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ABSTRACT:

INTRODUCTION

The mechanical properties of materials intrinsically depend
on the connectivity of their building blocks. A classic
example is the difference between diamond and its low-
dimensional allotropes, such as graphene and carbon
nanotubes (CNTs). Diamond possesses a three-dimensional
(3D) sp? covalent network of carbon atoms, which provides
significant stiffness.. Due to the difficulty of the dislocation,
diamond lacks plastic deformability, exhibits little capacity
for stress dissipation, and consequently fractures when the
applied stress exceeds a critical threshold.l In contrast,
graphene. and CNTS. are composed of sp? bonding
networks of carbon atoms, forming two-dimensional (2D)
sheets and one-dimensional (1D) tubular structures,
respectively. Such topological anisotropy allows them to
deform flexibly in response to applied stress. Thus, the
dimensionality reduction of the bonding network increases
the degrees of freedom for stress dissipation.l

A similar concept can be applied beyond covalent
linkages to molecular assemblies constructed through non-
covalent interactions. Dense packing of organic molecules
by non-covalent interactions forms molecular crystals with
rigid yet brittle mechanical properties.l Recent studies have
shown that the control of the anisotropy of molecular
arrangements within a crystal offers a new flexibility with
directional deformation, so-called bending crystals.l
Ultimate reduction of the dimensionality of molecular

assemblies through non-covalent interaction provides 1D
supramolecular polymers. Thanks to their fibrous
structures self-assembled from pre-designed molecules,
supramolecular polymers often exhibit notable mechanical
flexibility.l Large biological materials also follow a similar
trend. For instance, proteins as large macromolecules can
be assembled into 3D periodic lattices and form brittle
crystals.l When proteins are assembled into fibrous
structures like spider silk, they exhibit remarkable
mechanical properties suitable for various practical
applicationsi

Bridging the gap between small molecules and proteins,
supramolecules have recently emerged as one of the
essential building blocks for constructing superstructures.
Supramolecules assembled from multiple molecular
components typically range in size from 1 to 10 nm,l
leading to the emergence of collective functions that are
inaccessible to individual molecules alone.l Metal-organic
polyhedra (MOPs) are one of the representatives of
supramolecules, which exhibit defined polyhedral shapes
and an intrinsic cavity. Connecting MOPs to form solids
via various bonding modes, including coordination or
covalent bonds, provides a new porous material platform..
I Very recently, we demonstrated that packing of MOPs
solely with van der Waals interactions generates a series of
3D diamond frameworks with high stability and porosity,
consequently as rigid microporous crystals of van der Waals
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open frameworks: Waan.I Similar to the above mentioned
connectivity of atoms, molecules and proteins, the
dimensionality control of supramolecular assembly can
lead to a new material system with controllable mechanical
properties; however, most of the reported MOP assemblies
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are limited to 3D networks with poor mechanical flexibility.
This is mainly because MOPs are often synthesized with
isotropic geometries, and thus, the dimensional reduction
of their assemblies has been challenging.
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Figure 1. Schematic illustration of the one-dimensional (1D) self-assemblies of octahedral MOPs into mechanically flexible microporous

aerogel through supramolecular polymerization.

Here we report the 1D self-assembly of octahedral
MOPs through supramolecular polymerization, which leads
to the formation of microporous aerogels with exceptional
mechanical deformability (Figure 1). To achieve such
supramolecular polymerization using MOPs as monomers,
we tuned solvent conditions and found that poor solvents
with high polarity and strong dispersive interaction
induced the MOP-MOP interaction to form 1D fibrils,
followed by a self-supporting gel. Through the supercritical
CO:z drying process, the resulting gels were converted to the
corresponding aerogels. Gas adsorption measurements
demonstrated that these aerogels possess uniform
microporosity, originating from the intrinsic pores of MOPs.
Throughout the uniaxial compression tests, the aerogel
withstood up to 87% compressive strain without fracturing,
demonstrating its high mechanical deformability. This
result opens a venue for tuning the mechanical properties
of supramolecular materials through the dimensional
control of their assemblies.

