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Supramolecular hydrogels have been constructed with flexible 2D
ionic framework assemblies comprised of a stick-shaped di-
cationic pseudo-rotaxane and polyanionic nanoclusters through
electrostatic interactions. This type of small-molecule hydrogel
exhibits excellent thermal stability at high temperature and shows
an efficient reduction of water evaporation enthalpy.

Hydrogels constitute a kind of emerging soft matter that, by
forming a crosslinked assembly of gelators, can fix huge amounts
of water molecules, and hence show diverse potential
applications."” Besides the interest in the inherent structural
and mechanical characteristics of hydrogels, there is also great
interest in finding more applications for them, for example in
flexible electronic devices, protection layers for electrodes, medi-
cal coatings and anti-bacterial materials.>* These network struc-
tures have been demonstrated to be efficient materials for
promoting water evaporation and are expected to find applica-
tions in seawater desalination, sewage treatment, agriculture, and
energy.”® As a result, developing extended physicochemical
features like wide range of or higher gel transition temperatures
for these purposes have become highly desired. Typically, hydro-
gels that can maintain the gel state at temperatures higher than
the boiling point of water can show or lead to many important
phenomena and have practical values.”® For example, hydrogels
have been used for desalination of sea water via rapid evaporation
of accommodated water, and the gel structures that can withstand
a wider range of temperatures are favourable for this process.”°
To meet the above needs, those polymers forming a more
stabilized gel structure than do small-molecule gelators are often
used.'"'* However, finding the right balance between stabilizing
the gel structure and incorporating additional functionalities
must be considered, and the introduction of extra components
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has been a common approach. With this route, blocking phase
separation of components of the gel at high temperature still
needs to be achieved. Therefore, finding novel gelators displaying
both gel stability and additional functions represents a new path
to face the challenges in this field.

Molecular framework structures with high specific surface
areas and tuneable physicochemical properties have been
applied to various aspects of chemistry and material
1314 However, the synthetic frameworks are all prepared
as powdered solids, which plagues the extension of the uniform
porosity into soft materials.">'® As a result, increasing processa-
bility by creating structural flexibility becomes important.'”'®
The current hydrogels bearing the powdered frameworks are
prepared by considering polymer composition.'®*° The inherent
drawback of this approach is that the content and structural
inhomogeneity need to be controlled deliberately. Therefore,
developing a direct construction of hydrogels by using the
framework itself as a gelator remains critical. Fortunately, the
supramolecular frameworks constructed via intermolecular
interactions facilitate the regulation of water molecules within
the framework and offer a possible pathway for achieving both
an increased gel transformation temperature and increased
evaporation efficency.”’ >

Polyoxometalates (POMs) are discrete metal-oxide clusters
with well-defined chemical compositions and structures. Their
diverse architectures, uniform morphologies, and multiple negative
charges make them strong candidates for ionic self-assembly.>* 2
The geometric properties of POMs, along with the non-saturated
binding modes and non-preferential direction of ionic interactions,
steric effects, and charge-neutralization-induced hydrophobic
effects highlight the exceptional characteristics of POM-based
jonic self-assemblies.>”*® In this context, we chose POM
clusters with three negative charges to co-assemble with catio-
nic pseudo-rotaxane bromide (CPR-2Br) comprised of di-a-
cyclodextrin (CD)-shielded di-cationic guest bromide (BCG-
2Br) for the construction of an ionic supramolecular framework
(ISF) hydrogel. Due to the limited area around the surface of the
clusters, the dynamic crosslinking of multiple non-covalent
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Scheme 1 Schematic chemical structures and representations of (a) the
building blocks of the developed hydrogel, namely di-cationic guest DCG-
2Br and host molecule a-CD, (b) pseudo-rotaxane component (CPR-2Br)
and POM cluster AlMog>~, and (c) formation of ISF hydrogel via ionic self-
assembly, with its SEM image also shown.

