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We report the pH-driven formation of a dynamic 2-D porous hetero-
structure through assembly—disassembly switching of the stacked
macrocycles of nanotubules and their subsequent spreading on the
surfaces of a self-sorted sheet assembly in a hierarchical co-assembly.
The 2-D ordered porous heterostructure is able to discriminate
spherical Cg from flat coronene through shape selective adsorption.

Self-assembled 2-dimensional (2-D) heterostructures on solid
surfaces have gained widespread interest because their funda-
mental significance and potential applications.™” In particular,
2-D networks with void spaces on their surfaces have been
explored in various applications, such as molecular separation,
electronic devices, and asymmetric catalysts.>”® Mostly, 2-D
network structures are formed through self-assembly processes
of molecular subunits on a variety of different solid substrates,
including semiconductors, metal insulators, and layered
materials.”*® In addition to their noncovalent preparation,
another attractive aspect of 2-D structures is the possibility that
they can dynamically respond to external stimuli.''™® However,
such a deposition approach on solid substrates makes the networks
insensitive to environmental changes. To create heterostructures
which are dynamically responsive to environmental changes, it
is necessary to design hierarchical hetero-assemblies that are
sensitive to small changes in the interactions on their interfaces
while maintaining their sub-nanostructures without breaking.
Given that aromatic macrocycles are intrinsic pore structures,"*"”
one ideal candidate for the construction of 2-D porous structures
is their lateral-assembly into an extended flat nanostructure.
In most cases, however, the macrocycles stack on top of one
another through strong stacking interactions to generate
hollow tubules."® For example, non-covalent macrocycles based
on bent-shaped aromatic molecules stack on top of each other
to generate tubular structures.’® In this tubular system, the
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incorporation of a pyridine unit into the bent-shaped aromatic
segment endows the nanostructures with switchable motion
through reversible hydrogen bonding interactions.>’™>>

We envisioned that the aromatic interactions between these
stacked macrocycles would be weakened when the pyridine units in
the tubules are protonated with a reduction in pH. Consequently,
the loosened macrocycle stacks are able to dissociate into discrete
macrocycles due to electrostatic repulsion.”> When faced with
negatively-charged planar surfaces, the subsequent electrostatical
spreading of the positively-charged macrocycles might generate
dynamic 2-D porous heterostructures (Fig. 1).

Here we report the pH-driven formation of a dynamic 2-D
porous heterostructure through assembly-disassembly switching
of the stacked macrocycles of nanotubules and their subsequent
spreading on the surfaces of a self-sorted sheet assembly in a
hierarchical co-assembly. The co-assembly is composed of a mixed
solution of 1 which forms a tubular structure and carboxylate rod
molecules 2 with a high propensity to form flat 2-D sheet
structures.”* When mixed in an aqueous solution under neutral
conditions (pH 7.4), 1 and 2 self-sort into tubules and 2-D sheets,
respectively. Upon lowering the pH to 5.5, the self-sorted
tubules of 1 disassemble into their constituent macrocycles,
which spontaneously spread out on the sheet surfaces of 2 with
a hexagonal lattice to generate a 2-D porous heterostructure
(Fig. 1). Interestingly, the 2-D porous heterostructure is able to
readily discriminate spherical Cqo from flat coronene through
selective adsorption from a mixed solution.

The amphiphilic molecules, 1 and 2, were synthesized in a
stepwise fashion according to the procedure described in the
ESIt (Fig. S1-S3). 1 based on a bent-shaped aromatic segment
self-assembled into a tubular structure with an external diameter
of ~7 nm in aqueous solution (Fig. 2a). The dimension of the
diameter indicates that the tubules are based on the stacking of
hexameric macrocycles (Fig. 2d), similar to the results reported
previously.?®*' The formation of tubular structures is also
confirmed by AFM (Fig. S4, ESIt), which is consistent with
the result obtained from TEM. On the other hand, 2 is based
on rod-shaped molecules self-assembled into flat sheets in
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Fig.1 (a) Molecular structure of 1 and 2. (b) pH-responsive cutting of
tubules 1 into non-covalent macrocycles. (c) Schematic representation of
co-assembly of 1 and 2 into self-sorted tubules and sheets, respectively,
at pH = 7.4, which are merged to form 2-D network heterostructures at
pH = 5.5.

aqueous solution. TEM showed isolated sheet objects with
straight edges, ranging in lateral dimensions from submicro-
to several micrometers, indicating that the sheets are robust
(Fig. 2b). To obtain more information on the sheets, we
additionally performed cryo-TEM experiments, which showed
flat 2-D structures (Fig. S5, ESIT), demonstrating that the sheets
are free standing in bulk solution. AFM analysis revealed that
the sheets are very flat and uniform with a thickness of 2.8 nm
(Fig. 2c and Fig. S6, ESIt). This result indicates that the aromatic
rods of 2 are packed in a monolayer arrangement with carboxylate
anion surfaces in which the rods are aligned parallel to the sheet
plane (Fig. 2d).

