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Spontaneous Chirality Induction in the Assembly of a Single Layer

2D Network with Switchable Pores

Bowen Shen, Chunyu Pan, Xiaopeng Feng, Jehan Kim, Mo Sun,* and Myongsoo Lee*

Abstract: Although two-dimensional (2D) chiral sheet
structures are attractive because of their unique chem-
ical and physical properties, single layer 2D chiral
network structures with switchable pore interior remain
elusive. Here we report spontaneous chirality induction
in a single layer 2D network structure formed from the
self-assembly of tetrapod azobenzene molecules. The
chirality induction arises from multiple sublayers slipped
in a preferred direction in which the sublayer consists of
unidentical molecular arrangements in the in-plane a
and b directions, breaking both the plane of symmetry
and inversion symmetry. The protruded azobenzene
units in the pore interior can be selectively isomerized
upon UV irradiation, resulting in a reversible deforma-
tion of the chiral pores while maintaining the 2D
frameworks. The chiral network can thus selectively
entrap one enantiomer from a racemic solution with
near perfect enantioselectivity, and then release it upon
UV irradiation. )

Introduction

The desire to create porous network materials with precise
control over the organization of molecular building blocks
has stimulated great effort over the past decade in the fields
of chemistry, materials science, and nanotechnology.!'™ This
has led to the emergence of reticular chemistry dealing with
the design of chemically programmed network structures
including metal-organic frameworks (MOFs)," covalent-
organic frameworks (COFs),”! hydrogen-bonded organic
frameworks (HOFs),®! and supramolecular organic frame-
works (SOFs).") Among the various network structures,
two-dimensional (2D) structures with chiral arrangements
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are attracting particular attention due to their unique
properties originating from their optically active pore
interior together with a large surface area. The 2D network
structures can be produced by the exfoliation of multi-
layered MOF/COF structures,'®!! the self-assembly of
multi-pod aromatic building blocks,'**! and surface-assisted
synthesis.'"**! Nevertheless, most of the 2D layers do not
exhibit properties related to optical activities, since such
framework design encounters difficulties in breaking mirror
symmetry in two dimensions." To date, only a few
approaches to induce chirality in 2D layered materials have
been reported."” ™! For example, the twist stacks of single-
layered objects can be an approach for mirror symmetry
breaking, as exemplified in a twist stacking of bilayer
graphene.['”?" This principle for symmetry breaking can be
extended to dimeric macrocycle stacks generating chiral
pores. For example, twisted macrocycle dimers can induce
pore chirality by breaking mirror symmetry.”"*! The sub-
sequent lateral assembly of the dimeric macrocycle forms
single-layered chiral sheet structures. Another approach to
single-layered chiral sheets is provided by the lateral
association of helical one-dimensional (1D) objects, which
provide chiral void spaces. For example, fibrous a-helical
peptides can be aligned parallel to each other to form 2D
chiral sheet structures.”” Considering the parallel arrange-
ments of the helical fibers, the void spaces formed between
the 2D fiber arrangements are chiral, which discriminate
one enantiomer from racemic mixture solution. Recently,
we reported the formation of chiral 2D sheet structures with
dual chiral void spaces by self-assembly of rectangular-
shaped coplanar aromatic amphiphiles.? 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 chiral nanosheets
can function as highly efficient enantiomer absorbing nano-
materials which absorb exclusively one enantiomer in a
racemic mixture solution. Despite such notable examples of
chiral 2D materials, spontaneous chirality induction in
single-layered networks with switchable pores remains
elusive. Here, we report single layer chiral 2D network
structures with photo-switchable internal cavities formed by
self-assembly of azobenzene-based tetrapod aromatic am-
phiphiles in aqueous methanol solution. The single layer 2D
network consists of quadruple sublayers slipped with a
preferred direction in which the sublayer has different
molecular arrangements in in-plane a and b directions,
breaking both plane of symmetry and inversion symmetry,

© 2023 Wiley-VCH GmbH
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resulting in chirality induction in 2D network structure. The
self-assembly of tetrapod aromatic segments endows 2D
network structure with protruded azobenzene units in the
pore interiors. Thus, light irradiation triggers selective
photoisomerization of the azobenzene units of the protruded
parts, resulting in the reversible deformation of the chiral
pores while maintaining 2D network frameworks (Figure 1).
The switchable chiral networks are able to selectively entrap
one enantiomer from a racemic solution with near perfect
enantioselectivity and then release upon UV irradiation.