RESULTS AND DISCUSSION

One-dimensional self-assembly of MOPs.
Supramolecular polymerization is driven by non-covalent
interactions between building blocks. To construct desired
assemblies using such non-directional interactions, the
structure of each building block should be rationally
designed to facilitate efficient intermolecular interactions.
Here, we selected a copper-based octahedral MOP molecule
with a naphthalenediimide derivative linker, [Cui2(NDI-
X)1z] (NDI-X = naphthalenediimide (NDI) dicarboxylate
derivatives, where X represents amino acid codes), This
MOP possesses twelve NDI-X linkers and six Cu(ll)
paddlewheel moieties atits edges and vertices, respectively.
One significant structural feature of this MOP family is the

large facets of the octahedron composed of the three NDI rz-
conjugated planes oriented outward. Indeed, NDI-based
planar m-conjugated cores are commonly employed in
supramolecular polymers as building blocks to drive one-
dimensional self-assembly. I Another characteristic feature
is the structural versatility of the NDI-X linker. The NDI-X
linkers are synthesized via a condensation reaction
between 1,4,5,8-naphthalene tetracarboxylic dianhydride
and an @-amino acid (X). By simply varying the a-amino acid
used in this condensation reaction, diverse surface
functionalities can be introduced, allowing fine-tuning of
intermolecular interactions.

After screening various a-amino acids employed in the
NDI-X linkers, we identified two promising candidates for
supramolecular polymerization: MOP based on L-isoleucine
(Ile) with a composition of [Cui2(NDI-Ile)12] (MOP-Ile)l
and MOP based on L-cyclohexyl glycine (Chg) with a
composition of [Cu1z(NDI-Chg)iz] (MOP-Chg), respectively
(Figure 2). These MOPs were obtained as greenish-blue
crystals by reacting copper(I) nitrate with the
corresponding NDI-X linker (Pristine-Ile for MOP-Ile and
Pristine-Chg for MOP-Chg) (Figure S1). Single-crystal X-
ray diffraction (SC-XRD) analysis on these crystals
confirmed the formation of the octahedral structure for
both MOP-Ile and MOP-Chg (Figure S2). Pristine-Ile
belongs to the space group F432, in which MOP-Ile
molecules contact through their amino acid side chains,
with their NDI planes facing each other. This corresponds to
an edge-to-edge interaction between neighboring
octahedra, and the shortest C---C distance was 4.28 A
(Figure S3 and Table S1). Pristine-Chg crystallizes in the
space group P21, in which MOP-Chg contact with each other
through crossed edge-to-edge interaction at the Chg moiety,
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leading to a distorted FCC packing (Figure S4 and Table S2).
The shortest C---C distance was 4.07 A.
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Figure 2. Schematic illustration of the synthesis of octahedral MOP, [Cu12(NDI-X)12], from its building blocks. From left to right: a stick
model with the chemical structure of the NDI linker (X = amino acid codes), MOP-Ile, and MOP-Chg.

Non-covalent intermolecular interactions have been
known to be strongly influenced by solvent molecules.l To

achieve the 1D self-assembly of MOPs through
supramolecular polymerization, we screened the
experimental conditions under different solvent

environments. First, the as-synthesized crystal samples of
MOP-Ile and MOP-Chg were washed with acetone and
dried under vacuum at room temperature, which afforded
amorphous powders of MOP-Ile (Bulk-Ile) and MOP-Chg
(Bulk-Chg) (Figure S1). The resulting powders were fully
dissolved in suitable solvents. Bulk-Ile readily dissolved in
N,N-Dimethylformamide (DMF), while Bulk-Chg showed
limited solubility in DMF and was therefore dissolved in
N,N-Dimethylacetamide (DMA). These MOP solutions were
mixed with 21 different counter solvents to investigate the
precipitation behavior.

Both MOP systems showed two distinct precipitation
behaviors depending on the counter solvent added. In the
case of MOP-Ile, the addition of 1-butanol, cyclohexane,
diethyl ether, dimethyl sulfoxide, 1,4-dioxane, hexane, 1-
pentanol, tetrahydrofuran, or toluene resulted in the direct
formation of crystals with octahedral morphology (Crystal
Oc-Ile) within 24 hours (Figure 3a,b). In contrast, when
methanol, acetonitrile, ethanol, nitromethane, or
isopropanol was introduced, the mixture gradually became
more viscous and ultimately formed a self-supporting gel
(Gel-Ile) (Figure 3c). After two weeks at room temperature,
Gel-Ile began to produce hexagonal pillar-shaped crystals
(Crystal Hp-lle), and it was fully transformed into the
crystals within one month (Figure 3d). This gel-to-crystal
transition strongly suggests that Gel-lle corresponds to a
metastable state, and it gradually transforms into the most
stable crystalline state over time. Notably, increasing either
the MOP concentration or the temperature accelerated the
crystallization process.

