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Puncture-resistant hydrogels with high
mechanical performance achieved by the
supersaturated salt†

Bo Tang,ab Jian Hu,ab Zijian Zhao,ab Shuo Li,ab Hongying Lv *a and Xiaoniu Yangab

Sufficient mechanical performance is the basic requirement for

load-bearing and damage-resistant materials. However, the simul-

taneous optimization of mechanical properties is usually difficult in

a single hydrogel. Herein, a supersaturated salt was employed to

enhance the mechanical performance and damage resistance of

hydrogels. By immersing the pre-formed hydrogel based on hydro-

phobic associations into supersaturated Na2SO4 solution (3.3 M),

high-density and strong hydrophobic associations were con-

structed simultaneously in the network due to the contraction of

hydrophilic chains and improvement of hydrophobic associations.

Compared to the pristine hydrogel, this salt-treated hydrogel was

transparent and showed a simultaneous enhancement in stiffness

(E of 253 � 7 MPa), strength (r of 12.65 � 0.07 MPa), and toughness

(C of 19.6 � 3.2 MJ m�3). It also displayed remarkable puncture and

tear resistance with a puncture force of 66 N, a puncture energy of

370 mJ, and a tearing energy of 34 kJ m�2. This work provides a

simple method to simultaneously optimize the contradictory

mechanical properties and puncture resistance in a single hydrogel.

1. Introduction

Hydrogels consisting of polymer networks and water have
attracted increasing attention due to their unique structure.1–3

However, the conventional hydrogels often face mechanical
damage (such as tears or punctures from sharp objects) due to
their weak network. High mechanical performance is essential
for hydrogels to resist mechanical damage: on one hand, the
high strength and stiffness can effectively prevent sharp object
from penetrating hydrogels; on the other hand, the high tough-
ness enables hydrogels to absorb more energy to inhibit damage

propagation.4 Nevertheless, the toughness, stiffness, and strength
have different requirements for the crosslinks,1,2,5 where high
toughness needs dynamic sacrificial crosslinks (hydrogen
bonding,6,7 electrostatic interactions,8,9 and hydrophobic
interactions10–13), to dissipate energy by destroying themselves
under load, while high stiffness and strength demand dense
strong crosslinks (chemical bonds) to resist deformation and
withstand load.14,15 A promising strategy for improving them
simultaneously is to build high-density and strong dynamic cross-
links in the homogenous network.16 The highly crosslinked net-
work could restrain the polymer chains among strong dynamic
crosslinks at the initial deformation to enhance the stiffness, and
the destruction of substantial dynamic crosslinks could bear load
and dissipate energy at large deformation to improve strength and
toughness.17,18 However, the common dynamic bonds are often
too weak to resist deformation, and it is necessary to develop
strong dynamic crosslinks in the highly crosslinked network.

Hydrophobic association is one of the most widely explored
dynamic physical interactions because of its adjustable strength,
multi-functionality, and deformation under load.11,19,20 Many
strong and tough hydrogels have been prepared via the free
radical copolymerization of hydrophobic and hydrophilic
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New concepts
In this manuscript, we propose for the first time, a method of super-
saturated salt soaking to improve the puncture resistance and mechanical
performance of hydrogels. Soaking in supersaturated sodium sulfate
solution simultaneously increases the strength and density of hydropho-
bic associations, leading to the high density and appropriate strength of
hydrophobic associations in the network. Therefore, the salt-treated
hydrogels are transparent and show a simultaneous enhancement in
stiffness, strength, and toughness. More importantly, this network
structure endows the hydrogel with excellent puncture resistance. Its
maximum puncture force value is 66 N, and the puncture energy is 370
mJ. This study may provide a simple method of optimizing the
mechanical performance and puncture resistance of hydrophobic
aggregation-based hydrogels for load-bearing and puncture-resistant
materials.
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monomers and the following solvent exchange method.10,21–23

These hydrophobic associations are spontaneously formed
during solvent exchange process via the self-aggregation of hydro-
phobic moieties of copolymers.10,11,19–24 Their distribution,
density, and strength that greatly affect the mechanical perfor-
mance highly depend on the copolymer structure, which is mainly
determined by the structure and mole ratio of comonomers in the
polymerization system.19–23,25 However, the copolymer structure
has an opposite effect on the strength and density of hydrophobic
associations: increasing the hydrophobicity of copolymer often
leads to strong but fewer hydrophobic associations, while decreas-
ing the hydrophobicity induces weak but more hydrophobic
associations. Thus, constructing high-density and suitably strong
hydrophobic association in a network is still a challenge.

