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Abstract Recently, numerous mechanically robust synthetic hydrogels have been created. However, unlike natural loading-bearing materials
such as cartilages and muscles, most hydrogels have inherently contradictory requirements, obstructing the design of hydrogels with
characteristics of robustness and rapid self-recoverability. Herein, we present a facile strategy for constructing mechanically robust and rapidly
self-recoverable hydrogels. The linear poly(acrylamide-co-itaconic acid) chains crosslink via coordination bonds and minimal chemical
crosslinkers to form the hydrogel network. Such design endows the coordination interactions to be asymmetrically distributed. Under
deformation, the coordination interactions exhibit a reversible dissociation-and-reorganization property, demonstrating a new mechanism for
energy dissipation and stress redistribution. Thus, the hydrogels possess tensile strength up to 12.5 MPa and toughness up to 28.2 MJ/m3.
Moreover, the inherent dynamic nature of the coordination bonds imparts these hydrogels with stretch rate- and temperature-dependent
mechanical behavior as well as excellent self-recovery performance. The method employed in this study is universal and is applicable to other
polymers with load-bearing yet rapid recovery conditions. This study will facilitate diverse applications of most metallosupramolecular hydrogels.
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INTRODUCTION

Hydrogels, polymer networks containing water as a solvent,
have great potentials in various application, such as tissue
engineering,l'"? bioengineering,>¥ wearable sensors®® and
enhanced oil recovery.”! However, owing to permanent
crosslinking and inhomogeneous network, the mechanical
properties of the conventional hydrogels are relatively weak.”'"!
Natural load-bearing materials, such as cartilages and muscles,
exhibit  combinations  of  contradicting  mechanical
properties.'"'2 However, novel hydrogels with excellent
mechanical performances can be devoted to resemble the
comprehensive properties of the natural load-bearing tissues.
This can be realized through different network topologies and
energy dissipation mechanisms, such as in double-network,'3'4
slip-ring,t"™! macromolecular-crosslinked,!'%®! microgel-
reinforced,!'”'® and supramolecular hydrogels.['%-2¢!

Among these robust hydrogels, those based on supra-
molecular interactions with metal-coordination bonds have
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attracted wide attraction owing to their high elastic modulus,
good processability and recyclability, rapid stimulus respon-
siveness, and simple yet effective strengthening strategy. For
instance, Suo et al.'2% designed the highly tough and stretch-
able hybrid hydrogels crosslinked via the coordination inter-
actions between CaZ* and carboxyl groups of alginate,
demonstrating 2300% ultimate strain and 74% recovery of
hysteresis after one-day storage at 80 °C. Zhou et al.2"! de-
veloped a class of robust poly(acrylamide-co-acrylic acid) hy-
drogels comprising first chemical crosslinking with N,N'-
methylenebisacrylamide (MBA) and second physical cross-
linking through coordination bonds between Fe3* and
carboxyl groups. These hydrogels exhibit a tensile strength of
6 MPa, strain at break of 700%, and hysteresis recovery of
87.6% after a 4 h resting period. Moreover, Wang et al.27} ap-
plied the ion immersing method for forming imidazole-Cu?*
complexes in the chemically crosslinked poly(acrylamide-co-
vinylimidazole) hydrogel, enhancing its ultimate stress and
strain to 7.7 MPa and 560%, respectively. Recently, Wu et al.[2¢!
reported a facile approach for strengthening poly(acrylamide-
co-2-acrylamido-2-methyl-1-propanesulfonic acid) hydrogels
by forming sulfonate-Zr*+ coordination complexes. These hy-
drogels showed remarkable mechanical performances with
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stress up to 5.7 MPa and strain at break up to 1250%. After 20
min, the residual strain decreased to zero, and the recovery of
hysteresis reached 85%. Despite such efforts, developing
mechanically robust hydrogels is challenging to mimic the
comprehensive mechanical properties of load-bearing tis-
sues and achieve 100% recovery within seconds.

Herein, we present a robust hydrogel (tensile strength up
to 12.5 MPa and Young’s modulus up to 14 MPa) that can ra-
pidly self-recover (achieve 99% of maximum toughness reco-
very for 300 s) at room temperature without any stimuli. The
hydrogel is designed by combining two key strategies: (1) by
introducing a special functional monomer containing two
asymmetric carboxyl groups, itaconic acid (ITA), for copoly-
merizing with acrylamide; (2) by creating the Fe3+-carboxyl
coordination bonds to form strong physical crosslinks and
dissipate energy effectively. We believe such a simplified fab-
rication method illustrated in this study will provide a new
platform to develop robust hydrogels with rapid self-recover-
ability.

