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Abstract: Although considerable effort in recent years has been
devoted to the development of 2-dimensional nanostructures, single
layered chiral sheet structures using lateral assembly of discrete
clusters remain elusive. Here, we report single-layered chiral 2D
sheet structures with dual chiral void spaces in which the discrete
clusters of planar aromatic segments are arranged with in-plane AB
order in aqueous methanol solution. The chirality of the sheet is
induced by the slipped-cofacial stacks of rectangular plate-like
aromatic segments in the discrete clusters which are arranged
laterally with up the down packing, resulting in dual chiral void
spaces. The chiral nanosheets function as superfast enantiomer
separation nanomaterials which absorb rapidly a single enantiomer

in a racemic mixture with greater than 99 %ee.

Construction of two-dimensional (2-D) nanostructures is an attractive
target owing to their unique properties for many promising
applications in separation, energy storages, optoelectronics, and
catalysis.!'! However, it remains a challenge to synthesize single-
layered 2D sheet structures without using 2D templates, which are
essential for unique structural, mechanical, and electronic properties
that make them highly attractive in many applications.®®® The single-
layered sheets can be constructed by the self-assembly of multipod
aromatic segments!'®'? or macrocycle amphiphiles,"® and the
exfoliation of metal-organic or covalent organic frameworks.['*¢!
Despite such recent achievements in 2-D materials, most of the 2D
framework structures are far from the optically active properties for
chiral recognition since such framework design encounters
difficulties of breaking mirror symmetry in 2-dimension. The twisted
stacks in one direction of flat objects overcome this problem due to
mirror symmetry breaking, as exemplified in a twist stacking of
bilayer graphene.[' The symmetry breaking by twisting can be
applied to macrocycle stacks to generate chiral pores.!"® For
example, faced macrocycle dimers by twisting with respect to each

other in one direction induce pore chirality by breaking mirror

symmetry.["® The twisted dimeric stacks with chiral interior laterally
associate to form single-layered chiral sheet structures, while
prohibiting layer stacks because the 2-D aromatic surfaces are
covered by the flexible chains. Another approach to 2D chiral
structures is provided by lateral assembly of helical nanofibers which

provide chiral void spaces.
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Figure 1. (a) Molecular structure of 1S. (b) Schematic representation for the
formation of a single-layered chiral nanosheet structure through lateral
assembly of chiral clusters consisting of slipped planar aromatic segments. (c)
Enantioselective absorption of the chiral sheets in a racemic mixture solution.

For example, laterally grafted rod-like a-helical peptides can be
aligned parallel to each other to self-assemble into 2-D chiral sheet
structures.?” Considering the parallel arrangements of the helical
peptides, the void spaces formed between the helical peptide

arrangements are chiral, which discriminate one enantiomer from
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racemic mixture solution. Despite such notable examples of 2-D
chiral materials, single-layered chiral sheets with dual chiral domains
remain elusive. Here, we report single-layered chiral 2-D sheet
structures with dual chiral void spaces formed by in-plane AB order
Of chiral clusters in aqueous methanol solution (Figure 1). The
chirality of the sheets is induced by a slipped-cofacial stack of
rectangular-shaped coplanar aromatic segments with a preferred
direction in clusters that are arranged laterally with up and down in-
plane packing, resulting in dual chiral void spaces. Notably, the
single-layered nanosheets with chiral void spaces function as highly
efficient enantiomer absorbing nanomaterials which absorb rapidly
one enantiomer in a racemic mixture solution with greater than

99 %ee.
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Figure 2. (a) Cryo-TEM image of 1S (138 pM) in aqueous methanol solution
(3/7, vIv). (b) Negatively-stained TEM image from the cast film of 1S, inset:
high resolution TEM image of 18. (c) AFM height image of the sheets on mica
surface from evaporation of 1S (46 uM) in aqueous methanol solution (3/7,
v/v). The cross-sectional profile (top) is taken along the white line. (d) SAXS
pattern of 1S with a freeze-dried sample. (e) Schematic illustration of the sheet
formed from lateral assembly of a cluster showing the top view (middle) and
side views (right).