interactions drives an angle-specific connection of CPR*" with
POMs, leading to two-dimensional adaptive frameworks.
Depending on the combined hydrophilicity of the POMs, CD
host and cationic guest, the self-assembled framework structure
can rapidly form a hydrogel (Scheme 1) with strong thermal
stability and a high gel transition temperature, specifically one
exceeding 110 °C. The ISF hydrogels that integrate the properties
of the gel and hierarchical porous channels considerably
enhance water transport without gel structure collapse occurring
at increased temperature. The ionic interactions and hydrophi-
licity of the used components support the association of water
with the framework assembly while the ionic binding prevents
much dissociation from occurring when the temperature of the
environment changes, albeit with a reduced water evaporation
enthalpy. The replacement of POMs with species containing
different charges can further optimize the ionic framework
hydrogels and yield diverse applications.

CPR-2Br and a typical POM, namely the sodium salt of
Na;[AIM0cO,,] (AlMog>") (Scheme 1a and b), were prepared
following the previous procedures.”*° Upon the addition of the
disk-shaped AlMog>~ cluster solution into the CPR>" solution
with an equivalent charge ratio, a precipitate emerges as the
cationic heads at both ends of CPR*" cap the polyanionic cluster
with electrostatic interactions (Scheme 1c). The detected binding
proportion is in good agreement with the 3:2 stoichiometric
molar ratio, indicative of complete charge neutralization
(Table S1, ESIf). Considering chemical composition, CPR**
adopts a rigid stick-shaped conformation in the assembly. Thus,
it is inferred that the formed ionic assembly is derived from a
[2+3] type connection. Due to the charges of AIMog>~ locating at
the edge of disk architecture with a diameter of 0.9 nm, the
heads of CPR*"s surround the cluster at an equal distance from
each other. Although the guest molecule itself can form a gel in
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Fig. 1 (a) XRD pattern of the ISF xerogel, (b) corresponding simulated
structure showing side spacing in ab plane, and (c) analysis of the frame-
work structure in reference to the sizes of the AlMog®>~ and CPR?*
components.

water, the gel transforms into a sol when host CD is added,
because of the increased hydrophilicity and the weakened inter-
molecular interactions between CPR>"s. Upon adding AlMog~ to
this solution, a hydrogel emerges again. Such a gelation is
apparently driven by the co-assembly of the cluster via electro-
static interactions and subsequent crosslinking of assemblies
(Fig. S1, ESIY). The critical gelation concentration (CGC) was
measured to be less than 4.5 wt% by adjusting the total solute
concentration, while keeping composition ratio of each compo-
nent of the hydrogel (Fig. S2, ESIT).

The X-ray diffraction (XRD) measurements taken reveal
the assembly structure of the hydrogel at a concentration of
9.4 wt%. A two-dimensional (2D) framework structure with a
distinct hexagonal packing form can be concluded from these
data. A series of diffraction peaks observed at 3.2, 5.5, 6.4, 11.7,
12.8, 14.7, 18.1, and 19.6° can be attributed to the (200), (220),
(400), (620), (800), (820), (1020), and (1200) planes (Fig. 1a). The
hexagonal lattice parameter a gives a pore diameter of 6.4 nm and
a length of 3.7 nm for each side of the hexagonal packing assembly
(Fig. 1b). Based on the calculated lengths of the rigid group and
flexible feature of the EO chain at a fully contracted state with the
guest cations, the XRD data match well with the sizes of AlMog>~
and CPR>" in the ISF structure (Fig. 1c). Because of the lack of any
crystalline plane at the c-axis according to the diffraction pattern, a
single layer of the 2D framework can be interpreted.*! Meanwhile,
the order of the ISF assembly structure gradually increases upon
the change from sol to gel with the increase of the concentration
(Fig. S3, ESIt). The freeze-dried hydrogel’'s SEM images display a
large-scale, cross-plied laminate structure that confines water
within its pores (Fig. S4, ESIT). Further observation using transmis-
sion electron microscopy (TEM) reveals the existence of distinct
sheet-like structures with dimensions of about 2 pm. The magni-
fied image points out the even dispersion of the clusters within the
hydrogel assemblies (Fig. S5, ESIt). Thus, it can be deduced that
the flexible 2D single layer ISF as a nanosized assembly accom-
modates water molecules to form the observed hydrogel.