Results and Discussion

The molecules that form single layer chiral networks consist
of a tetrapod aromatic segment bearing azobenzene units
and oligoether dendrons grafted at both sides of the
aromatic plane were synthesized in a stepwise manner
according to the procedures described in Supporting
Information. The resulting amphiphilic molecules were
characterized by 'H- and "“CNMR spectroscopies, and
MALDI-TOF mass spectroscopy which were shown to be in
full agreement with the chemical structure presented (Figur-
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Figure 1. a) Molecular structure of 1. b) Schematic representation of
the formation of a 2D chiral network structure through hierarchical
assembly of clusters consisting of slipped planar aromatic segments.
c) Switchable cavities with selective isomerization upon UV irradiation.
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es S1,S2). The formation of self-assembled nanostructures of
the aromatic amphiphile was investigated with the aqueous
methanol solution (3/7, v/v) of 1 using transmission electron
microscopy (TEM) and atomic force microscopy (AFM).
When subjected to cryogenic TEM (cryo-TEM) using a
frozen solution, the image showed flat 2D sheet objects with
straight edges (Figure 2a), indicating that 1 self-assembles
into a 2D flat sheet structure in bulk solution. To obtain
additional structural information on the sheets, TEM experi-
ments were performed with negatively stained films (Fig-
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Figure 2. a) Cryo-TEM image of 1S (0.01 wt %) in aqueous methanol
solution (3/7, v/v). b) Negatively stained TEM image from the cast film
of 1S; inset: left: 2D Fourier transformation of ordered pores; right:
high-resolution TEM image of 1S. c) AFM height image of the sheets
on a mica surface from evaporation of 1S (0.01 wt %) 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
slipped clusters. f) CD spectra of 1S (solid) and 1R (dash) (0.01 wt %)
aqueous methanol solution (3/7, v/v). g) Schematic illustration of the
mirror relationship of the chiral pore packing model.
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ure 2b). The image revealed flat 2D sheet structures with
straight edges, consistent with the cryo-TEM result. A high-
resolution TEM image revealed 2D organized network
structures with an oblique lattice with in-plane dimensions
of a=4.6nm and b=4.9nm. AFM investigations showed
that the networks are very flat with a uniform thickness of
2.1 nm (Figure2c). To gain further insight into the 2D
network structure, X-ray experiments were performed with
freeze-dried samples of 1 (Figure 2d), which maintains the
self-assembled structure during the drying process. Small-
angle X-ray scatterings (SAXS) showed a number of sharp
reflections which agree well with the expected relative peak
positions for a 3D base-centered monoclinic structure with
lattice parameters of a=4.8 nm, b=5.0 nm, c=4.4 nm, and
vy=99° (Table S1), which was further confirmed by grazing-
incidence SAXS (GI-SAXS) (Figure S3). Equidistant dif-
fractions in GI-SAXS were observed at both the equator
and meridian. The signals from equatorial diffractions
correspond to in-plane order, which is well-matched with
the images determined from TEM experiments. Considering
the layer thickness of 2.1 nm obtained from AFM inves-
tigation, the meridian diffraction corresponding to layer
stacks of 4.4 nm indicates that the single layered networks
with a 2D oblique lattice are stacked in an ABAB manner.
The wide-angle X-ray diffraction pattern shows sharp
reflections associated with n—n stacks with lattice dimensions
of a=0.41 nm, b=0.37 nm, and y=64.8°, indicative of the
crystal packing of the slipped aromatic segments in the
network structure (Figure S4).

Taking into account the lattice parameters and the
measured density of 1.12 gml™!, the number of molecules
consisting of a pore can be estimated to be 12 (Table S2).
Considering the molecular size of 1 and the network
thickness, this suggests that the primary structure consists of
four molecules in which the aromatic segments stack on top
of one another with slipping in a preferred direction (Fig-
ure 3a). Subsequently, the aromatic clusters with aromatic
side face self-assemble laterally with AA packing in a-axis
and AB packing in b-axis to form a network structure with
protruded azobenzene units (Figure 2¢). Thus, the network
layer consists of quadruple sublayer stacks which slip over
each other. This 2D arrangement of a flat tetrapod aromatic
segments into slipped sublayers with unidentical packings in
in-plane a and b axes leads to symmetry breaking to induce
chirality in the 2D network structure.® It is noteworthy that
the protruded azobenzene parts directly facing to the pore
interior, which can be selectively isomerize upon UV
irradiation (Figure 1c). Consequently, the chiral pore interi-
or of the network can undergo reversible deformation while
maintaining the 2D frameworks in response to external
stimuli, different from conventional chiral porous
materials.*%!