In this work, we proposed a method to simultaneously
increase the density and strength of hydrophobic associations
by utilizing the supersaturated salt. A series of hydrogels based
on highly dense and suitably strong hydrophobic associations
were formed by copolymerizing hydrophobic 2-aminoethyl
methacrylate isopropyl carbamate (IMA) and hydrophilic acry-
lamide (AAm) followed by a soaking process in Na2SO4 solution.
The space between hydrophobic aggregates and their strength
in hydrogels in a fixed monomer ratio could be simply adjusted
by the concentration of Na2SO4 solution due to the Hofmeister
effect, which causes the chain contraction between hydropho-
bic aggregates and their self-strengthening simultaneously. The
hydrogel crosslinked by highly dense and strong hydrophobic
associations was stiff, strong, and tough with a modulus of
253 MPa, a fracture strength of 12.65 MPa, a toughness of
19.6 MJ m�3. It also exhibited good tear and puncture resistance
with a maximum tear energy of 34 kJ m�2, a puncture force of
66 N and a maximum puncture energy of 370 mJ. This study may
provide a simple method of optimizing the mechanical perfor-
mance and damage resistance of hydrophobic aggregation-based
hydrogels for load-bearing and puncture-resistant materials.

2. Experimental section
2.1 Materials

2-Isocyanomethacrylate (98%), 2-propanol, dibutyltin dilaurate
(DBTD), N,N0-methylenebisacrylamide (MBAA) (98%), acrylamide
(AAm), 2,20-azobis(2-methylpropanenitrile) (AIBN) (98%), dimethyl
sulfoxide (DMSO), butyl acrylate (BA), 2-ethylhexyl acrylate (2EA),
and anhydrous sodium sulfate (Na2SO4) were purchased from
Energy Chemical Company and used as received. Dichloromethane
(DCM) was distilled from CaH2 before use.

2.2 Synthesis of P(IMA-co-AAm)–Na2SO4 hydrogels

The monomer IMA, and the P(IMA-co-AAm), P(BA-co-AAm), and
P(2EA-co-AAm) hydrogels were synthesized according to our
previously described method.11 For example, the P(IMA1-co-
AAm1.5) hydrogel was prepared as follows: IMA (3.50 g,
16.15 mmol), AAm (1.75 g, 24.23 mmol), MBAA (126 mg,
0.80 mmol), and AIBN (20 mg, 0.12 mmol) were dissolved in
DMSO/H2O (26.4 mL, 10/1, v/v). The solution was deoxygenated

in liquid nitrogen under vacuum and then injected into a
rectangular glass mold for polymerizing at 60 1C for 10 hours.
After polymerization, the obtained gel was cut into a dumbbell
shape using a cutter and immersed in water until reaching
equilibrium to get the hydrogel. The water was replaced four
times on the first day and twice per day for 3 days during
immersion. Finally, the P(IMA1-co-AAm1.5)–Na2SO4 hydrogels were
gained by immersing the as-prepared hydrogels in the Na2SO4

solutions with different concentrations (0 M, 0.5 M, 1 M, 1.5 M,
2 M, 2.5 M, and 3.3 M) for 48 h. The supersaturated Na2SO4

solution (42.3 M) was prepared by heating the solution at 60 1C
for 3 h and then cooling down to room temperature. The PAAm
hydrogel was prepared according to the previous literature,26 and
then underwent the above salt solution treatment.

