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The present study highlights a straightforward and versatile strategy
for the synthesis of strong poly(2-isopropenyl-2-oxazoline) hydro-
gels with tunable properties by using a bifunctional macrocyclic
pillar[Slarene host having two carboxylic acid groups as cross-
linker. This new strategy provides access to materials with tailored
properties from soft and flexible to rigid and strong. The mechanical
properties and water uptake of the hydrogels could be effortlessly
controlled during the synthesis step through variation of the cross-
linker content and after cross-linking by guest—host interactions.
The hydrogels displayed strongly enhanced mechanical properties
(i.e., compression and tensile modulus, energy dissipation, stress at
break and storage modulus) compared to their counterparts cross-
linked with linear dicarboxylic acids. The remarkable properties
of the pillar[5]arene cross-linked hydrogels were assigned to the
transfer of the external stress to the rigid and bulky pillar[5]arene
residues that contribute to the overall dimensional stability of the
hydrogels and allow energy dissipation. Moreover, we demonstrate
the applicability of these materials for water purification. The hydro-
gels showed high adsorption performance for phenols and dyes
such as methylene blue and methyl red and they could be easily
regenerated, by washing with an organic solvent for reuse.

Introduction

Hydrogels represent one of the most investigated classes of
materials due to their broad applications in various areas and
can be obtained from synthetic and/or naturally occurring
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New concepts

In this article, we introduce the concept of cross-linking polymer
hydrogels using rigid macrocycles, which gives access to hydrogels with
remarkable mechanical properties. Our simple, innovative and robust
strategy tackles, on the one hand, the mechanical weakness of the
majority of the hydrogels, which drastically restricts their applications
and, on the other hand, the generally challenging and laborious synthesis
of hydrogels with improved mechanical properties, such as sliding-ring
gels, nanocomposites, and double network hydrogels. Hydrogels with
superior and tunable mechanical properties as well as water uptake were
developed by covalent cross-linking of a well-defined polymer matrix
(e.g. poly(2-isopropenyl-2-oxazoline)) with a bulky bifunctional dicarboxylic
macrocyclic pillar[5Jarene host. The strongly enhanced mechanical proper-
ties are proposed to result from the transfer of external stress to the rigid and
bulky pillar[5]arene units that contribute to the overall dimensional stability
of the hydrogels and allow energy dissipation. The utility of these hydrogels
for water purification, which is a challenging problem in our society, has
also been demonstrated. The significance of this approach has been proven
by in-depth mechanical characterization (e.g:, rheology, compression and
tensile measurements) and it can open new avenues not only in the
synthesis of hydrogels but also in their applications.

polymers through chemical or physical cross-linking processes.'™
Each cross-linking strategy has specific advantages as well as
drawbacks.>®™* However, in most of the cases regardless of the
synthesis method, the hydrogels have relatively poor tunability
and low mechanical properties. Consequently, considerable
efforts have been devoted to the development of more complex
polymer networks with a hierarchical structure such as
sliding-ring gels,">'* nanocomposites,'*"'> and double network
hydrogels.'®'® While elegant examples of hydrogel materials
with improved mechanical properties based on these strategies
have been reported, their synthesis is challenging and laborious
and presents some limitations.’®' For example, sliding-ring
hydrogels, require the preparation of pre-polymer chains threaded
through the rings of the cyclodextrin molecules and then
subsequent cross-linking, while the current methods to produce
double networks (DN) hydrogels also require slow sequential pre-
paration steps. The processes are tedious and time-consuming,

This journal is © The Royal Society of Chemistry 2020
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and the reproducibility could represent an important issue,
especially for DN hydrogels. Therefore, in view of practical
applications, finding a simple and robust synthetic protocol
which would give access to hydrogels with tunable swelling and
improved mechanical properties is of utmost importance.
A plethora of examples can be found in the literature regarding
the use of macrocycles for the synthesis of supramolecular hydro-
gels (i.e., physical cross-linking), via host-guest complexation.'***>*
Moreover, dual cross-linked hydrogels formed by covalent and
noncovalent bonds exhibiting enhanced mechanical perfor-
mance were reported.®>*">” Nevertheless, the macrocycles were
incorporated as pendent groups and used to alter the cross-
linking density of the hydrogel materials by host-guest complexa-
tion, thus serving as non-covalent supramolecular cross-linker.
A method that was overlooked and could represent a viable and
superior alternative for improvement of mechanical properties
is the use of macrocycles possessing functional groups as
covalent cross-linkers for the formation of covalent hydrogels
with reactive, functional polymers.