Indeed, when circular dichroism (CD) spectroscopy
experiments were subjected to the network structures, the
solution of 1§ revealed a strong positive Cotton effect at
longer wavelength range (Figure 2f), demonstrating that the
slipped cofacial stacks of planar aromatic segments in a
preferred direction and unidentical packing arrangements of
the tetrapod aromatic segments at in-plane a and b axes
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Figure 3. a) Absorption spectra of 1§ 0.01 wt %) in the dissolved state
(in methanol solution; orange line) and assembled state (in aqueous
methanol solution (3/7, v/v); black line) before (solid line) and after
(dash line) UV irradiation. b) CD spectra of an aqueous methanol
solution (3/7, v/v) of 15 (0.01 wt %) before (solid) and after (dash) 50s
UV irradiation. c) Negatively stained TEM images of 1S after 50s UV
irradiation. d) HPLC chromatogram of the dissolved solution of 1S
(0.01 wt% in methanol) with different molecular conformations after
UV irradiation for 1 min. e) Time-dependent HPLC chromatograms of
the assembled state of 15 (0.01 wt % in aqueous methanol solution (3/
7, v/v)) as a function of UV irradiation time (@: A isomer; A: B
isomer). f) Conversion and formation of A and B isomers with UV
irradiation. g) Schematic representation of the deformation of chiral
pores by UV irradiation.

generate a chiral 2D superstructure. The sheet solution of
1R formed from the enantiomer shows an opposite CD
signal with a perfect mirror image relationship, indicating
that the chirality information of the dendrimer chain trans-
fers to the aromatic packings to form chiral 2D network
structures.

Combined together, we propose that the slipped cofacial
stacks of the coplanar aromatic segments lead to aromatic

© 2023 Wiley-VCH GmbH
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clusters with hydrophobic side faces which laterally assemble
with AA packing in a-axis and AB packing in b-axis
(Figure 2e). Consequently, the parallel arrangement of the
clusters relative to a layer plane generates network structure
with four sublayers with slipping. Due to the slipping in a
preferred direction of the sublayers, the unidentical packings
in a and b directions induces chirality of a 2D network
structure with a lack of both symmetry plane and inversion
symmetry (Figure 2g). The spontaneous inversion symmetry
breaking in 2D layer structures is very rare and has been
reported in only a few systems, such as twisted graphene
bilayers and hetero-bilayers of graphene with boron nitride
layer.m’m]

Considering the pore shape with protruded azobenzene
side parts, we envisioned that UV irradiation can isomerize
selectively the azobenzene units in the protruded parts while
maintaining trans geometry at the 2D framework because of
more exposed protruded parts to external environment than
those of the interconnected framework (Figure 3g). Accord-
ingly, we investigated the isomerization behavior of the
trans-azobenzene units in the network by UV irradiation as
a function of time. Upon irradiation of the dissolved state of
1 with UV light (A=365nm), trans-to-cis isomerization
undergoes as confirmed by a decrease of the n-n* absorption
band at 4,,,=370 nm, accompanied by an increase in the
absorbance in the higher energy region at around 270 nm.B!
The absorption behavior upon UV irradiation in the self-
assembled state shows apparently smaller change compared
with that of the dissolved state (Figure 3a). Remarkably, CD
shows the signal to retain without apparent reduction upon
UV irradiation (Figures 3b,S5). In addition, TEM and
SAXS investigations show that the network structure with a
pore lattice maintains without compromising its original 2D
structure even after 50s UV irradiation (Figures 3c,S5,S6).
These results suggests that the isomerization of the azoben-
zene units occurs selectively in the protruded parts of the
interior within a certain time, while maintaining trans-form
in the 2D frameworks. To gain insight into the isomerization
of the azobenzene units in the network structure, we carried
out HPLC experiments with the network solutions of 1 as a
function of UV irradiation time. Indeed, HPLC shows that
UV irradiation for 50s of the solution generates a predom-
inant peak associated with mono-isomerization at the
expense of the frans-isomer (Figure 3e,f), implying that the
isomerization undergoes selectively at the azobenzene units
of the protruded part in the pore while maintaining 2D
network structure. When irradiation time was increased to
1 min, trace amounts of di-isomerization peaks can be
detected from network solution (Figure3e). In sharp
contrast, the dissolved solution of 1 shows multiple isomer-
ization peaks in HPLC under the identical irradiation
condition (Figure 3d).”" These results suggest that aromatic
amphiphile 1 self-assembles into a single-layered network
with photo switchable internal pores through selective
isomerization of the azobenzene units of the protruded parts
without compromising the network structure (Figure 3g),
distinct from photoactive 3D materials based on multiple
azobenzene units.*>¥!
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HPLC investigations showed that, when irradiated UV
light for 50s, approximately 25 % of trans-isomers participate
in isomerization into cis-isomers (Figure 3e), suggesting that
about one protruded azobenzene parts per pore in each
sublayer can be considered to undergo cis-isomerization in
this experimental condition. This result together with TEM
and SAXS investigations indicates that the UV-irradiation
within 1 min results in the deformation of chiral pore
structure while retaining 2D frameworks. Upon short-wave-
length UV irradiation (254 nm), the cis-isomer can recover
to trans-isomers (Figure S7), indicative of reversible pore
deformation.