MOP-Chg showed similar assembly behavior to that of
MOP-Ile. The introduction of 1,4-dioxane and
tetrahydrofuran drove direct crystallization to form plate-
like crystals (Crystal Pc-Chg) within 24 hours (Figure S5a).
On the other hand, the addition of methanol, acetonitrile,
ethanol, nitromethane, nitroethane, acetone, isopropanol,
or tert-butanol led to the formation of a self-supporting gel

(Gel-Chg) (Figure S5b). This gel was subsequently
transformed into rhombic crystals (Crystal Rc-Chg) within
ten minutes (Figure S5¢). Compared to MOP-Ile, MOP-Chg
tend to remain soluble under a wider range of conditions,

To gain deeper insight into these solvent-dependent
behaviors, we employed Hansen solubility parameters
(HSPS).I HSPs decompose the total solubility parameter
into three components: London dispersion forces (6b),
dipole-dipole interactions (ép), and hydrogen bonding
interactions (6u). These parameters provide a useful
measure of the intermolecular interaction, allowing us to
estimate the conditions that drive the desired self-
assembly. For mixed solvent systems, the HSPs can be
approximated by the volume-weighted average of each
solvent. We calculated the HSPs of the binary solvent
systems used for MOP assembly (Table S3). Then, bivariate
scatter plots were generated for each pair of p, dp, and &n
based on the HSPs (Figure S6).

By analyzing the solvent-dependent morphological
differences using HSPs, the polarity and dispersive
components of the solvents were found to play an
important role in determining the resulting morphology.
First, for data points of each solvent in the bivariate scatter
plots obtained above, we labeled them according to the
resulting morphology; solvent conditions that led to direct
crystallization (e.g., Crystal Oc-Ile and Crystal Pc-Chg)
were denoted by blue triangles, those that yielded gels prior
to crystallization (e.g., Crystal Hp-Ile and Crystal Rc-Chg)
were denoted by red circles, and those with no precipitation
were indicated by black crosses (Figure S7). As a result, a
clear trend was observed in the ép-6p plots: blue triangles
were associated with solvents of relatively low polarity or
strong dispersion, whereas red circles appeared under
highly polar and weakly dispersive conditions (Figure 3e
and S7). For instance, in the case of MOP-Ile, solvents of
relatively low polarity or strong dispersion (ép < 12.1
MPal/2 or ép > 17.1 MPa'/?) tended to assemble MOP
molecules into Crystal Oc-Ile, whereas highly polar and
weakly dispersive solvents (6p > 12.1 MPa'/2 and ép < 17.1
MPa?/2) led to gel formation followed by crystallization into
Crystal Hp-Ile. A similar trend was also seen in MOP-Chg
system.
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Figure 3. (a)When solvents such as 1-butanol, Cyclohexane, Diethyl ether, Dimethyl sulfoxide, 1,4-dioxane, Hexane, 1-pentanol,
Tetrahydrofuran, or Toluene were added as a poor solvent, (b) the octahedral crystal (Crystal Oc-Ile) was directly obtained (scale bar: 200
um). (c) After adding Acetonitrile, Ethanol, Nitromethane, 2-propanol, or Methanol, a self-supporting Gel-Ile was formed, (d) followed by
hexagonal prismatic crystal (Crystal Hp-Ile) formation (scale bar: 200 um). (e) Scatter plot (dp—op) representing the morphology of MOP-
Ile assemblies under 21 different solvent conditions. The 21 solvent conditions refer to mixtures of DMF and 21 different poor solvents
(DMF/poor solvent = 4/1 v/v). The blue triangle (A) indicates the formation of Crystal Oc-Ile, while the red circle (@) represents the
formation of Gel-Ile, which subsequently undergoes a phase transition to Crystal Hp-Ile. X represents conditions where no precipitation

was observed.

Subsequent SC-XRD analysis revealed that the
octahedral structure of MOP-Ile and MOP-Chg was
retained in all the crystals obtained after the
supramolecular assembly. However, the resulting crystals
exhibited entirely distinct molecular packings. In Crystal
Oc-lle formed under low-polar or strongly dispersive
solvent, neighboring MOP-Ile molecules formed an edge-to-
edge interaction between adjacent octahedra through their
amino acid side chains. In this arrangement, the NDI planes
faced each other, similar to those observed in Pristine-Ile
and Pristine-Chg ( a). Furthermore, this interaction
was accompanied by a relatively large intermolecular space
between the NDI planes, where residual electron density
was observed. This indicates the presence of solvent
molecules occupying the intermolecular space between
MOPs. An octahedron has twelve edges; as a result of twelve
isotropically distributed edge-to-edge interactions around
each MOP-Ile, they were crystallized in the space group
F432 (Figire4cd).