Recently two studies have shown the advantage of such an
approach for host-guest interaction. Sessler et al.®® reported
poly(vinyl alcohol) hydrogels cross-linked with a tetracationic
macrocycle which could effectively be used for purification of
aqueous solutions containing organic or inorganic salts. Zhao
et al.*® investigated the drug delivery applications of hydrogels
by copolymerization of N-isopropyl acrylamide and acrylic acid
in the presence of B-cyclodextrin dimethacrylate cross-linker.
However, none of these studies investigated the influence of the
host on the mechanical properties of such hydrogels.

It is anticipated that through incorporation of macrocyclic
hosts as cross-linkers hydrogels with tailored mechanical pro-
perties and water-uptake could be readily prepared by simply
varying the cross-linker content, while it is expected that the
host will play an active and essential role in the dissipation of the
stress at the junction points. Moreover, by judiciously choosing
the polymeric precursor and the host, further tuning of their
properties could be achieved even at a high cross-linker ratio.
While in the previous studies relatively flexible cyclodextrin hosts
were used, we hypothesize that rigid macrocycles such as pillar|n]-
arenes are more suitable as cross-linkers due to their symmetric
pillar-shaped architectures, rigid and n-rich cavities.*>*" Further-
more, pillar[n]arenes have a high affinity for a variety of guest and
were used in the construction of a wide range of supramolecular
systems including sensors,**** hybrid materials,>> membranes,*®
molecular valves,”” and so on. They are relatively easy to
synthesize, and the selective introduction of functional groups
in targeted position is less complicated as compared to the
most other macrocyclic hosts.>*™*!

Poly(2-isopropenyl-2-oxazoline) (PiPOx) has recently emerged
as a versatile and functional platform for the preparation
of thermoresponsive copolymers with tunable lower critical
solution temperature (LCST) behavior, hydrogels, molecular
brushes and materials for photonics.**™*® Furthermore, PiPOx
can be prepared with well-defined characteristics, is highly
hydrophilic, biocompatible*® and it can be easily modified by
post-polymerization reactions with carboxylic acids. Even though
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PiPOx hydrogels cross-linked with aliphatic dicarboxylic acid
showed tunable water uptake, their mechanical properties were
rather weak.*®

Herein we report a simple method that overcomes challenges
for the design and synthesis of conventional hydrogels with high
mechanical strength. Strong and robust PiPOx hydrogels with
controllable properties are synthesized through ring-opening
addition of the 2-oxazoline pendent groups with a specially
designed dicarboxylic pillar[5]arene (PA5) macrocycle. Due to
the unique network structure, of the resulting pillar[5]arene
cross-linked hydrogels the external stress is hypothesized to be
transferred to the PAS5 residues, endowing the hydrogels with
superior mechanical toughness. Moreover, their properties
could be further tuned by guest-host interaction, even at a
high cross-linking degree. A potential application for water
purification and solvent-mediated regeneration has been iden-
tified for these hydrogels and proof of concept data is provided.
These findings could open new avenues in the synthesis and
applications of hydrogels.