We anticipated that a mixed solution of 1 and 2 would
produce self-sorted tubules and 2-D sheets, respectively, due to
steric incompatibility between the bent-shaped and rod-shaped
aromatic segments.* To corroborate this self-sorting behavior, we
prepared a solution of a 1:1 mixture of 1 and 2 in CHCl;, slowly
removed the organic solvent and added phosphate buffer under
ambient conditions. TEM investigations of the mixed solution
under neutral conditions (pH 7.4) revealed the coexistence of
tubules and flat sheets (Fig. S7, ESIt), indicating that 1 and 2
self-recognize to form two distinct self-sorted structures. The
self-sorting behavior was further confirmed by fluorescence
measurements of the mixed solution, which revealed a lack of
fluorescence quenching of 2 (Fig. S8, ESIt).
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Fig. 2 Self-assembled nanostructures of 1 and 2 in aqueous solution.
(a) Negatively-stained TEM image of 1 (30 uM). (b) Negatively-stained TEM
image of 2 (60 pM). (c) AFM height image of sheets on a mica surface from
evaporated film of 2 (60 uM) in aqueous solution. The cross-sectional
profile (top) is shown by the white line. (d) Schematic representation of
tubules of 1 and sheets of 2 at pH 7.4.

Considering that the pK, value of the pyridine unit in
molecule 1 is 5.8,>* decreasing the pH value to 5.5 would lead
to the pyridine units being partially protonated, and so
they would become positively charged in the tubular interior.
Consequently, the positive charges might reduce the attractive
interactions among the constituent hexameric macrocycle stacks
due to electrostatic repulsion. Upon lowering the pH to 5.5, the
tubules indeed dissociate into their constituent non-covalent
macrocycles. TEM at pH 5.5 revealed toroidal objects with a
uniform diameter of ~7 nm (Fig. S9, ESIt). This value is similar
to the diameter of the tubule, indicating that the macrocyclic
objects form as a result of the repulsive dissociation of the
tubules at a lower pH value. On the other hand, the sheet surfaces
of 2 would be coated with negative charges at this pH value
(carboxylic acid pK, of 4.7), which would allow the 2-D structure to
form a hierarchical co-assembly with positively-charged objects.
To monitor the electrostatic couplings between the positively-
charged macrocycles of 1 and the negatively-charged 2-D surfaces
of 2, we carried out fluorescence measurements upon addition
of the tubular solution of 1 into the sheet solution of 2 at pH 5.5
(Fig. S10, ESIt). As the amount of 1 increases, the emission of 2
excited at the absorption maximum of 2 gradually decreases at
388 nm, with the simultaneous appearance of the fluorescence
emission associated with 1 centered at 442 nm, indicating
efficient energy transfer between the two molecules.>® This
result demonstrates the formation of a complex of 1 and 2
through electrostatic interactions at pH 5.5. The optimum
condition for the formation of the complex was achieved at a
molar ratio ([1]/[2]) of 0.5. These results imply that the tubule of
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Fig. 3 (a) Negatively-stained TEM image of a mixed solution ([1]/[2] = 0.5)
at pH 5.5. The inset shows the 2-D Fourier transformation of a hexagonal
structure. (b) AFM height image of a mixed solution ([1]/[2] = 0.5) at pH 5.5.
The cross-sectional profile (top) is shown by the white line. (c) High resolution
AFM image of a mixed solution ([1]/[2] = 0.5) at pH 5.5. (d) Schematic
representation of the 2-D network heterostructure at pH 5.5.

1 would dissociate into its constituent macrocycles with a
positively-charged interior to spread on the negatively-charged
sheet surfaces of 2.