On the other hand, in Crystal Hp-Ile, which was
derived from Gel-Ile in polar and weakly dispersive
solvents, the adjacent MOP molecules interacted through
the NDI plane and amino acid side chains ( ). This
corresponds to a face-to-face interaction through the
triangular windows of the octahedron. In each MOP, two
diagonally opposite faces out of eight participate in
intermolecular interactions. Consequently, MOP-Ile
assembled anisotropically, forming linear chains along the
c-axis (| . A closer inspection of the copper atoms
at the vertices revealed that MOP-Ile underwent a 120°

rotation over six MOP units within a chain. These chains
were further assembled and adopted the space group P3.
Due to its exceptionally large unit cell volume of 220 nm3
and low symmetry, the detailed structural determination of
the isoleucine side chains was not possible.

Similar trend was also observed for MOP-Chg. Within
Crystal Pc-Chg, which was obtained under low-polar or
strongly dispersive solvent conditions, the adjacent MOP-
Chg exhibited edge-to-edge interactions, with comparably
large intermolecular space (| . Such edge-to-edge
interactions led to the assembly of MOP molecules in the
space group P21, resulting in a distorted face-centered cubic
(FCC) lattice. On the other hand, Crystal Rc-Chg, formed via
Gel-Chg under highly polar and weakly dispersive
conditions, showed anisotropic molecular assemblies
similar to those of Crystal Hp-Ile (_). Unlike the
continuous 1D chains observed for MOP-lle, MOP-Chg
assembled into shorter chains composed of three MOP
molecules. Within this trimeric chain structure, MOP-Chg
underwent a 66° rotation over three MOP units within a
chain.

To understand the nature of interactions between
MOPs, we performed energy decomposition analysis (EDA)
based on DFT calculations ( ).- This analysis
was conducted based on the crystal structures of Crystal
Oc-1le and Crystal Rc-Chg, in which the atomic positions of
the amino acid side chains were clearly determined. The
fragment used was prepared by extracting a pair of NDI
linkers from adjacent MOPs in the crystal structures. The
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results showed that the stabilization energy between two
NDIlinkers in Crystal Oc-Ile was 36 k] mol~?, while that for
Crystal Rc-Chg was 88 k] mol-1. Despite differences in
interaction strength, dispersion forces contributed
approximately 90% of the total stabilization energy in both
systems, confirming that van der Waals forces are the
dominant interaction.

Based on the above results, it was found to be crucial to
employ solvents with a low dispersive component and high
polarity for the 1D assembly of MOPs. In other words, the

selective synthesis of 1D assemblies can be achieved by
suppressing dispersive interactions between the solvent
and MOP molecules, while enhancing polarity to promote
intermolecular interactions between MOPs. This

interpretation is consistent with structural observations
and EDA calculations: in crystals forming 1D chains
(Crystal Hp-lle and Crystal Rc-Chg), neighboring MOP
molecules interact more closely and strongly, whereas in
other crystals (Crystal Oc-Ile and Crystal Pc-Chg), solvent
molecules penetrate between the MOPs, resulting in weaker
intermolecular interactions.

Figure 4. Visualization of intermolecular interactions and molecular packing in each crystal based on single-crystal X-ray structural analysis.
(a) The interaction between the neighboring MOP-Ile within the crystal of Crystal Oc-Ile (from DMF/1,4-dioxane). The regions expected
to participate in intermolecular interactions are highlighted using a space-filling model. (b) The interaction between the neighboring MOP-
Ile within the crystal of Crystal Hp-Ile (from DMF/Methanol). (c,d) Molecular packing of MOP-Ile within the unit cell of Crystal Oc-Ile.
The molecular structures are represented in a wire model with the copper atoms highlighted for better visibility. A blue octahedron is drawn
based on the atomic coordinates of six Cu atoms in a MOP molecule to facilitate visualization of the molecular arrangement in a unit cell.
(e,f) Molecular packing of MOP-Ile within the unit cell of Crystal Hp-Ile. The MOP chains were aligned parallel to the c-axis.

Reversible nature of MOP-based supramolecular gels.