We envisioned that, when a rectangular plate-like aromatic building
block is face-on grafted by a chiral flexible chain, the aromatic stack
would be associated with slipping in a preferred direction caused by
chiral transfer to break mirror symmetry, resulting in a chiral
superstructure (Figure 1b).2"2% In this context, we synthesized a
rectangular-shaped, planar aromatic segment with a hydrophilic
chiral dendron at the center of the basal plane. The amphiphilic
molecule (1) that forms a 2-D porous structure consists of a
tetrabranched aromatic segment and an internally-grafted oligoether

dendron. The amphiphilic molecule was synthesized from
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commercially available starting materials in a stepwise manner
according to the procedures described in Supporting Information.
The resulting amphiphilic molecule was characterized by 'H- and
BC-NMR spectroscopies, and MALDI-TOF mass spectroscopy
which were shown to be in full agreement with the chemical structure
presented (Figure S1 and S2).

To investigate aggregation behavior in bulk solution, we performed
cryogenic transmission electron microscopy (cryo-TEM) using a
freeze aqueous methanol solution (3/7, v/v) of 1. The image showed
flat 2D sheet objects with straight edges, ranging in their lateral
dimensions from sub-micrometer to several micrometers (Figure 2a),
indicating that 1 self-assembles into a 2-D flat sheet structure in bulk
solution. To obtain more structural information on the sheets, TEM
experiments were performed with negatively stained films. The
image revealed flat 2-D sheet structures with straight edges (Figure
2b), consistent with the cryo-TEM result. A high-resolution image
revealed 2-D organized aromatic domains with an oblique lattice
(Figures 2b, inset). Selected area electron diffraction (SAED)
showed a light spot pattern in a dark background corresponding to
an oblique lattice with in-plane dimensions of a =3.18 nmand b =
2.45 nm, and a characteristic angle of 107° (Figure S7). Atomic force
microscopy (AFM) analysis showed that the nanosheets are very flat
with a uniform thickness of 2.5 nm (Figure 2c).

To gain more insight into the 2-D nanosheet structure, X-ray
experiments were performed with freeze-dried samples of 1. Small-
angle X-ray scatterings (SAXS) showed a number of sharp
reflections which agree well with the expected relative peak positions
for a 3-D monoclinic structure with lattice parameters of a = 6.36 nm,
b =4.90, c =5.04 nm, and y = 107° (Figure 2d and Table S1).
Considering the layer thickness of 2.5 nm determined from AFM, this
result indicates that the single layered porous nanosheets are
stacked in an ABAB fashion. It is notable that the in-plane lattice
constants a and b are twice larger than those determined from
SAED, thus the in-plane SAED spots can be indexed as (200) and
(020) reflections. These results indicate that the aromatic domains
are laterally arranged in ABAB order to form a single-layered 2-D

sheet structure (Figure 2e). The wide-angle X-ray diffraction pattern
shows a sharp reflection associated with a -1t stacking distance of

0.38 nm (Figure S8), indicative of the close packing of the plate-like
aromatic segments in the aromatic domains.

Considering the lattice parameters and the measured density of 1.17
g/ml, the number of molecules consisting of a primary structure can
be calculated to be 6 (Table S2). When compared with the molecular
length in the diagonal aromatic axis of 1, the layer thickness of 2.5
nm indicates that the molecules are tilted with an angle of ~52° with
respect to the c-axis (Figure S8). Consequently, the tilted packing of
6 molecules gives rise to a discrete aromatic cluster with in-plane
dimensions of 2.9 nm and 2.4 nm as a discrete primary structure of
the 2D sheet assembly (Figure 2e and S8). To further corroborate

the primary structure of the sheets, TEM experiments were
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performed with highly-diluted solution of 1. When diluted, TEM
showed the formation of well-separated discrete nanostructures
which, subsequently, self-assemble laterally into 2-D planar
structures at higher concentrations (Figure S9), indicating that the
primary structure of the 2-D sheets is a discrete aromatic cluster.
This result demonstrates that the discrete clusters formed in earlier
stages of the self-assembly propagate in 2-dimensions to form a
single-layered sheet with increasing concentration (Figure 3).

