formation of a given multicomponent
system is rarely the same as expected from the stoichiometry
deduced from an ideal surface-adsorbed network. This is reflected
in the imperfect stoichiometric compositions used to obtain the
multicomponent networks. The solution composition was typically
arrived at based on purely empirical considerations and the
compositions reported here are the ones that successfully yielded
concentric supramolecular networks. This is in line with our
previous observation that a perfect stoichiometric solution
composition is not a pre-requisite for successful multicomponent
self-assembly.® Non-ideal surface compositions are observed in
the present case, wherein phase-separated domains of another
constituent component were found to co-exist with the expected
multicomponent network is also a result of competitive adsorption.

While considering the few shortcomings discussed above
one must bear in mind that this is a fairly complex system that
comprises a total of six components (including the solvent and
the substrate) thus leading to a complex scheme of interfacial
and intermolecular interactions. It can be argued that the
energy landscape of the system is shallow with several local
minima. This brings us to the lingering conundrum about
kinetics versus thermodynamics of self-assembly. While kinetic
factors may have played role in the multicomponent assembly
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described above, there is sufficient indication that these net-
works are formed under thermodynamic control.

The first indication comes from the fact that all the shells
(DBA-OC26, DBA-(4)-OC10 and ISA) are only formed in presence
of an inner core (guest) component. Systematic control experiments
revealed that concentration control does not yield porous networks
for any of the shell components in absence of the guest species. ISA
forms a densely packed zigzag network in absence of COR*" (see
Fig. S9 in ESIf) whereas DBA-(4)-OC10 forms a relatively compact
network (see Fig. S10 in ESIt) in absence of the COR-ISA guest
cluster. As discussed already, DBA-OC26 only forms hexagonal
pores in response to the DBA-(4)-OC10-ISA-COR guest cluster.
This multistep templating of outer shells by inner components is a
unique feature of the concentric multicomponent assembly.>

The second aspect concerns the handedness of DBA shells
(see Fig. S11 in ESIY). It is evident from the analysis of STM
images of the four-component system that the handedness
of DBA shells, which is defined by the interdigitation pattern
of the alkoxy chains, is often (92%) the same for the inner
(DBA-(4)-0C10) and the outer (DBA-OC26) shells indicating
the transfer of chiral information between subsequent shells
(see Fig. S12 in ESIt). Last but not the least, when the inner
DBA-(4)-0C10 shell is distorted, the outer DBA-OC26 shell also
shows distorted pattern in the alkoxy chain interdigitation (see
Fig. S12 in ESI¥). All the factors described above strongly indicate
that the guest structures are not merely kinetically trapped in
host networks but are formed as a result of a hierarchical
molecular recognition process wherein there is active transfer
of structural information between assembling components.

In conclusion, the work described above introduces the concept
of concentric multicomponent self-assembly on solid surfaces. The
design strategy based on size and shape complementarity is
effective for construction of the anticipated four-component
cluster. Realization of large area, long-range ordered networks
of the four-component clusters however proved to be challenging
and is complicated by the phase behavior of the molecule that
constitutes the outermost shell. The guest (clusters) template the
formation of successive shells. The concentric shells undergo a
role reversal in a hierarchical fashion and are encapsulated by a
larger supramolecular ring. The efficiency of molecular recognition
that underpins the templating behavior decreases after addition of
the second shell. The results described above are promising for
developing alternative strategies for construction of sophisticated
multicomponent networks.
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