2.3 Characterization

The 1H NMR spectra were recorded using a Bruker AV400 NMR.
Deuterated DMSO (DMSO-d6) was used as the solvent. The attenu-
ated total reflection Fourier transform infrared (ATR-FTIR) spectra
were obtained using a FTIR spectrophotometer (Bruker INVENIO
R) with ATR attachments (equipped with a diamond crystal).
The hydrogels were lyophilized before testing in a range of 4000–
400 cm�1 with a resolution of 4 cm�1 and 128 scans. The relative
swelling ratio of the hydrogel (S) was calculated by using the
equation S = D/D0, where D0 and D are the diameters of the
hydrogel before and after soaking in salt solution, respectively.
Small-angle X-ray scattering (SAXS) measurements were carried out
on a SAXS point 2.0 (Anton Paar, Austria) apparatus with a
wavelength of 0.154 nm and a sample-to-detector distance of
576 mm. The samples with the dimensions of 10 mm (width) �
10 mm (length) � 1 mm (thickness) were sealed with polyimide.
One-dimensional scattering intensity curves were gained by azi-
muthally averaging the two-dimensional scattering patterns.
Cryogenic-scanning electron microscopy (cryo-SEM) was performed
on a ZEISS Sigma 300 at an accelerating voltage of 3 kV. The
hydrogel samples were rapidly frozen in liquid nitrogen for 30 s and
then transferred to a preparation chamber in a vacuum (�200 Pa)
for spraying a layer of gold onto the cross-section of the samples
before measurement. Rheological tests were conducted on a
MCR702 rheometer (Anton Paar) with a parallel plate geometry
and a fixed gap distance. The samples were cut into discs with a
diameter of 8 mm and a height of 2 mm. A constant frequency of
1 Hz and a strain of 0.1% were used for the temperature sweeps.
For frequency sweeps, a temperature range of 10–90 1C, a shear
strain of 0.1%, and a frequency range of 0.1–100 rad s�1 were
applied. Based on the principle of time-temperature superposition
(TTS), the master curves of energy storage modulus (G0) and loss
modulus (G00) were built at using 25 1C as the reference tempera-
ture. The final frequency range of the master curve depends on the
shift factor (aT) of the hydrogel. The sample edges were sealed with
liquid paraffin to prevent water evaporation during measurements.
All the tests were repeated three times for three samples in parallel.

2.4 Mechanical testing

Uniaxial tensile experiments were performed using a universal
tensile testing machine (Suns MODUTM 4202) with a load cell
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of 50 N. Dumbbell-shaped hydrogel samples (thickness = 1 mm,
width = 3 mm, length = 15 mm) were tested with a tensile rate of
10 mm min�1. The engineering stress (s) was defined as the
applied force divided by the original cross-sectional area, while
the engineering strain (e) was defined as the length change of the
specimen during tension divided by the initial gauge length. The
modulus (E) was calculated by taking the slope of the initial
linear region of stress–strain curve, and the toughness (G) was
obtained by integrating the area under the stress–strain curve.
The tear energy test was conducted on rectangular samples
(thickness = 1.5 mm, width = 50 mm, length = 15 mm) with an
initial cut of 20 mm. Both arms of the sample were clamped,
and the upper arm was pulled upward at a constant speed of
10 mm min�1. The tear energy (T) was calculated by the equation
T = 2F/w, where F is the applied force and w is the thickness of
the sample. All tests were performed at room temperature in a
humid environment and repeated three times.

2.5 Quasi-static puncture tests

ASTM F3007 was employed as a reference for the puncture test
setup in this study.27,28 The puncture tests were conducted using
a universal testing machine (Instron 5969 universal machine).
Square hydrogel samples (thickness = 0.8 mm, width = length =
40 mm) were fixed between two steel hoops. Then, a loading
nose with a spherical tip (stainless steel, diameter = 1 or 4 mm)
was slowly penetrated through the center of the samples with a
quasi-static velocity of 0.6 mm min�1 for the thin tip (diameter =
1 mm), and 0.6 mm min�1 and 50 mm min�1 for the other tip
(diameter = 4 mm) until failure, respectively. The puncture force

(F) and puncture displacement (D) were measured during
the tests, and the energy to puncture (Ep) was determined
by integrating the area under the force–displacement curve.
All tests were repeated at least three times.