Gels can be classified as chemical or physical, depending on

the nature of the cross-linking. Chemical gels are covalently
bonded and typically rigid,l whereas physical gels are held
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together by non-covalent interactions, allowing reversible
structural changesin response to external stimuli.- Since
the gels obtained in the previous section were formed solely
through non-covalent interactions, we measured their
responses to external stimuli, expecting them to behave as
physical gels. The gels used in the following tests (Gel-Ile
and Gel-Chg) were synthesized using methanol as the poor
solvent. Specifically, 3.5 mM solutions of MOP-Ile and MOP-
Chg were mixed with methanol at a volume ratio of 4:1
(MOP solution/methanol, v/v) and mixed thoroughly. Upon
addition, the solutions gradually became more viscous,
eventually forming Gel-Ile and Gel-Chg (Figure SX). In the
case of Gel-Ile, gelation occurred approximately 2 hours
after mixing, whereas Gel-Chg gelated within about 1
minute. These gels exhibited a reversible sol-gel transition
in response to external stimuli. When these gels were
subjected to mechanical stress using a vortex mixer, they
immediately transformed into a fluid sol state (Figure SX).
Subsequently, when left undisturbed at room temperature,
the sols gradually increased in viscosity and finally returned
to a gel state.

To quantitatively evaluate the above-mentioned
reversible nature, shearing rheological measurements were
conducted on Gel-Ile. Due to the rapid gel-to-crystal
transition in Gel-Chg, the measurements were conducted
only on Gel-Ile to ensure sample homogeneity during the
measurements. Gel-Ile was prepared in situ on the
rheometer to prevent any alteration in the internal
structure. A mixture of the MOP-Ile solution and methanol
was placed onto the rheometer and left to stand for 2 hours.
We first conducted the angular frequency sweep test, in
which the angular frequency was varied from w =1 to 500
rad s~! at a fixed strain amplitude of y = 0.01%, to quantify
the storage (G") and loss (G') moduli (Figure 5a). As a result,
the sample exhibited frequency-independent G', which was
an order of magnitude higher than G", confirming that the
sample was in a gel state. In rheological analysis, the ratio of
G" to G' is often expressed as tané (= G"/ G'), which
indicates the relative contribution of viscous and elastic
components.l When tané < 1, the material behaves
predominantly elastically (solid-like), whereas tané§ > 1
indicates viscous dominance (liquid-like). Accordingly, the
viscoelastic properties discussed below are described in
terms of tan 6.

To investigate the mechanical response under applied
stress, strain amplitude sweep measurements were

performed by fixing the oscillatory frequency at w = 10 rad
s~! and gradually increasing the strain amplitude from y =
0.001% to 30% (Figure 5b). As a result, within the strain
range of 0.005% < y < 0.1%, G' remained constant
regardless of strain amplitude, indicating a linear
viscoelastic response with tand < 1. When the strain
exceeded y = 0.3%, G'began to deviate from linearity, and at
strains beyond y = 3.5%, tan § surpassed 1, indicating a
transition from solid-like to liquid-like behavior. These
results suggest a gel-to-sol transition occurs at strain levels
exceeding y = 3.5%.

Based on the results of the strain amplitude sweep test,
an interval measurement was performed on Gel-Ile by
alternately applying strains of y = 0.01% and 10% (Figure
4c). Initially, a small strain of y = 0.01% was applied for 5
minutes, followed by a larger strain of y = 10% for another
5 minutes. Subsequently, the recovery process was
monitored for 20 minutes. Under the small strain of y =
0.01%, the condition G' > G", that is, tané < 1, was
maintained, indicating that the sample remained in the gel
state. After applying a larger strain of y = 10%, the condition
reversed to G' < G", corresponding to tan § > 1, reflecting a
transition to the sol state. When the strain was
subsequently reduced to y = 0.01% and held for 20 minutes,
the sample recovered to a solid-like state, as indicated by
tan § < 1. These results demonstrate that Gel-Ile has a
thixotropic nature, undergoing a reversible sol-gel
transition in response to mechanical stress. This
reversibility is likely attributed to the non-covalent
interactions between MOPs.