We considered that the reversible deformation of the
chiral interior would function as enantioselective capture
and release. To investigate the capability of porous networks
for enantioselective encapsulation, we selected hydrophobi-
cally substituted phenyl alanine (Fmoc-phenylalanine,
Fmoc-Phe) because the pores consist of a hydrophobic
aromatic interior.”!! The encapsulation of the guest in the
chiral pore was monitored by tracing HPLC after the
untrapped guest was removed by Sephadex column separa-
tion. We found that the 2D network shows about 97 %
uptake of Fmoc-Phe with L-form (Figure S8), indicating that
the uptake capacity is nearly perfect. This result explains
that the single layer network structure consists of homo-
chiral pores, consistent with the proposed structure based on
X-ray and TEM investigations. The uptake capacity was
further confirmed by titration experiments using an enantio-
pure phenylalanine guest that showed near-perfect uptake
(Figure S9).

When the racemic solution was subjected to chiral
HPLC, the porous networks of 1§ exclusively uptake the L-
form with perfect inclusion preference over the D-form,
while the networks based on 1R capture only an opposite
enantiomer (Figure 4a), indicative of excellent enantioselec-
tivity for Fmoc-Phe. In contrast, both uptake capacity and
enantioselectivity of the larger guest, Fmoc-protected tryp-
tophan (Fmoc-Trp) showed to be lower than those of Fmoc-
Phe (Figure S10). In the case of a smaller guest, Fmoc-
alanine, the network structure does not exhibit any apparent
inclusion activity, indicating that the network shows, not
only enantioselectivity, but also size selectivity.

To substantiate the switching behavior of the pores
driven by UV irradiation, release experiments were per-
formed with 1§ network encapsulating L-enantiomer of
Fmoc-Phe. After UV irradiation for 50s and then collecting
the sheet fractions using a Sephadex column, HPLC
measurements show the signals corresponding to the 2D
network structures with traceless guest molecules (Fig-
ure 4b), demonstrating that the entrapped guest is released
out of the pore interior. The release of the guest upon UV
irradiation was further confirmed using 1D-Nuclear Over-
hauser effect (NOE) (Figure 4c). Consistent with the HPLC
results, 1D-NOE spectra show a prominent peak at
7.31 ppm associated with the strong correlation between Ha
of the host and H1 of the phenyl group in the L-guest, which
disappears upon UV irradiation for 50s. This result indicates
that the 2D network materials can absorb only one
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Figure 4. a) Chiral-HPLC traces of a racemic Fmoc-Phe (up), selective
uptake of the L-form by 1S (middle), and selective uptake of the D-form
by 1R (down) in aqueous methanol solution (3/7, v/v). b) HPLC
spectra for the uptake and release of the L-form by 1S. c) Partial 1D
NOE NMR spectra for the uptake (left) and release (right) of the L-
form by 1S in methanol-d,/THF-dg (9/1, v/v). d) Schematic representa-
tion of the enantioselective encapsulation from a racemate and then
release triggered by UV irradiation.

enantiomer in a racemic solution and then release by
irradiating UV light (Figure 4d).

Conclusion

In conclusion, we have constructed single layer chiral net-
work structures with switchable homochiral pores by the
self-assembly of an azobenzene-based tetrapod aromatic
amphiphile. The 2D networks consist of quadruple sublayers
based on slipped packing in a preferred direction in which
the sublayer has AA packing in g-axis and AB packing in b-
axis to break both the plane and inversion symmetry,
thereby resulting in chirality induction in the 2D network
assembly. Moreover, this packing arrangement allows for
protruded azobenzene segments in pores to participate in
selective photo-isomerization, giving rise to reversible
deformation of the chiral pore. Thus, the 2D network is
capable of performing enantioselective capture and release
triggered by light. We believe that our discovery paves the
way for the construction of 2D chiral networks with complex
pore functions capable of selective encapsulation, delivery,
and then release.
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