EXPERIMENTAL

Materials

Itaconic anhydride (ITAH, 98%), N,N-methylene-bis-acrylamide
(MBA, 99%), potassium persulfate (KPS, 99.5%) and
tetramethylethylenediamine (TMEDA, 99%) were obtained from
Adamas, China. Acrylamide (AM, 99%), ferric (lll) chloride
hexahydrate (FeCl;:6H,0, 99%) and poly(ethylene glycol) (PEG,
M,=20000) were received from Chengdu Huaxia Chemical
Reagent Co., Ltd., China. Hydroxy silicone oil was imported from
Wacker Chemical Co. Ltd, Germany. Deionized water was
obtained from homemade in the laboratory.

Preparation of Hydrogels

The typical poly(AM-co-ITA) hydrogels are fabricated by in situ
free radical polymerization. Prescribed amounts of AM, ITAH,
MBA and TMEDA are dissolved in deionized water. Ascribed to
the hydrolysis of the anhydride, itaconic anhydride become
itaconic acid when completely dissolved in water. After
outgassing by a vacuum pump for 10 min, 180 mg/10g of KPS
aqueous solution as initiator is added into the reaction solution.
Next, the solution is transferred to a reaction box consisting of
the organic glass mold and stored at 34 °C for 48 h. After
thorough reaction, the samples are soaked in 0.1 mol/L FeCls
solution at room temperature for 10 h, thus forming pristine
physical cross-linking networks. The above-obtained hydrogels
are then immersed in overmuch deionized water for 24 h to
remove excess Fe3* ions and optimize coordinates. At last, the
hydrogels are placed in PEG aqueous solution (40 wt%) at room
temperature and dehydrated slowly to about 45 wt% water
content. The whole dehydrated process is spontaneous ascribed
to the osmolarity, ensuring that the entire procedure is in a
dynamic equilibrium.

Characterizations

Fourier transform infrared spectroscopy in the mode of
attenuated total reflection (ATR-FTIR, Nicolet 6700, Thermo
Scientific, USA), Raman spectroscopy (HR Evolution, Horiba,
Japan) and UV-Vis diffuse-reflectance spectrum (UV 3600,
Shimadzu, Japan) are recorded to verify the formation of
coordination interactions.

Rheological behaviors of the hydrogels are analyzed by a
rotational rheometer (ARES G2, TA Instrument, USA) with a
suit of 25 mm diameter parallel-plates. To keep hydrogels hy-
drated, the samples are smeared with a wafery layer of low-
viscosity silicone oil during the testing. The frequency sweeps
with variable temperature ranging from 10 °C to 60 °C are
performed at an immobile strain of 0.1%. The spectra of stor-
age modulus (G, loss modulus (G") are recorded, of which
loss factor (tané) is the ratio of G" to G'. Master curves are ac-
quired by time-temperature superposition displacement at a
reference temperature of 10 °C. The apparent activation ener-
gies are calculated from the slope of the master curves ac-
cording to Arrhenius' plot. Strain sweep is performed to the
hydrogel samples from 0.01% to 100% at a frequency of 1 Hz
at room temperature.

All the mechanical performances of the hydrogels are
measured via a commercial tensile tester (5567, Instron, USA).
The as-prepared dumbbell shape hydrogel samples for the
uniaxial tensile test are tested at 100 mm/min at room tem-
perature. Young's modulus is obtained from the initial slope
of the stress-strain curve and the toughness is determined by
the integral area of the stress-strain curve when the sample
fracture.

The uniaxial tensile tests are also conducted at different
stretch rates and temperatures to study the dynamic proper-
ties of these metallosupramolecular hydrogels. Immediately
after the samples reach the thermal equilibrium by immer-
sion in a water bath for 1T min at setting temperature, the hy-
drogels are tested for tensile strength. For the self-recovery
measurement, the hydrogel is stretched to a vested length
and then return to the original position at the same speed.
Before the next loading procedure, the samples are kept in si-
licone oil to prevent water loss, resting for a certain period at
room temperature. The recovery ratio is calculated by the ra-
tio of the hysteresis area after each resting time to the origin-
al hysteresis loop. The residual strain ratio was defined as the
ratio of the residual strain after each resting time to the ori-
ginal residual strain.