As an application of this reversible nature, we carried
out a mold shaping experiment. For this experiment, we
used Gel-Ile prepared at 7.0 mM MOP-Ile concentration, as
it exhibited a higher G’ value than the 3.5 mM sample
(Figure SX). Specifically, the G' value increased from
approximately 2 kPa at 3.5 mM to 10 kPa at 7.0 mM. The as-
synthesized Gel-Ile was first converted into a sol state by
applying mechanical stress and then poured into a flower-
shaped mold (Figure 4d). After approximately 15 minutes,
it gelated, resulting in a flower-shaped gel. Mechanical
stress was subsequently applied to this gel, and the
resulting sol was transferred into a star-shaped mold,
yielding a star-shaped gel. This demonstration highlights
the processing versatility of Gel-1le.
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Figure 5. Results of the shearing rheological measurements for Gel-Ile. In both figures, the storage modulus G'is represented by blue circles,
while the loss modulus G" is represented by green square markers. (a) Frequency sweep measurement conducted at y = 0.01%. The scanned
frequency range was from @ = 1 to 500 rad/s. (b) Strain sweep measurement conducted at w = 10 rad/s. The scanned strain range was 0.001
to 30%. At around y = 3.5%, G' became smaller than G", indicating a gel-to-sol transition. (c) Step strain experiment conducted at «w = 10
rad/s. The applied strain value is represented as red triangles. Based on the strain sweep measurement results, a strain of 0.01% was applied
for the first 5 minutes, followed by a 10% strain for 5 minutes. Recovery of the sample was then monitored over 20 minutes. After that, a
10% strain was applied again for 5 minutes, followed by another 20-minute period to observe the reversible recovery behavior. (d) Mold
shaping experiments of Gel-Ile. The as-synthesized Gel-Ile (7.0 mM) was applied mechanical stress using a vortex mixer for 10 seconds to
obtain a fluidic sol. This sol was then transferred into a flower-shaped mold. After being left at room temperature for a while, a flower-
shaped gel was obtained. Further mechanical stress was applied to the flower-shaped gel to convert it into a sol, which was poured into a
star-shaped mold. As a result, a star-shaped gel was obtained, demonstrating the high moldability of Gel-Ile.

Microscopic structure of MOP-based supramolecular
polymers. To investigate the internal structure of the
obtained gels, we conducted microscopic observations.
Following the method described in the preceding section,
methanol was added to a 3.5 mM MOP solution at a volume
ratio of 4:1 (MOP solution/methanol, v/v) to synthesize
Gel-Ile and Gel-Chg, respectively ( ). The resulting
gels were transferred into vials containing 10 mL of fresh
isopropanol, and the original solvent was gradually
replaced with isopropanol over a period of three days.
While the gels without solvent exchange crystallized within
several weeks, those subjected to solvent exchange
remained amorphous for more than six months. Then,
isopropanol was completely removed by supercritical CO2
drying, yielding the corresponding aerogels, Aerogel-Ile for
MOP-Ile and Aerogel-Chg for MOP-Chg ( ).
Scanning electron microscopy (SEM) analysis of these
aerogels revealed anisotropic fibrous structures entangled
together (-). This morphology is entirely different
from that of previously reported MOP-based gel
materials JB8988 In addition, meso- to macroscopic spaces
were observed between the fibers. The width of the one-
dimensional fibrous structures was defined as the
dimension perpendicular to their longitudinal axis.

Measurement of 200 points in fiber widths showed that the
average width of the Aerogel-Ile fibers was 14.8 + 2.2 nm,
and that of the Aerogel-Chg fibers was 9.95 * 1.4 nm
(_). Considering that the molecular diameter of a
single MOP is approximately 2.7 nm, the average fiber width
corresponds to a length equivalent to about three to six
MOP molecules. Moreover, the deviation d remained within
the size of a single MOP unit, indicating a high degree of
uniformity.

To further investigate the internal structure of fibers,
cryogenic electron microscopy (Cryo-EM) observation was
conducted. Cryo-EM is an essential technique for probing
soft materials that are highly sensitive to solvent removal
and electron beam damage. In accordance with the previous
study,l a suspension of Gel-lle in MeCN (0.17 mM) was
applied to glow-discharged holey carbon film-coated
copper grids (Quantifoil R2/1) and plunge-frozen using a
Vitrobot Mark IV (FEI) for Cryo-EM observation. After
several trials, optimized vitrification conditions were
established and are summarized in . Here, only the
Gel-Ile was used for measurements due to concerns about
the potential crystallization and instability of Gel-Chg. As a
result, fibrous structures similar to those observed in the
SEM analysis were also observed ( ). From this
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image, the thickness of 200 fibers was measured, and the
average value was consistent with that obtained from SEM
analysis ( ). Despite using a highly diluted sample,
it was challenging to visualize well-separated individual
fibers. At concentrations lower than 0.17 mM, the number
of fibers was insufficient for mutual stabilization, resulting
in vibration during imaging and a further decrease in image
quality. Although the majority of the fibers were
overlapping, some regions with non-overlapping fibers
were also identified (| ). Upon closer examination of
thisregion, contrast differences were observed, with darker
areas interspersed with relatively lighter regions. The
distances between adjacent dark spots were measured at
several points and averaged to be 2.5 + 0.24 nm, which is in
good agreement with the molecular diameter of the MOP-
Ile ( ). These darker spots are therefore presumed
to correspond to the vertices composed of copper
paddlewheel units, where the electron density is relatively