3. Results and discussion
3.1 Preparation and characterization of hydrogels

The Hofmeister effect based on ions can affect the solubility of
polymers, which may be utilized to modulate the aggregation of
copolymers in the hydrogel to simply adjust the mechanical
properties.29,30 Due to the strong salting-out effect of sulfate
anions,31,32 we chose Na2SO4 as the salt and studied the effect
of supersaturated Na2SO4 solutions on the pre-prepared hydro-
gels based on hydrophobic association. The schematic illustra-
tion of the preparation process of hydrogels is shown in Fig. 1a.
Firstly, P(IMA-co-AAm) hydrogel was formed by copolymerizing
IMA with AAm in a mixed solvent DMSO/H2O (10/1, v/v), followed
by the solvent exchange of DMSO with water. Then, the hydrogel
was immersed in the Na2SO4 solutions with different concentra-
tions for two days to produce the P(IMA-co-AAm)–Na2SO4-x
hydrogels (x is the concentration of Na2SO4 solution). The
saturated concentration of Na2SO4 has been measured to be
2.3 M at room temperature, and it was noted that the super-
saturated Na2SO4 solutions at room temperature (42.3 M) were
used to investigate the Hofmeister effect of supersaturated
solution on the hydrogels. Herein, we prepared the P(IMA1-co-
AAm1.5)–Na2SO4 hydrogel as the typical hydrogel. The 1H NMR
and FTIR spectra of hydrogel show the disappearance of the

Fig. 1 (a) Schematic illustration for the preparation of P(IMA-co-AAm)–Na2SO4 hydrogels. (b) Photographs, (c) swelling ratio and water content, and (d)
transmittance of P(IMA1-co-AAm1.5)–Na2SO4 hydrogels prepared in Na2SO4 solutions with different concentrations.
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proton peaks (5.60 and 6.12 ppm) and vibration peaks
(3100 cm�1, 1600 cm�1, and 980 cm�1) of H2CQC bonds and
the increase in the proton peak area of –CH2– (1.7 ppm) (Fig. S1,
ESI†), confirming the successful preparation of the hydrogel.
Moreover, the FTIR spectra of P(IMA1-co-AAm1.5)–Na2SO4 hydro-
gels was similar to that of the pristine hydrogel, indicating that
there was no coordination bond between ions and polymers
(Fig. S1, ESI†). Compared to the transparent pristine hydrogel,
all the P(IMA1-co-AAm1.5)–Na2SO4 hydrogels were also transpar-
ent with a transmittance higher than 80% in the visible range
(400–800 nm) and had a small shrinkage lower than 15% with a
gradually decreased water content (Fig. 1b–d). As the concen-
tration of Na2SO4 solution increased, the transmittance curves of
hydrogels almost overlapped with each other, while the swelling
ratio of hydrogels showed a small decrease and then became
stable when the Na2SO4 solutions were supersaturated. These
results imply that there is no detectable phase separation in the
hydrogel containing Na2SO4, but the presence of Na2SO4 ions
may induce chain contraction in the hydrogels until the Na2SO4

solutions are supersaturated. To investigate this, the swelling
ratios of the PIMA–Na2SO4 hydrogel with only hydrophobic
segments and the PAAm–Na2SO4 hydrogel with only hydrophilic
segments were also measured. With the increasing concen-
tration of Na2SO4 solution, there is no shrinkage in the PIMA–
Na2SO4 hydrogel and its swelling ratio was almost unchanged,
while an obvious shrinkage was observed in the PAAm–Na2SO4

hydrogel and the shrinkage became stable until the Na2SO4

solution was saturated. In comparison, the P(IMA1–AAm1.5)–
Na2SO4 hydrogels based on hydrophobic and hydrophilic seg-
ments showed a small shrinkage. These results indicate that the
shrinkage of P(IMA1-co-AAm1.5)–Na2SO4 was mainly derived from
the contraction of hydrophilic segments (Fig. S2, ESI†).