Discussion

The water soluble PiPOx with a number average molar mass of
36900 g mol " and a dispersity of 1.15 was prepared using our
previously reported method.** The dicarboxylic acid functionalized
PA5 was synthesized by cyclooligomerization of 1,4-dimethoxy-
benzene, diethyl 2,2’-(1,4-phenylenebis(oxy))diacetate and
paraformaldehyde using boron trifluoride diethyl etherate as
Lewis acid, followed by hydrolysis of the ester. The structure of
the obtained PA5 was confirmed by FI-NMR, HRMS, while the
ester intermediate was unambiguously assigned based on single
crystal X-ray diffraction (for further synthetic and characterization
details, see ESIt). The PiPOx-PA5 hydrogel synthesis was per-
formed by adapting a previously developed method from our
group, namely heating a solution of PiPOx with PA5 (Fig. 1a).*?
Note that in the current study the temperature was lowered
to 100 °C to avoid any degradation of PA5, the solvent was
N,N'-dimethylformamide (DMF) and the reaction time was 13 h.
The stability of the PA5 was tested by H-NMR spectroscopy in DMF-
d7. The H-NMR spectrum after heating for 13 h at 100 °C was
identical with the initial one (Fig. S9, ESIt) thus demonstrating the
thermal stability of the PA5 under the conditions that were used for
preparing the hydrogels. The COOH/iPOx molar ratio was varied
between 0.01 and 0.2 corresponding to 0.5 and 10 mol% PA5 cross-
linker (G0-G6). No shape stable hydrogels could be obtained when
0.5 mol% of PA5 was used. PiPOx hydrogels cross-linked with
azelaic (AAz), and 2,2-(1,4-phenylenebis(oxy))diacetic acid (PhDA),
which is the constitutive unit of the PA5, were also synthesized as
a control system. When the cross-linker content was 1.5 mol%
(i.e., COOH/iPOx ratio was 0.03), no stable hydrogels could be
obtained with these linear acids, regardless of the acid used.
However, increasing the content to 2.5 mol% resulted in shape
stable hydrogels in the case of AAz and PhDA acid.

The structure of the PiPOx-PA5 dry gels was investigated using
FT-IR spectroscopy. The signal corresponding to the carbonyl
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(a) Schematic representation of the reaction path to obtain PiPOx based hydrogels by cross-linking with PA5 dicarboxylic acid (b) swelling degree-

the dry (up) and swollen (bottom) G1-G6 gels in de-ionized water at 25 °C,

respectively; (e) swelling degree-time plots, (f) ESD dependence on the PA5 mol%, and (g) photographs of the dry (up) and swollen (bottom) G1-G6 gels

in 5 mM MV solution at 25 °C, respectively.

stretching vibration of the newly generated ester and to the
phenyl plane bending from the PA5 are present at 1757 cm ™"
and 1500 cm*, respectively, accounting for the ester-amide
cross-linked structure (Fig. S10, ESIt). Gel fraction values of
0.95 or higher (Table S1, ESIf) were determined in all cases,
which is indicative of the highly efficient nature of the cross-
linking reaction under the used conditions.

Further on we analyzed the influence of the amount of cross-
linker (PA5) on the water absorption capacity of the hydrogels.
The swelling degree (SD) in de-ionized water decreased as the

568 | Mater. Horiz., 2020, 7, 566-573

molar percentage of the cross-linker increased from 1.5 mol%
(G1) to 10 mol% (G6) (see Fig. 1b—c), because of the formation
of more densely cross-linked network structures, that absorb
less water as swelling is limited. The equilibrium swelling
degree (ESD) of the hydrogels could be easily tuned between
600% and 50% by simply increasing the amount of PA5 cross-
linker. As expected, the cross-linking density (p.) increased
with the amount of PA5. The hydrogels cross-linked with AAz
and PhDA were found to have a higher p. as compared to G2
(Table S1, ESIt), despite that the gel fraction of PhDA is lower

This journal is © The Royal Society of Chemistry 2020
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than for G2. The time necessary for the hydrogels to reach
equilibrium is an important parameter that predetermines
their future applications and was found to be dependent on
the amount of PA5 (Fig. 1b). G1 reaches equilibrium after 7 h,
while the G2-G6 hydrogels require only 2.5 h. However, com-
pared to our previously reported PiPOx hydrogels cross-linked
with aliphatic dicarboxylic acids that required 24 h** to reach
ESD the time is much shorter for the G1-G6 hydrogels. This
faster swelling may be related to the presence of the bulky
PA5 that may facilitate a more open network structure. Next, we
investigated the host-guest complexation with methyl viologen
diiodide (MV), which is a known guest molecule that can complex
strongly with pillar[5]arenes, and its impact on the SD. Swelling
the gels in 5 mM MV aqueous solution led to a change in both the
color and SD (Fig. 1e-g), due to the formation of the inclusion
complexes between the PA5 and the MV groups. All the complexed
hydrogels displayed the characteristic orange-red color of the PA5-
MV complex and an increase in the SD, except for G1 (Fig. 1e-g).
The increase in swelling upon MV complexation may be ascribed
to the charge repulsion. Apparently, the lower p. of G1 allows
enough space between the complexed MV so that no significant
increase in SD due to charge repulsion is observed.