The formation of the discrete clusters with tilting of the aromatic

segments in a 2-D sheet arises from the tendency of rectangular
plate-like aromatic blocks to form aromatic m-stacks and consequent

space-filling requirements.?4

U
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Figure 3. Schematic illustration of the self-assembly of 1 into discrete clusters
consisting of 6 molecules with slipped packing. The clusters with hydrophobic
side faces laterally associate through side-by-side hydrophobic interactions to
generate a 2-D sheet structure in aqueous methanol solution.

The molecular architecture comprising a planar aromatic segment
and a flexible dendrimer segment drives a nanophase separation
due to large chemical differences between each segment. However,
fully-overlapped stacking of the plate-like aromatic parts would
confine grafting junctions to a flat and continuous interface with a
high density of grafting sites, resulting in strong space crowding with
chain deformation. To minimize chain deformation and fill space
efficiently, the fully-overlapped aromatic stacking would be broken
into discrete nanostructures with slipped packings by splaying the
flexible chains to provide larger interfacial area, giving rise to a chiral
aromatic cluster. Indeed, when circular dichroism (CD) spectroscopy
experiments were applied to the sheet structures, the sheet solution
of 1S revealed a strong negative Cotton effect (Figure 4a),
demonstrating that the slipped cofacial stack of planar aromatic
segments generates a chiral superstructure.® The sheet solution of
1R formed from the enantiomer exhibits opposite CD signal with a
perfect mirror image relationship, indicating that the chirality of the
dendrimer chain is communicated with the aromatic packings to form
chiral 2-D sheet structures.

Taken all data together, we propose that the slipped cofacial stacks
of rectangular plate-like aromatic segments generate chiral aromatic
clusters with hydrophobic side faces. Consequently, the chiral
clusters hierarchically assemble through side-by-side hydrophobic
interactions to form a single layered structure, simultaneously
prohibiting 3-D layer stacking in aqueous methanol solution due to
the hydrophilic dendrimer chains located at a c-direction of the

cluster surface. Considering the shape of the cluster with protruded

10.1002/anie.202003807

WILEY-VCH

aromatic side parts and the lattice parameters, 2-dimensional
arrangements of the clusters can be illustrated by in-plane up and
down ABAB order, as reflected in the SAXS pattern (Figure 2d).
Taking into account that the 2D sheets of 1 consist of slipped
aromatic chiral clusters with in-plane up and down AB packing, the
in-plane hydrophilic dendrimer domains formed between the clusters
would be alternatively-arranged two different chiral spaces (Figure
4b).2" Accordingly, we envisioned that the hydrophilic domains in an
aromatic matrix can play as arole in chiral containers for entrapping
hydrophobic guests in a hydrophilic solvent, so that the 2D sheet
with ordered chiral hydrophilic domains functions as enantioselective
absorbing 2D materials as the one enantiomer over the other one
preferentially bind to chiral void spaces.?6:27]

To explore the capability of the self-assembled sheets for
enantioselective absorption, hydrophobically substituted tartrate (G1)
was selected because the void space consists of hydrophobic,
aromatic interior walls, of which the in-plane size is roughly
compatible with the guest size with a folded conformation (Figure S8
and S11). To corroborate chiral discrimination, we added a racemic
tartrate derivative (17 uM) to a solution (46 pM) of 1S. The
internalization of the guest within the void space interior was
confirmed by tracing high-performance liquid chromatography
(HPLC) after separation of the untrapped racemate from the sheet
solution by gel permeation chromatography (GPC) using a
Sephadex LH-20 column. After saturated adsorption with briefly
shaking for several minutes, we found that the void spaces of ~47%
uptake the tartrate guest (Figure 4c and S12). This uptake result is
not unexpected because the in-plane up and down arrangements of
the tilted aromatic clusters generate two different chiral void spaces
with non-mirror images of one another (Figure 4b). As a result, G1
fits well into only one of the two different chiral void spaces, while
does not compatible with the other void. This was further confirmed
by titration experiments using a pure G1 enantiomer that showed
50% uptake of the pores (Figure S13 and S14).