3.2 Microstructure and rheological characterization of
hydrogels

To investigate the effect of Na2SO4 solution on the microstructures
of hydrogels, cryo-SEM and SXAS measurements were carried out
on the P(IMA1-co-AAm1.5)–Na2SO4 hydrogels. As shown in Fig. 2a–g,
the homogenous network of hydrogels became more and more
compact with the increasing concentration of Na2SO4 solution until
the salt solution was saturated. The pore surface coverage was
statistically calculated using Image J software (Fig. 2h). The porosity
of the cross-section surface gradually decreased as the concen-
tration of Na2SO4 solution increased and then became stable when
the Na2SO4 solutions were saturated. These results suggest that the
unsaturated Na2SO4 solution could gradually increase the cross-
linking density of hydrogel with the Na2SO4 concentration, while
the supersaturated Na2SO4 solutions could not further affect the
cross-linking density. This tendency was also confirmed by the
SAXS results (Fig. 2i), where the peak, ascribed to the distance
between hydrophobic associations, gradually shifted to the higher
q-values when the Na2SO4 concentration increased from 0 M to

Fig. 2 (a)–(g) Cryo-SEM images, (h) percentage of pore surface area, (i) SAXS profiles, and (j) q and D of P(IMA1-co-AAm1.5)–Na2SO4-x hydrogels (x is
0 M, 0.5 M, 1 M, 1.5 M, 2 M, 2.5 M, and 3.3 M).
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1.0 M and then the shift stopped as the Na2SO4 solutions were
saturated. The calculated average distance (D) between the
hydrophobic associations decreased from 36 nm in the
P(IMA1-co-AAm1.5)–Na2SO4-0 hydrogel to 33 nm in the P(IMA1-
co-AAm1.5)–Na2SO4-1 and remained at 29 nm in the hydrogels
treated by the supersaturated Na2SO4 solutions (Fig. 2j). The
change tendency of D with the concentration of Na2SO4 solu-
tions was consistent with that of swelling ratio of hydrogels,
implying that the increased cross-linking density may be
ascribed to the contraction of polymer chains between hydro-
phobic associations. It was noted that the peak intensity gradu-
ally decreased to be undetected as the Na2SO4 concentration
increased from 0 M to 1.5 M, while it reappeared and increased
when the Na2SO4 concentration was higher than 2 M. The result
implies that the difference of electron cloud density between
hydrophobic associations and the surrounding hydrophilic
chains was reduced first to become undetected and then
increased with the Na2SO4 solution thickening, which may be
ascribed to the combined effect of the presence of ions and
phase separation at different Na2SO4 concentrations.33,34 Taking
the small decrease in the D and the obvious change in the peak
intensity, we inferred that the dilute ions may be more likely to
approach and influence the hydrophilic polymer chains, leading
to the decrease in their solubility and the resultant contraction; a
high concentration of ions may mainly affect the hydrophobic
association, inducing its self-enhancement.

The effect of Na2SO4 solution (especially the supersaturated one)
on the chain rigidity and viscoelasticity of hydrogels was studied by
the rheological measurements. As shown in Fig. 3a, all the hydro-
gels showed a peak of loss factor (tand), corresponding to the glass
transition temperature (Tg), which gradually shifted from 33 1C to
53 1C with the concentration of Na2SO4 solution increasing. The
increase in Tg was ascribed to the salting-out effect of Na2SO4 on
polymer chains, which improves the interchain interactions and
enhances the chain rigidity. It was noted that all the hydrogels are
glassy hydrogels at room temperature because their Tg was higher
than 33 1C, and the glassy state is beneficial for simultaneously
improving the strength, toughness, and modulus of hydrogels.35,36