(@)

Solvent exchange
~

(b)

high. In contrast, the lighter regions likely represent organic
linkers with lower electron density, as discussed in a
previous report.l

Subsequent powder X-ray diffraction (PXRD)
measurements revealed that these aerogels were
amorphous in nature ( ). A broad shoulder was
observed in the low-angle region (260 < 3°). Therefore, we
conducted a further investigation by small-angle X-ray
scattering (SAXS). Based on SEM observations, the raw
SAXS data were fitted using a long cylinder model. As a
result, the radii of the structural features were estimated to
be 9.60 = 0.0231 nm for Aerogel-Ile and 7.31 + 0.0174 nm
for Aerogel-Chg (i). These correspond to
diameters of approximately 19.2 nm and 14.6 nm,
respectively, which are in good agreement with the values
observed by SEM and Cryo-EM.

Super-critical CO, dry

Figure 6. (a) Procedure for subjecting as-synthesized gels to supercritical CO2 drying. From left to right: as-synthesized Gel-lle, gel
immersed in isopropanol for solvent exchange, and Aerogel-Ile after supercritical COz drying. (b) The SEM observation of Aerogel-Ile
(inset: Aerogel-Ile, scale bar 100 nm). Anisotropic fibrous structure was observed intertwining and forming a network. The width
measurements of 200 points resulted in an average value of 14.8 + 2.2 nm. (c) The Cryo-EM observation of Aerogel-Ile (scale bar: 50 nm)
Throughout the entire image, fibrous structures similar to those observed in SEM were found, along with unique dot-like patterns. The width
measurements of 200 points resulted in an average value of 14.7 = 2.3 nm. (d) A magnified view (scale bar: 25 nm). The area enclosed by

the white frame shows a single fiber.

Sorption and mechanical properties of MOP-based
supramolecular polymers. Carbon dioxide and nitrogen
sorption measurements were conducted to investigate the
porosity of the MOP-based supramolecular polymers. Here,
we prepared Aerogel-Ile, Aerogel-Chg, Crystal Hp-Ile, and
Crystal Rc-Chg for comparison. The carbon dioxide
isotherms of Aerogel-lle, Aerogel-Chg, Crystal Hp-Ile, and
Crystal Rc-Chg showed a type I profile, with saturation of

the gasuptake of 69.1 cm3g=1,73.6 cm3g~1,73.6 cm3g~1, and
86.4 cm? g=! at P/Po = 0.1, respectively ( ). This
comparison of the adsorption amounts at P/Po = 0.1 clearly
indicates that these four samples displayed comparable
adsorption behavior. The subsequent nitrogen sorption
isotherms of Aerogel-Ile and Aerogel-Chg exhibited type II
profiles, with gas uptake saturating at 195 cm3g-1and 155
cm3 g1, respectively, at P/Po = 0.1 (| ). In contrast,
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Crystal Hp-Ile showed a type I isotherm with a saturation
uptake of 140 cm3 g~! at the same relative pressure, while
Crystal Rc-Chg exhibited negligible adsorption. The
Brunauer-Emmett-Teller (BET) surface areas were
determined to be 786 m2g-1 for Aerogel-lle, 627 m2g-! for
Aerogel-Chg, and 555 m? g—! for Crystal-Hp-Ile by using
the BETSI program (Figure SX).I

The aerogels and crystals obtained from corresponding
gels in this study share identical chemical compositions; the
only difference lies in the arrangement of MOP molecules.
Specifically, the aerogels do not contain any crosslinkers or
additives, and therefore, the gas uptake per unit mass is
expected to be comparable. This expectation is well
supported by the carbon dioxide sorption isotherms. Due to
its smaller kinetic diameter relative to nitrogen, carbon
dioxide adsorption is considered to be predominantly
governed by the intrinsic microporosity of MOPs, resulting
in similar isotherm profiles among all samples. In contrast,
the nitrogen adsorption measurements reflect the presence
of meso- and macropores in the aerogels, which account for
the higher uptake relative to their crystalline samples.
While both Crystal Hp-Ile and Crystal Rc-Chg retained
partial crystallinity before and after gas adsorption, only the
latter exhibited negligible nitrogen uptake (Figure SX),
suggesting that differences in molecular packing play a key
role. Single-crystal structural analysis revealed that MOP-
Ile in Crystal Hp-Ile forms continuous one-dimensional
channels, whereas MOP-Chg in Crystal Rc-Chg assembles
into trimer-like units, introducing periodic structural
discontinuities. This disrupted channel connectivity might
hinder nitrogen diffusion, accounting for the suppressed
adsorption observed in Crystal Rc-Chg.