Rheological investigations were carried out to investigate the
mechanical properties of the hydrogels. The fully swollen
hydrogels have high mechanical strength ranging from 4.6 to
608 kPa. The dynamic frequency sweep curves showed that G’
remained larger than G” and did not significantly change with
the fixed 1% strain (Fig. S11a, ESIt), indicating the excellent
stability of the hydrogel towards frequency oscillation. G’ and
G" increased with increasing PA5 content as expected (Fig. S11a,
ESIT), because of the higher cross-link density. The value of G’ of
the hydrogels increased several orders of magnitude as the cross-
linker content increased from 3 to 10 mol%. The dynamic strain
sweep curves showed that G’ was always larger than G” with the
strain from 0.1% to 25% (Fig. S11b, ESI}), indicating that the
hydrogels were stable and remained undamaged. The hydrogels
showed, however, a significant strain-dependent viscoelastic
response. The linear viscoelastic behavior (LVE), was dependent
on the amount of PA5 used. For G1 the LVE behavior persisted
up to y ~ 60%, while for G2-G6 lower LVE behavior was
registered, varying from 9% to 0.2% shear strain (Fig. S11b,
ESIt). The G2 hydrogel displayed superior mechanical properties
as compared to the AAz or PhDA hydrogels (Fig. S12 and S13,
ESIt), indicating the importance of the 3D structure of PA5 for
the mechanical properties. The registered value of G’ for the G2
hydrogel was 4 times higher than for the other two hydrogels
(Fig. S13, ESIt), even though G2 had a lower cross-linking density
(Table S1, ESIt). Using PhDA resulted in a minor increase of the
G’ as compared to AAz, due to higher rigidity of the PhDA. These
findings are in accordance with our design strategy regarding the
enhancement of mechanical properties when PA5 is used as a
junction point in the hydrogel network. One may assume that
the hydrogels cross-linked with PA5 would have higher excluded
volume effect, than the ones cross-linked with AAz or PhDA.
Consequently, applying a mechanical stress would lead to steric
repulsions and hence improved mechanical properties.

This journal is © The Royal Society of Chemistry 2020
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Swelling the hydrogels in a solution of MV led to an increase in
the mechanical properties (Fig. S14, ESIt), despite that a higher
ESD was previously determined. Both G’ and G” increased after
complexation for all the investigated hydrogels (Fig. S15, ESIt),
which proves that the complexation process contributes to the
mechanical strength of the hydrogels through the generation of
electrostatic repulsive interactions.

Compression tests were carried out to further investigate
the mechanical properties of the PiPOx-PA5 hydrogels. The
compression modulus (E¢) of the gels swollen at equilibrium
in de-ionized water gradually increased from 0.13 kPa for G1 to
102.8 kPa for G6 (Table S2 and Fig. S16a, ESI{). Moreover, the
Ec strongly increased when the PA5 content was higher than
7.5 mol% (Fig. S17, ESIT). This effect can be ascribed to the
formation of less hydrophilic hydrogels at high PA5 content,
where the mesh size is lower than 1 nm (Table S1, ESIY), thus
increasing the overall rigidity of the gel matrix. The stress
resistance followed the same trend as Eg, that is increasing
with the content of PA5 (Fig. S16a, ESIf). Hydrogels with
ultrahigh stress resistance (>3 MPa) were obtained when the
cross-linker content was higher than 5 mol% (Fig. S16a, ESIT).
Consequently, both soft and ductile as well as rigid and brittle
hydrogels could be easily obtained by controlling the PA5 cross-
linker amount. Further enhancement of the hydrogel’s tough-
ness was achieved by swelling them in an aqueous solution
containing 5 mM MV. Compared with the original hydrogels
the modulus increased by almost a factor of two for G1-G4 after
swelling in MV solution; while the G5-G6 hydrogels only
displayed a factor of 0.2 increase (Table S2, ESIt).