This viscoelasticity and glass behaviors were also confirmed by
frequency sweep spectra obtained by TTS (Fig. 3b and Fig. S3, ESI†).
The temperature dependence of the horizonal shift factor (aT)
showed a non-Arrhenius behavior with two apparent activation
energy (Ea) values (Fig. 3c and Fig. S4, ESI†). The higher Ea at the
low temperature range corresponded to the mobility of polymer
chains between hydrophobic associations, and the lower one at
high temperature range reflected the strength of hydrophobic
associations. When the concentration of Na2SO4 solution
increased, the calculated relaxation time and the two Ea were
monotonically increased; however, the increase in relaxation time
was significant (from 9 s for 0 M to 700 s for 3.3 M) (Fig. S5, ESI†),
while the two Ea gave a small increase (Fig. 3d). These results
indicated that both the strength of hydrophobic associations and

Fig. 3 (a) Tan d curves of P(IMA1-co-AAm1.5)–Na2SO4-x hydrogels (x is 0 M, 0.5 M, 1 M, 1.5 M, 2 M, 2.5 M, and 3.3 M). (b) Spectra of storage modulus (G0),
loss modulus (G00), and loss factor (tan d) and (c) time–temperature shift factors and bi-linearly fitted lines of P(IMA1-co-AAm1.5)–Na2SO4-3.3M hydrogels.
(d) The calculated apparent activation energy (Ea) of different P(IMA1-co-AAm1.5)–Na2SO4-x hydrogels (x is 0 M, 0.5 M, 1 M, 1.5 M, 2 M, 2.5 M, and 3.3 M).
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the interaction of polymer chains between hydrophobic associa-
tions were gradually enhanced by thickening the Na2SO4 solution.
The obvious increase in the relaxation time of the P(IMA1-co-
AAm1.5)–Na2SO4-3.3 hydrogel was contributed to the double-
constraint impact on the network resulting from the strongest
hydrophobic associations and interaction of surrounding hydro-
philic chains under the supersaturated Na2SO4 solution (3.3 M).

Based on the results mentioned above, we can deduce the
evolution of the hydrogel network structure with the increase of
Na2SO4 solution. As shown in Fig. 4, the pristine hydrogel network
is composed of the hydrophobic associations and the surround-
ing hydrophilic chains, where most water molecules are attracted
by the hydrophilic chains. Upon immersing in Na2SO4 solution,
the strong hygroscopicity of the SO4

2� ion could alter the structure
and activity of water molecules and cause them to leave the
network chains, leading to an increase in the polymer chains
interactions (‘salting out’ effect). Thus, the hydrophilic chains
contract and the hydrophobic associations strengthen, bringing
about an increase in the cross-linking density and strength.
Because hydrophilic chains attract most water molecules, the ions
may be more likely to approach the hydrophilic polymer chains,
and the salting-out effect is more obvious on hydrophilic polymer
chains (big contraction) than that on hydrophobic associations
(small enhancement). When the Na2SO4 solution is saturated, the
contraction of hydrophilic polymer chains stops due to the
stability of polymer chains interactions, but the strength of
hydrophobic associations is further increased, which may be
because more ions could affect the hydrophobic chains. The
saturated Na2SO4 solution provides a simple and effective method
to construct a network with high-density and appropriate-strength
hydrophobic associations. This structure would benefit the simul-
taneous improvement in stiffness, strength, and toughness.

3.3 Mechanical properties of hydrogels

To demonstrate the effect of network structure induced by
Na2SO4 solution on the mechanical performance of the hydro-
gels, uniaxial tensile tests were carried out on the P(IMA-co-