To corroborate the structural transformation upon lowering
the pH, we performed TEM investigations with a mixed solution
([1)/[2] = 0.5) at pH 5.5. Upon lowering the pH to 5.5, TEM indeed
showed the formation of a 2-D hexagonally-ordered porous
structure at the expense of the tubules, with a center to center
distance of 6.5 nm (Fig. 3a and Fig. S11, ESIt), which is slightly
less than the tubular size in diameter. This result demonstrates
that the tubules dissociate into their constituent macrocycles,
which are deposited with a closely-packed 2-D hexagonal array
on the negatively-charged surfaces. The AFM image at pH 5.5
revealed flat sheet structures with the thickness increasing from
2.8 nm to 4.0 nm (Fig. 3b). This increase in thickness is
consistent with twice the expected molecular thickness of 1,
indicating that the top and bottom surfaces of the sheet are
coated with lateral arrangements of the constituent macrocycles.
The high resolution AFM image revealed an in-plane hexagonal
order of the pores, with a center to center distance of 6.3 nm,
which is consistent with the results obtained from TEM (Fig. 3¢
and Fig. S12, ESIt). This result suggests that the weakened
macrocycle stacks at the lower pH dissociate into single macro-
cycles which are electrostatistically spread parallel to the layer
surfaces with a closely-packed 2-D hexagonal symmetry (Fig. 3d).

On the basis of these results, the most probable mechanism
responsible for the generation of the 2-D porous heterostruc-
ture can be illustrated as shown in Fig. 1c. The mixed solution
of 1 and 2 under neutral conditions co-exists in two distinct
self-sorted structures, that is, tubules and flat sheets. Upon
lowering the pH, however, the macrocycle stacks of the tubules
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would be loosened because of the protonation of the tubule
interior. This is supported by the remarkable fluorescence
enhancement of 1 upon a change in pH from 7.4 to 5.5 (Fig. S13,
ESIT). Consequently, the loosely-packed tubules dissociate into
the constituent macrocycles which are spread on the negatively-
charged 2-D surfaces, generating a 2-D hexagonally-ordered
porous heterostructure.

The 2-D ordered porous structures with hollow aromatic
cavities can be expected to encapsulate aromatic hydrocarbon
molecules (Fig. 4a and Fig. S14, ESI{).* We select spherical Cq
and flat coronene as guest candidates because of their similar
diameters (1.1 nm) but different shapes.”” Upon addition of Cgo
into the porous structure solution, the fluorescence emission
associated with the 2-D structure gradually decreased up to
2.0 eq. of the guest and then levelled off (Fig. 4b and Fig. S15,
ESIY), indicating that the porous heterostructure can include a
maximum amount of approximately two Cg, molecules per cavity.
In great contrast, when coronene was added, fluorescence emission
revealed no noticeable changes (Fig. S16, ESIT), demonstrating
that the porous heterostructure is unable to host the coronene
guest. The shape selectivity of the 2-D porous structure could
result from a steric mismatch between the shallow cavity and
the aromatic guest. In the case of the coronene guest, the flat
aromatic core would be oriented edge-on to the charged
surfaces.”® Consequently, the guest-cavity interactions would not
be strong enough for the coronene guest to reside inside the
cavities due to the larger steric mismatch between the curved
cavity walls and the planar guest core. Considering the similar size
in diameter of coronene and Cgy, this result indicates that the 2-D
porous structures are able to adsorb aromatic hydrocarbon guests
with shape selectivity. It is worth noting that the 2-D porous
structure readily captures the Cg, guest within 5 min, in great
contrast to the tubules which are unable to encapsulate Ceo within
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Fig. 4 (a) Schematic representation of guest adsorption with shape
selectivity by the 2-D porous heterostructure. (b) Emission spectra inten-
sities of different equivalents of Cgg per cavity based on 30 uM 1 at pH 5.5.
Excitation wavelength: 330 nm. (c) Time dependent emission intensity
for encapsulation of 2.0 eq. of Cgo. The blue line represents the tubule
structure encapsulating Cgo and the black line represents the hetero-
structure encapsulating Ceo.
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this time period (Fig. 4c). This is because all the pores in the
2-D structure are exposed to the external environment, unlike
the tubules with only the two openings at either end. This result
indicates that the 2-D assembly of macrocycle containers is
essential for the efficient encapsulation of hydrophobic guests
in aqueous solution.

Our work demonstrates that 2-D ordered porous hetero-
structures can be formed by the reversible dissociation of a
self-assembled tubule into its constituent macrocycles and
simultaneous spreading on a self-sorted sheet surfaces in a
co-assembly solution. Under neutral conditions (pH 7.4), the
co-assembly of a bent-shaped aromatic segment, 1 and a rod-
shaped segment of 2 generates the coexistence of self-sorted
tubules and 2-D sheets, respectively. Upon lowering the pH to 5.5,
however, the self-sorted tubules dissociate into their constituent
macrocycles, which are spontaneously spread on the negatively-
charged sheet surfaces of 2 to form a 2-D hexagonally-ordered
porous heterostructure. The ordered porous heterostructures are
able to discriminate spherical Cg, from flat coronene through
shape selective adsorption, which functions as a filter to capture
only a spherical-shaped molecule.
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