This journal is © The Royal Society of Chemistry 2025
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Rheological analysis of the hydrogel indicates its mechanical
properties. Due to the weak connections of the supramolecular
framework assemblies with each other, the modulus of the
hydrogel is not high (storage moduli, G’ < 10 G”, loss moduli)
(Fig. 2a).>* Based on the strain at the crossover of G’ and G”, the
ISF hydrogel is concluded to be quite rigid (Fig. 2b). Compared
with the mechanical properties of guest cations and CPR-2Br
aqueous solution, the strength of hydrogel after adding AlMog®~
is significantly improved (Fig. S6, ESIT). Interestingly, the hydro-
gel exhibits excellent thermal stability, better than those of
general supramolecular gels comprised of small molecules.
Characterization of the gel-to-sol transition using the inversion
method indicates the lack of any such transition when the
hydrogel is heated to 130 °C, except for the cracking of the gel.
Meanwhile, testing the effect of temperature on the stability
of the gel shows the hydrogel framework maintaining its gel
features at 120 °C. (Fig. 2c and Fig. S7, ESIf). The greatly
increased gel stability can be ascribed to the crosslinking of
POM clusters in the porous network structure, which is almost
unaffected by changes in the temperature in the tested tempera-
ture range. The lack of any considerable effect of temperature
may be due to the use of ionic interactions rather than the
hydrophobic force and simple packing of small molecular units.
Additionally, the multiple hydrogen bonds between cyclodex-
trins of adjacent framework layers help maintain the initial gel
assembly during heating. The XRD analysis of the hydrogel dried
under different temperature conditions demonstrates that the
diffraction peaks attributed to the ordered framework structure
remain almost unchanged upon heating to 80 °C and, upon
heating to 120 °C, show only a slight decrease in intensity, along
with a slight shift in the diffraction angle, indicating minor
shrinkage of the framework’s side lengths (Fig. S8, ESIY).
Correspondingly, the observations of the morphology of the
hydrogel under these temperature conditions indicate that the
crosslinked nanosheet assemblies are maintained after drying
the hydrogel at 80 °C and 100 °C (Fig. S9 and S10, ESIT). The ISF
nanosheet assemblies start to merge and finally transform
into the highly combined assemblies at 120 °C (Fig. S11, ESIY).
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Fig. 2 (a) Plots showing the rheology of the prepared ISF hydrogel as a

function of angular frequency, (b) strain analysis of the hydrogel, and
(c) photographs showing the hydrogel stability from 50 °C to 130 °C.
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Even at this stage, the gel structure is not broken into the
disconnected sol. Therefore, the lack of any apparent gel-sol
transition can be deduced to be due a rapid evaporation of water
rather than the disassembly triggering a collapse of the gel when
the temperature exceeds the boiling point of water.