Further tensile investigations were performed only for
G1-G3, because these samples could be nicely obtained as
plate-shaped hydrogels, which could be further cut into dumb-
bell shapes (Fig. S18, ESIt). The plate-shaped hydrogels could be
bent and twisted without affecting their mechanical integrity
(Fig. S18, ESIY). The tensile modulus (Ey) and stress at breaking
in tension increased, yet the breaking strain decreased with
increasing the PA5 content from 1.5 mol% to 3.5 mol% (Fig. 2
and Table S2, ESIT). An increase in the Ey and breaking stress,
similar to compression, was observed for all the hydrogels after
swelling in MV solution (Fig. 2b-e).

Compressive and tensile curves (Fig. 2 and 3) clearly demon-
strate the striking enhancement of mechanical strength of
the hydrogels cross-linked with PA5. G2 reached a high com-
pression stress of 0.9 MPa at a strain of 75% and remained
undamaged, while the breaking stress for the PhDA and the AAz
hydrogels was 0.1 MPa (Fig. 3). Moreover, the tensile elastic
modulus (Ey) increased dramatically from 0.18 kPa for PhDA
hydrogel to 1.25 kPa for G2 (Table S2, ESIt). Therefore, we
can undoubtedly assign these improvements of strength and
modulus to the presence of PA5.

Successive loading-unloading tests were also performed to
investigate the energy dissipation process of the PiPOx hydrogels
(Fig. S19, ESIt). During loading-unloading tests, no resting time
was given between the consecutive loading cycle. Therefore, the
extension ratio of each cycle is calculated using the initial
length of gel specimen from the first loading-unloading cycle.

Mater. Horiz., 2020, 7, 566-573 | 569
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Fig. 2 (a) The photograph of the ongoing tensile test experiment. The tensile stress—strain curves: (b) de-ionized water and (c) 5 mM MV
aqueous solution. The breaking stress for the hydrogels swelled in: (d) de-ionized water and (e) 5 mM MV aqueous solution. (f) The photograph
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Fig. 3 PiPOx hydrogels cross-linked using 2.5 mol% of PA5, AAz, and PhDA, respectively: (a) photographs after swelling in de-ionized water; (b) stress—
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Upon cyclic loading of the G2 hydrogel with varied compression
strain without resting interval between cycles, efficient energy
dissipation was manifested as pronounced hysteresis loops due
to the structural rearrangements (Fig. S19, ESIT) attributed to the
breaking of physical associations (i.e., hydrophobic, n-n stack-
ing) of the PA5 units. At 50% strain the dissipated energy was
2506 k] m 2, (48% of the total input work). In sharp contrast, the
AAz and PhDA hydrogels showed much smaller hysteresis
loops, and only 139 k] m > (23% of the total input work) and
173 k] m™® (25% of the total input work), respectively were
dissipated at a strain of 50% (Fig. S19, ESIt). The continuous
loading-unloading cycles (Fig. S20, ESIt) at fixed strain (i.e., 25%)
demonstrate the strain hardening behavior of G2. The hysteresis
loop of the second cycle becomes larger than that of the first one
and the dissipated energy increased from 159.2 k] m ™2 in the
first cycle to 254.3 k] m > on the fifth cycle (Table S3, ESIt). The
difference between loading and unloading paths of the stress—
strain diagrams under cyclic deformation cannot be ascribed to
the time-dependent effects as the duration of a cyclic test does
not exceed 60 s, while no water expelling was noticed at 25%
strain deformation. The pronounced strain hardening of G2 may
arise from the steric repulsions upon compression together with
a distortion of the PA5 units. Moreover, considering the high
strength and rigidity of the junction zones (e.g., PA5) which are
formed by laterally combined PiPOx polymer chains, a small
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Methyl red 82 31.5
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amount of deformation would cause a considerable restoring
force, which increased with the strain.