The mechanical flexibility of the aerogel samples was
evaluated through uniaxial compression measurements.
Figure 6 shows stress-strain curves obtained from
Aerogel-Ile and Aerogel-Chg. In the case of Aerogel-lle,
the stress (o) increased linearly with compressive strain ()

up to the yield point, indicated by a star symbol. Within this
elastic regime, the Young's moduli (E) were determined to
be E = 41.0 kPa. Beyond the elastic regime, materials
typically undergo plastic deformation, characterized by
irreversible shape changes even after unloading. Further
compression typically results in the appearance of
discontinuities in the stress-strain curve, accompanied by
the formation of cracks or fractures. The strain at which
such a fracture occurs is defined as a fracture strain (&f).
This parameter serves as a critical indicator of a material’s
capacity to undergo deformation prior to the fracture point.
Further compression on Aerogel-Ile beyond the yield point
led to plastic deformation; however, unlike many
conventional porous materials, no fracture point was
observed even at a strain of € = 87.0%, at which point the
measurement was terminated (Figure 6). By integrating the
stress-strain curve, the toughness (T) of Aerogel-Ile was
calculated to be 19.6 k] m—3. For Aerogel-Chg, the Young's
moduli were determined to be E = 21.2 kPa. However, the
fracture occurred at a strain of € = 17.9% (Figure 6), and the
corresponding toughness was determined to be 0.22 k] m~3.

Although the difference between Aerogel-Ile and
Aerogel-Chg in the macroscopic mechanical behavior is
difficult to determine, they are presumably attributed to
subtle variations in fiber thickness and curvature, as well as
the internal arrangement of MOPs within the fibers.
Nevertheless, both aerogels exhibited greater flexibility
than conventional porous materials. These materials
combine the uniform porosity typical of crystalline porous
materials with a level of toughness comparable to that of
rubbers, metals, alloys, and polymers.f8 As a result, we
successfully synthesized a new class of porous materials
with both permanent microporosity and remarkable
flexibility. This demonstrates that by controlling the
molecular packing, mechanical flexibility can be imparted
even to materials that have traditionally been regarded as
brittle.
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Figure 7. (a) Carbon dioxide adsorption isotherm at 195 K and (b) nitrogen adsorption isotherm at 77 K for Aerogel-Ile, Aerogel-Chg,
Crystal Hp-Ile, and Crystal Re-Chg. (c) Uniaxial compression measurements for Aerogel-Ile and Aerogel-Chg. (inset: an enlarged view
of the strain value & = 0 to 45%). The initial nonlinearity of the stress-strain curve (at strain values below 10%) is attributed to the unevenness
of the aerogel surface. (d) Aerogel-Ile before compression (left), during compression (middle), and after 85% compression (right). (e)
Aerogel-Chg before compression (left), during compression (middle), and after 85% compression (right). () Stress—strain curve obtained
from a uniaxial compression test with subsequent unloading to examine the elastic recovery.

CONCLUSION

In conclusion, we successfully synthesized porous
supramolecular polymers with remarkable mechanical
flexibility via one-dimensional self-assembly of MOPs.
Quantitative analysis combining HSPs and SC-XRD
measurements clarified that the formation of one-
dimensional assembly requires the addition of poor
solvents with high polarity and low dispersive forces.
Subsequent energy decomposition analysis suggested that
these solvents facilitate stronger intermolecular
interactions between MOPs. This suggests that even van der
Waals interactions, which are generally considered non-
directional, can be harnessed to control molecular assembly
by appropriately selecting solvent conditions. Compared to
the brittle fracture behavior typically observed in functional
materials with rigid three-dimensional structures, the
pronounced mechanical flexibility achieved here is strongly
attributed to the anisotropic, one-dimensional assembly
supported by non-covalent interactions. This approach,
which introduces mechanical flexibility by puzzling hollow
supramolecular building blocks, offers a new design
strategy for creating porous materials with enhanced
mechanical flexibility.
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