To demonstrate the influence of the charge numbers, we
prepared a series of POMs having similar diameters but a
spherical shape with different negative charges for the construc-
tion of hydrogels with CPR*". Under the condition of equivalent
charge ratio, the gel transition temperature gradually decreases
with increasing charge number (Table S2, ESIT). For the PW;;VO,,
cluster (PWV*"), typically the hydrogel completely collapses when
heated to 78 °C and recovers its hydrogel form about 2 h after
being cooled back down to room temperature, indicative of good
reversibility (Fig. S12, ESIT). Under the condition of POM and
CPR* 1:1 charge ratio, with the same CPR** proportion, the
more negative charges of POM would reduce the number of the
cluster and, therefore, the binding positions, directly resulting in
a decrease of hydrogel thermal stability. In other words, the
reduced cluster content decreases the concentration of gelator,
which also causes the gel transition temperature to decrease with
increasing charge number of POM in reference to AlMog®. As the
final number of CPR*" species surrounding POMs can be modu-
lated by controlling the molar ratio between them, we can
increase the content of POMs to increase the quantity of ionic
crosslinking nodes and hence enhance the thermostability.
For example, upon adding [COW1,040]°®” (Cow®") while keeping
its molar ratio of 2 : 3 with CPR*", the gel-sol transition tempera-
ture increases from 76 °C to 96 °C. The lower transition tempera-
ture than that of AlMos>~ can be explained as the excess
charges of COW®™ in the framework assembly yielding a negatively
charged surface, which causes both enhanced hydrophilicity and
electrostatic repulsion. The experimental results indicate that a
larger excess of charges of POMs leads to the lower gel-sol
transition temperature (Table S3 ESIt). Besides charge numbers,
the size of the used clusters affects the tolerance of the framework
hydrogels to heating. d Simple polyanions of phosphate PO,*~
form an assembly with CPR*>" via charge compensation. However,
the gel-sol transition temperature of this assembly is only about
62 °C, much lower than those of the hydrogels constructed using
POMs (Fig. S13, ESIt). This difference is due to the electrostatic
interactions formed by the simple anion being weaker than those
formed by POMs. The stereospecific blockade of CD at the head
position during the formation of the framework assembly may
also cause the ionic interactions to easily break at increased
temperature.

The hydrogel structure integrates the hierarchical channels
including micropores among ISF assemblies and nanopores in
inner frameworks. While the micropore allows for effective
water transport, the hydrogel assembly displays a larger area
exposed to the external environment for interaction with water.
This property helps to reduce the evaporation enthalpy of the
water and promotes the formation of water vapor by weakening
the hydrogen bonding between water molecules.>®> A DSC
measurement of the water evaporation enthalpy shows pure
water having an evaporation enthalpy of 2158 J ¢ ' and a

Soft Matter, 2025, 21, 3941-3945 | 3943
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Fig. 3 (a) Plots of heat flow versus temperature for pure water and ISF
hydrogels (7.7 wt% and 9.4 wt%), and (b) evaporation enthalpies of pure
water and ISF hydrogels (7.7 wt% and 9.4 wt%).

critical temperature of 116.0 °C (Fig. 3a) with robust electric
conductivity.** Upon adding either of a couple of different mass
fractions of hydrogel, a noticeable reduction of the evaporation
enthalpy occurs due to the increased surface area of the frame-
work assembly. Correspondingly, upon increasing the hydrogel
mass fraction, the evaporation enthalpy decreases from 1833 J g~ *
to 1583 J ¢, and the critical temperature from 108.8 °C to 97.6 °C
(Fig. 3b), due to rapid evaporation. The total evaporation enthalpy
decreases by 26.6% and the critical temperature decreases by
15.8%, indicating that the presence of the ISF hydrogel structure
greatly reduces the energy for evaporation of water, thereby
facilitating the formation of water vapor.*®> The evaporation
experiment shows that at 80 °C, the presence of the hydrogel
increases the mass of evaporated water by ~10% relative to the
control (Fig. S14, ESIY).

Conclusions

2D ISF assemblies with uniform pore structures have been
constructed into hydrogel soft materials stabilized by electro-
static interactions made between cationic pseudo rotaxane and
inorganic clusters, without the support of any additive compo-
nents. This hydrogel, bearing a flexible crosslinked network
structure, exhibits high thermal stability, even at temperatures
much higher than the boiling point of water. This property
allows the hydrogel to withstand a wide temperature range,
including high-temperature water evaporation. The preliminary
characterization done shows that the hierarchical porous chan-
nels are favourable for water transport, thereby reducing the
water evaporation enthalpy. These results provide a strong
potential for further functionalization of ion-organic frame-
works in high-performance supramolecular hydrogels.
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