RESULTS AND DISCUSSION

The robust metallosupramolecular hydrogels are fabricated via
a three-step method, as illustrated in Fig. 1(a). The original
poly(AM-co-ITA) hydrogels are synthesized by polymerizing the
reaction solution containing AM, ITAH, and chemical
crosslinkers  (Table S1 in the electronic supplementary
information, ESI). Thereafter, the hydrogels are incubated in 0.1
mol/L FeCl; solution for forming a physical crosslinking network
and then immersed in excessive deionized water for removing
the residuals and reaching the equilibrium state. Finally, the
specimens are dehydrated to ~45% water content, eventually
yielding the robust metallosupramolecular hydrogels (PAI--Fe3*
gels, where f represents the mole percent of ITAH to total
monomer). The resultant robust gels possess excellent load-
bearing capacity, whereas the original uncoordinated hydrogels
are friable and readily breakable upon small deformation (Fig.
1b). The diverse mechanical properties of hydrogels before and
after the strengthening process (i.e., coordination process) are
investigated via uniaxial tensile tests (Fig. 1c and Fig. S1 in ESI).
The original PAI-8 hydrogel consistent with the PAI-8-Fe3* water
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Fig. 1
original PAI-8 hydrogel and robust PAI-8-Fe3* hydrogel; (c)
PAI-8 hydrogel (with the same water content as PAI-8-Fe3*).

content is very weak, with ultimate stress of 0.20 MPa, Young’s
modulus of 0.15 MPa and toughness of 0.90 MJ/m3. These
values remarkably increase to 12.5 MPa, 14.0 MPa and 25.5
MJ/m?3, respectively, after being strengthened (corresponding to
PAI-8-Fe3* gel). The original hydrogels can also be toughened
by other metallic ions with robust binding strength, such as
Cu?*, Cr** and Zr** ions (Fig. S2 in ESI). However, the Fe3*-
carboxyl coordination complexes have the highest binding
strength and stability for poly(AM-co-ITA) hydrogels.

The remarkable mechanical properties of the metallosupra-
molecular hydrogels are associated with the formation of the
carboxyl-Fe3* coordination complexes, which is demon-
strated by FTIR spectra (Fig. 2a). The bands at 1610 and 1660
cm~! on the FTIR spectra are assigned to the asymmetric
stretching vibrations of carboxyl groups. The distinctions of
these characteristic bands between PAI-8 and PAI-8-Fe3+ gels
indicates the formation of coordination complexes.[2326] Fur-
thermore, the Raman spectra clearly show the shift of the
characteristic peaks of carboxyl groups from 1450 cm~' to
1454 cm~1 and 1648 cm~' to 1660 cm~! (Fig. 2b), suggesting
the formation of coordination bonds. Moreover, the forma-
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(a) Schematic illustration for the fabrication of PAI-Fe3* hydrogels; (b) Photos to demonstrate the weak of

Tensile stress-strain curves of the PAI-8-Fe3* hydrogel and

tion of supramolecular network of the hydrogels can also be
confirmed via UV-Vis spectra (Fig. 2c). When compared to the
PAI-8 gel and Fe3* solution, the coordinated PAI-8-Fe3+ gel
shows a shoulder peak between 450 and 700 nm.

The mechanical properties of these robust metallosupra-
molecular hydrogels can be regulated over a wide range via
controlling the molar content of ITAH (Table S2 in ESI). The
total concentration of monomers and chemical crosslinkers is
fixed at 4.5 mol/L and 0.07 mol%o (relative to monomers), re-
spectively. As shown in Figs. 3(a) and 3(b), as the
ITAH/(ITAH+AM) monomer molar ratio (f) increases from 2%
to 10.0%, the ultimate strain (g,) decreases from 842% to
249%, and the ultimate stress (o) as well as the modulus (E)
initially increase and decrease, reaching a maximum value of
12.5 and 14.0 MPa at f of 8.0%, respectively. The toughness (T)
measured by the area of the hysteresis loop fluctuates
between 9.0 and 28.2 MJ/m3, which increases and then de-
creases with increasing f, exhibiting a maximum value of 28.2
MJ/m3 at f=4.0%. Notably, when f exceeds 8%, the mechani-
cal properties of the hydrogel decrease. The excess interfacial
carboxyl groups and Fe3+* ions form dense complexes on the
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the PAI-~-Fe3* hydrogels with different molar ratios of ITAH/ (ITAH + AM), f.

hydrogel surface, preventing the penetration of Fe3* ions in-
to the hydrogel interior to participate in coordination. Overall,
the robust metallosupramolecular hydrogels can be readily
prepared with custom mechanical performances over a wide
spectral range by adjusting the feeding f, which may facili-
tate utility applications.