AAm)–Na2SO4 hydrogels with different monomer ratios and
concentrations of Na2SO4 solution. The immersing time was
fixed at 48 h because the mechanical properties of hydrogels
were stable after 48 h soaking in Na2SO4 solution (Fig. S6, ESI†).
The stress–strain curves of the P(IMA1-co-AAm1.5)–Na2SO4-x
hydrogels are shown in Fig. 5a. Compared to the soft and weak
pristine hydrogel, the hydrogels after immersing Na2SO4

solution showed an obvious yielding phenomenon, and the
yielding strength was significantly enhanced from 0 MPa (0 M)
to 17 MPa (3.3 M). It suggests that the P(IMA1-co-AAm1.5)–
Na2SO4 hydrogels were in the glassy state at room temperature
and became stronger and stiffer with the increase in Na2SO4

solution, which was consistent with the results of tan d. More
importantly, the modulus (E), fracture strength (s), and tough-
ness (G) simultaneously and greatly increased in the single
hydrogel with the concentrations of Na2SO4 solution. As shown
in Fig. 5b and c, P(IMA1-co-AAm1.5)–Na2SO4-3.3 hydrogel had a
remarkable E of 253 � 7 MPa, a s of 12.65 � 0.07 MPa, and a G
of 19.6 � 3.2 MJ m�3, in which E, s, and G were 25, 4, and 4
times higher than that of pristine one (E = 8.6 � 2.4 MPa, s =
2.73 � 0.42 MPa, and G = 4.6 � 1.2 MJ m�3). The similar
increase tendency of the mechanical properties with the
concentration of Na2SO4 solution was also observed in the
P(IMA-co-AAm)–Na2SO4-x hydrogels with different molar ratios,
hydrogels with other hydrophobic monomers (P(BA1-AAm1)–
Na2SO4-x and P(2EA1-AAm1)–Na2SO4-x hydrogels), and hydro-
philic PAAm–Na2SO4-x hydrogels (Fig. S7 and S8, ESI†).
However, the improvement of mechanical performance was
limited in the PAAm–Na2SO4 hydrogel, and it was still weak
because of the weak interaction between PAAm chains. These
results indicate that the increase in mechanics of P(IMA1-co-
AAm1.5)–Na2SO4 was attributed to the high-density and strong
hydrophobic associations induced by Na2SO4, which not only
withstand the applied load at the initial deformation due to the
rigid chains and strong cross-links, but also bear heavy load
and dissipate much more energy at large deformation owing
to the adaptive destruction of strong dynamic cross-links.

Fig. 4 Schematic illustration of hydrophobic associations and the surrounding hydrophilic chains in the P(IMA1-co-AAm1.5)–Na2SO4 hydrogels.
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Thus, the network with high-density and appropriate-strength
hydrophobic associations can balance the contradictory needs
of different mechanical properties for the structure and greatly
improve the mechanical performance, especially the simulta-
neously enhancement in the stiffness, strength, and toughness.

3.4 Puncture and tear resistance of hydrogels

The practical application of hydrogel materials requires good
resistance to mechanical damage, which can expand their
application range and extend their service life. To test the
capability of P(IMA1-co-AAm1.5)–Na2SO4 hydrogels to resist
mechanical damage, we tested the puncture resistance and
tear resistance of the hydrogels. As shown in Fig. 6a, the
maximum puncture force (Fmax) significantly increased from
16 N for the pristine hydrogel to 66 N for the one treated by the
supersaturated Na2SO4 solution (3.3 M). The puncture displa-
cement decreased with the increase in concentration of Na2SO4

solution, and the resultant puncture energy (Ep) increased first

and then decreased with the highest value of 420 mJ in P(IMA1-
co-AAm1.5)–Na2SO4-1.5 (Fig. 6b). It was noted that the puncture
energy and force of our hydrogels were obviously higher than
that of many strong hydrogels (Fig. 6c). The puncture resistance
was further examined at higher speed and by using a thinner
needle (Fig. S9 and S10, ESI†). As the Na2SO4 concentration
increased, the Fmax and Ep gained at 50 mm min�1 showed a
similar tendency to that got at 0.6 mm min�1. The hydrogel
tested at 50 mm min�1 was a little stiffer with the highest Fmax

of 75 N and a lower Ep of 240 mJ in the P(IMA1-co-AAm1.5)–
Na2SO4-3.3. Meanwhile, the hydrogels also displayed obvious
puncture resistance against the needle with a diameter of
1 mm, where P(IMA1-co-AAm1.5)–Na2SO4-3.3 remained intact
(Fig. 6d). The hydrogels immersing in the Na2SO4 solution also
showed enhanced tearing resistance (Fig. 6e and f). The tearing
energy gradually increased to 34 kJ m�2 with the increase in
Na2SO4 concentration, and a piece of P(IMA1-co-AAm1.5)–
Na2SO4-3.3 with a hole can sustain a weight of 2.5 kg without