The preferential capture of the enantiomers after saturated
absorption for several minutes was then monitored by tracing chiral
HPLC. The profile showed that the peak associated with the L-
enantiomer of the tartrate guest appears without any noticeable
trace associated the D-enantiomer (Figure 4d), demonstrating that
the porous sheets of 18 exclusively uptake the L-form with perfect
inclusion preference over the D-form (>99% ee). Consistent with the
HPLC separation result, NMR experiments showed the resonance
peaks associated with the aromatic protons of the guest are upfield
shifted at the range of 7.4-7.8 ppm in the sheet solution (Figure 4e),
indicating that the chiral guest is entrapped in the void spaces of the
sheet through host-guest aromatic interactions.?® This aromatic
coupling was further confirmed by fluorescence quenching at 450
nm on entrapping the guests (Figure 4f). In sharp contrast, the
nanosheet of 1S does not exhibit apparent inclusion activity for the

D-enantiomer (Figure S15), demonstrating that the enantiomer is not
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fit into the void spaces of 1S. On the contrary, 1R sheets uptake
exclusively D-form in the racemic tartrate solution, demonstrating
that the enantioselective absorption of the sheets in a racemic
mixture solution arises from the chirality of the sheet (Figure 4d). To
evaluate enantioselectivity of the sheets with different guests, we
carried out the same experiments of 1S with hydrophobically-

substituted phenylalanine (G2).
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Figure 4. (a) CD spectra of 1S (red) and 1R (blue) (46 uM) aqueous methanol
solution (3/7, v/v). (b) Schematic illustration of the sheet consisting of
alternatively-arranged A and B hydrophilic domains. (c) Molecular structure of
guests G1 and G2. (d) Chiral-HPLC traces of a racemic G1(black), selective
uptake of the L form by 18 (red), and selective uptake of the D form by 1R
(blue) in aqueous methanol solution (3/7, v/v). (e) "H-NMR spectra of G1(L)
(42 pM) with 1S (460 pM) (blue) and without 18 (black) in methanol-d4/THF-
d8 solution (9/1, v/v). (f) Fluorescence spectra from 1S (46 M) aqueous
methanol solution (3/7, v/v) with G1(L) (4.2 uM) (red), G1(D) (4.2 uM) (blue)
and without guest (black).

Similar to the tartrate derivative, the chiral sheet showed 46 %
uptake of the void spaces for G2 and the enantioselectivity to be
nearly perfect (>99% ee) (Figure S12 and S17). The clear-cut
enantioselectivity with very fast absorption in a racemic guest
solution indicates that the lateral arrangement of the chiral clusters
into a single layer generates 2-dimensional chiral void spaces,
enabling the sheets to absorb only a preferred enantiomer in a
racemic mixture solution with only one discrimination event, either
binding or non-binding (Figure 1c).*®! As a result, our approach can
allow for the construction of superfast separation materials with
perfect enantiomer selectivity. This is in great contrast to current
enantio-separation materials which rely on a series of interactions

between a racemic mixture and pore walls.3%-32
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In conclusion, we have constructed single-layered chiral sheet
structures in aqueous MeOH solution using self-assembly of a
rectangular plate-shaped aromatic amphiphile. The 2-D chiral sheets
consist of lateral arrangement of chiral aromatic clusters with in-
plane up and down AB order, generating dual chiral void spaces in a
hydrophilic solvent. The nanosheets with chiral void spaces function
as superfast enantiomer separation nanomaterials which absorb
rapidly a single enantiomer in a racemic mixture with enantiomeric
excess (ee) greater than 99 %. We anticipate that our strategy to
construct 2-D chiral materials will provides access to porous 2-
dimensional materials with complex functions capable of performing

multiple separations and multiple chemical reactions.
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Single-layered chiral 2D sheet structures with dual chiral void spaces are formed from the discrete clusters with in-plane up and down AB
packing in aqueous methanol solution. The slipped-cofacial stacks of rectangular plate-like aromatic segement induce the chirality of sheet.
The nanosheets absorb rapidly one enantiomer from racemic mixture solution with enantiomeric excess (ee) of greater than 99 %.
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