Owing to the dynamic properties of the coordination net-
work, the mechanical performances of the metallosupra-
molecular hydrogels depend on the stretch rate (v) and
tensile temperature (). When v increases from 1 mm/min to

500 mm/min, E and o, increase from 7.9 MPa and 9.5 MPa to
17.8 MPa and 14.2 MPa, respectively, and &, decreases from
357% to 262% (Figs. 4a and 4b). The rate-dependent mecha-
nical behavior is concerned with the dynamic time scale of
coordination bonds, relative to the stretch rate. At a higher
stretch rate, the coordination network can barely dissociate,
causing a permanent physical crosslinking and deformation
resistance, increasing E as well as o, and decreasing ¢,

Tensile temperature considerably affects the mechanical
performance of hydrogels. Imnmediately after the hydrogel
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(a, b) and different temperatures (c, d).

samples reach the thermal equilibrium instead of the swell-
ing equilibrium by immersion in a water bath for 1 min at set-
ting temperature, the hydrogels are performed for tensile
strength. When I increases from 10 °C to 70 °C, E and o, de-
crease from 13.75 MPa and 21.76 MPa to 9.52 MPa and 5.85
MPa, respectively, and g, slightly increases from 274% to
327% (Figs. 4c and 4d). The temperature-dependent mechan-
ical behavior can be attributed to the decrease in binding
strength and stability of the coordination bonds at high tem-
peratures. The temperature-dependent behavior of these
metallosupramolecular hydrogels is investigated further by
frequency sweeps at gradient temperatures. Figs. 5(a)-5(h)
show that the master curves of the storage modulus (G'), loss
modulus (G") and loss factor (tand) are constructed by the
time-temperature superposition (TTS) of the frequency-de-
pendent rheological curves. For all the hydrogels, G' de-
creases while G"increases with a decrease in frequency,
demonstrating the gradual decomposition of coordination
bonds with time. The shift factors (Ina;) obtained by the TTS
assist in realizing high apparent activation energy (E,) for
each hydrogel, corresponding to the strong physical associ-
ation. The values of E, increase from 72.50 kJ/mol to 98.46
kJ/mol, with an increase in f from 2.0% to 8.0%, indicating
that the increased ITA could increase the coordination dens-
ity of hydrogel network and enhance their association
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strength (Fig. 5i).

As previously mentioned, the hydrogels exhibit excellent
dynamic nature and viscoelasticity, we expect they demon-
strate good self-recoverability. A rheological strain sweep test
is performed for determining the linear viscoelastic region
(Fig. 6a). The G'and G" of PAI-8-Fe 3+ hydrogel remain fixed
over a strain range from 0.005% to 0.2%. With increasing
strain, the moduli exhibit an obvious reduction and G' inter-
sects with G", demonstrating the dissociation of dynamic co-
ordination complexes. Furthermore, the successive step-shear
measurements under different strains are performed. As
shown in Fig. 6(b), the G'and G" of the hydrogel recover ra-
pidly after decreasing the oscillation strain from 100% to
0.1%, suggesting the dynamic “dissociation-recombination”
nature of coordination bonds under deformation. We per-
formed the cyclic loading-unloading measurements on the
hydrogels with different resting times to investigate their
ability to recover upon loading macroscopically (Fig. 6¢). After
100% stretching, the recovery ratio of hysteresis area and
modulus with only one minute of resting reaches 94.5% and
87.7%, respectively. With increasing resting time to 5 minutes,
the loading-unloading hysteresis loop practically overlaps
with the original pathway, representing excellent self-recov-
erability (Fig. 6d). Large hysteresis is observed after reloading,
demonstrating effective energy dissipation and that the hy-
drogel is not instantaneously resilient.['® The rapid self-reco-
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very mechanism of these robust hydrogels can be summa-
rized as follows: the permanent covalent crosslinked network;
the unique topological network introduced by the asymme-
tric carboxyl groups. To demonstrate this, we prepare the
physical hydrogels without MBA, which still exhibit a good re-
coverability-to-recovery ratio of hysteresis area up to 88% at 5
min rest (Fig. S3 in ESI). Overall, these hydrogels simultan-
eously possess outstanding self-recoverability, superior to
most existing supramolecular hydrogels (Fig.
6e).[2021,23,25,262930] Fyrthermore, no considerable tissue dam-
age and length change before and after one loading-unload-
ing test (Fig. 6f) confirm the unexceptionable recovery per-
formance of hydrogels.

CONCLUSIONS

In summary, we have presented a facile strategy for fabricating
ultra-robust hydrogels with unprecedented self-recoverability.
The hydrogels are prepared by copolymerizing acrylamide and
ITA in the presence of MBA, followed by physical crosslinking via
coordination interactions. The strong yet asymmetrically
distributed carboxyl-Fe3* complexes considerably increase the
hydrogel’s crosslinking density. The reversible dissociation-
and-reorganization behavior effectively dissipate mechanical
energy and redistribute stress concentration of hydrogels,
affording their improved mechanical performance and
excellent self-recoverability. Considering the developed
asymmetrically distributed carboxyl groups in various
polymer systems, the traditional metallosupramolecular
hydrogels show rapid damage recovery.
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