Fig. 5 (a) Tensile stress–strain curves, (b) Young’s modulus and fracture stress, and (c) toughness and fracture strain of P(IMA1-co-AAm1.5)–Na2SO4-x
hydrogels (x is 0 M, 0.5 M, 1 M, 1.5 M, 2 M, 2.5 M, and 3.3 M).

Fig. 6 (a) Puncture force–displacement curves, and (b) the maximum puncture force (Fmax) and energy to puncture (E) for P(IMA1-co-AAm1.5)–Na2SO4-
x hydrogels. (x is 0 M, 0.5 M, 1 M, 1.5 M, 2 M, 2.5 M, and 3.3 M). (c) Property maps of the energy to puncture versus maximum force (Fmax) for various
hydrogel materials.27,37 (d) Optical images of the P(IMA1-co-AAm1.5)–Na2SO4-3.3 hydrogel (30 mm � 15 mm � 1 mm) being punctured by a needle
(diameter = 1 mm). (e) The force–displacement curves, and (f) corresponding tearing energy of for P(IMA1-co-AAm1.5)–Na2SO4-x hydrogels (x is 0 M,
0.5 M, 1 M, 1.5 M, 2 M, 2.5 M, and 3.3 M). (g) Property maps of the tearing energy versus tensile modulus for various hydrogel materials.10,38–49 (h) Optical
images of the P(IMA1-co-AAm1.5)–Na2SO4-3.3 hydrogel (30 mm � 15 mm � 1 mm) sustaining a weight of 2.5 kg.
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crack propagation (Fig. 6h). The improvement tendency of tearing
energy is consistent with that of crosslinking density, implying
that the high-density physical crosslinking limited the expansion
of cracks in the tearing process. The hydrogel treated by the
supersaturated Na2SO4 solution (3.3 M) displayed comparable
modulus and tearing energy with that of many anti-tearing
hydrogels (Fig. 6g). These results indicate that the network of
high-density and strong hydrophobicity associations endow
hydrogels with excellent mechanical properties, which in turn
give hydrogel materials good puncture and tear resistance.

4. Conclusions

In conclusion, we constructed an ultra-stiff, strong, and tough
hydrogel based on high-density and suitably strong hydrophobic
associations by utilizing the Hofmeister effect of supersaturated
salt solution on the aggregation of copolymers. The hydrogels
were prepared by immersing the pre-formed P(IMA-AAm) hydro-
gels in Na2SO4 solutions. The increase in Na2SO4 concentration
enhanced the copolymer chain interaction, leading to the con-
traction of hydrophilic chains until the Na2SO4 was saturated and
the improvement of hydrophobic associations up to supersatu-
rated Na2SO4. Both changes in the copolymer chains brought
about an increase in the density and strength of hydrophobic
associations in the network, which simultaneously improved the
stiffness, strength, and toughness of hydrogels. Due to the high-
density and appropriate strength of hydrophobic associations, the
P(IMA1-co-AAm1.5)–Na2SO4-3.3 hydrogel was transparent and
showed an E value of 253 � 7 MPa, a s of 12.65 � 0.07 MPa,
and a G of 19.6 � 3.2 MJ m�3. It also displayed remarkable
puncture and tear resistance with a puncture force of 66 N, a
puncture energy of 370 mJ, and a tearing energy of 34 kJ m�2. This
work offers a straightforward approach to simultaneously
enhance the contradictory mechanical properties of hydrogels,
endowing hydrogels with remarkable puncture and tear resis-
tance, which would benefit their applications as puncture-
resistant and load-bearing materials.
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