The hydrogel cross-linked with AAz showed only a minor
variation of the dissipated energy during the five repetitive
cycles (Table S3, ESIt). Furthermore, the dissipated energy of
G2 swollen in MV solution only slightly increased in the second
cycle, while continuously decreasing in the next cycles due
to the electrostatic repulsive interactions between guest mole-
cules, thus accounting for the proposed mechanism. If the
G2 hydrogel is re-swollen for 60 min in de-ionized water, the
loading-unloading cycle (Fig. S20a, ESIt) nearly overlaps with
the first one, suggesting that the hydrogen bonds can be quickly
recovered. Moreover, high recovery efficiency (e.g., 96%) was
found for G2 hydrogel after swelling in DW for 1 h.

To demonstrate the versatility of our hydrogels, we tested them
in a practical application, namely water purification based on the
host-guest complexation ability. The hydrogel containing the
highest amount of PA5 was, therefore, chosen. The performance
of G6 for organic micropollutant removal was evaluated towards a
series of contaminants with adverse effects on human health and
the environment. G6 can effectively remove the pollutants with
large uptake and uptake efficiency, especially for methylene blue
and methyl red (Fig. 4b-d). The role of the PA5 in the adsorption
process was demonstrated by performing reference adsorption
experiments with the PiPOx-AAz and PiPOx-PhDA hydrogels.
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(0.05 mM); (c) the equilibrium uptake percentage and amount of micropollutant adsorbed per gram of G6; (d) the percentage removal efficiency of each

organic micropollutant determined after 24 h contact.
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A striking difference can be seen between the PiPOx-AAz, and
PiPOx-PhDa on the one hand and G6 on the other hand, after
swelling for 24 h in a 0.05 mM solution of methylene blue
(Fig. S21, ESIf). The G6 hydrogel was intensively blue-colored
and completely opaque, while the PiPOx-AAz as well as PiPOx-
PhDA showed a minor blue coloration while keeping their trans-
parency (Fig. S21, ESIt). The uptake of the PiPOx-AAz hydrogel
was very low, regardless of the micropollutant chemical structure
thus proving that the 2-oxazoline groups have minimum interac-
tions with the studied dyes (Table S4, ESIt). The PiPOx-PhDA
hydrogel showed similar micropollutants uptake as PiPOx-AAz
demonstrating that the water purification properties of the G6 are
solely due to the guest complexation ability of PA5.
Furthermore, the high removal efficiency can be visually
observed and monitored for these two dyes (Fig. 5a and b). Phenol
derivatives, which are common contaminants can also be removed
with an efficiency higher than 60% (Fig. 4d). Moderate adsorption
kinetics are registered with the adsorption reaching a maximum in
approximately 7 h (Fig. 4b). The hydrogel regeneration and reuse
was demonstrated through five repetative cycles in the case of
methylene blue by using a washing procedure with N,N’-dimethyl-
formamide without loss in performance (Fig. 5¢ and d). The
process could be easily followed by the naked eye (Fig. 5¢).

Conclusions

In summary, hydrogels with tunable mechanical properties
and swelling behavior were obtained by covalently cross-
linking PiPOx with a specifically constructed dicarboxylic acid
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pillar[5]arene derivative. Superior resistance to external stress
was demonstrated for these homogeneous single network
hydrogels, induced by the higher rigidity of the PA5 cross-
linker as compared to “regular” cross-linkers. Moreover, the
properties of the resulting PA5-containing hydrogels could be
controlled by supramolecular interactions. Their potential
applications as adsorbents for water purification have also
been demonstrated. The simplicity, versatility, and robustness
of the present method lead us to suggest that such a strategy
could have an impact on the synthesis of multi-functional
hydrogels with superior and controllable properties. Most
importantly this general synthetic strategy could be further
applied to other types of polymers such as poly(vinyl alcohol) or
poly(2-hydroxyethyl methacrylate), provided that pillar[n]arene
derivative possesses a proper functional group giving access
to a variety of hydrogels.
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