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ABSTRACT: Synthetic hydrogels struggle to match the high strength, toughness,
and recoverability of biological tissues under periodic mechanical loading. Although
the hydrophobic polymer chain of polystyrene (PS) may initially collapse into a
nanosphere upon contact with water, it has the ability to be elongated when it is
subjected to an external force. To address this challenge, we employ the reversible
addition—fragmentation chain transfer (RAFT) method to design a carboxyl-
substituted polystyrene (CPS) which can form a covalently cross-linked network
with four-armed amino-terminated polyethylene glycol (4-armed-PEG-NH,), and a
ductile polyacrylamide network is introduced in order to prepare a double-network
(DN) hydrogel. Our results demonstrate that the DN hydrogel exhibits exceptional
mechanical properties (0.62 kJ m™? fracture energy, 2510.89 k] m™ toughness, 0.43
MPa strength, and 820% elongation) when a sufficient external force is applied to
fracture it. Moreover, when the DN hydrogel is subjected to a 200% strain, it
displays superior recoverability (94.5%). This holds a significant potential in

l Under force |

enhancing the mechanical performance of synthetic hydrogels and can have wide-ranging applications in fields such as tissue

engineering for hydrophobic polymers.

1. INTRODUCTION

Hydrogel is a classical type of polymer with a three-
dimensional network structure, which can be water-swollen
and absorbs amounts of water, but insoluble in water."”
Therefore, hydrogels are used for tissue en?neeringf_5 as
vehicles for drug delivery,ﬁ_8 as biosensors,” " and so forth.
However, hydrogels display brittleness and ineffective energy
dissipation due to the existence of water,'” resulting in poor
mechanical properties and limiting their wide applications.
Many efforts have been devoted to developing high-strength
hydrogels by introducing novel network microstructures and
cross-linking strategies, such as tetra-polyethylene glycol
(PEG) hydrogel,"~' slide-ring hydrogel,'” nanocomposite
hydrogel,”® hydrophobically associated (HA) hydrogel,"
macromolecular microsphere composite hydrogel,” double-
network (DN) hydrogel,z’u’22 and so forth.

In order to address these issues, DN hydrogels are feasible
examples that have been used to combine the high mechanical
strength and toughness owing to the contrasting network
structure and effective energy dissipation.z’m’24 Specifically,
DN hydrogels comprise two covalently linked networks, that s,
the first one is rigid and brittle, which maintains the hydrogel
shape, and the second is loose and ductile, which fills in the
rigid network and absorbs external stress.””>**° For example,
alginate—polyacrylamide DN hydrogel can be stretched more
than 20 times its original length and has a fracture energy of
9000 J m™2>" The hydrogel cannot recover its mechanical
properties upon cyclic mechanical loading, if the rigid network,
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which allows to efficiently dissipate mechanical work and gives
rise to high mechanical strength, is ruptured.”> To overcome
such limitations, since the first fully chemical poly(2-
acrylamido-2-methylpropanesulfonic acid)/poly(acrylamide)
DN hydrogel was invented by Gong et al,” various fully
chemical DN hydrogels have obtained attention due to their
good mechanical stability,”* including microgel-reinforced DN
hydrogels,” void-DN hydrogels,” and triple-network hydro-
gels.”” These fully chemical DN hydrogels, composed of
chemically cross-linked networks, showed excellent tensile
stress (0.1—3 MPa), tensile strain (1000—2000%), and high
fracture energy (100—1000 J m~2).”>*' However, due to the
irreversible chain breakage of covalent bonds in the rigid and
brittle first network, they cannot recover their original
conformation after the first loading, which is one of the main
limitations for their further applications.

Compared to fully chemical DN hydrogels, hybrid DN
hydrogels,””~** which consist of physical first network and
chemical second network, also display high strength and
toughness as well as excellent recovery property from the
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Figure 1. Design and preparation of the PS/PAAm DN hydrogel. (a) In the first network precursor solution, the amino groups (gray balls) on 4-
armed-PEG-NH, polymer chains form covalent cross-links through the carboxyl groups (yellow balls) on CPS polymer chains. (b) In the second
network precursor solution, the first network is joined by covalent cross-links (purple cycles), and the AAm (black points) polymer chains form
covalent cross-links through MBAA (gray points). (c) In the PS/PAAm DN hydrogel, the second network is joined by covalent cross-links (green
squares), and the two types of polymer network were intertwined. (d) CPSs collapse into nanospheres (blue balls) when the PS/PAAm DN

hydrogel is immersed in an amount of deionized water.

loading owing to the reversible physical first network. HA
hydrogels refer to physically cross-linked hydrogels formed by
hydrophobic interactions and exhibit the enhancement of
mechanical strength;'” hydrophobic interactions are used to
construct a sacrificial network to render the DN hydrogels of
great mechanical recovery properties.”* Liu and co-workers
first prepared HA hydrogels via using acrylamide (AAm) as the
main component and octyl phenol polyethoxy ether as
hydrophobic segments.”® PEG-based polymers have been
widely used to prepare covalently cross-linked hydrogels with
hydrophobic domains.'”*”*® Inspired by these hybrid DN
hydrogels, we expect to use hydrophobic polymers to design a
fully chemically cross-linked DN hydrogel with high
mechanical and recovery properties.

In this work, we propose a new kind of method to design a
fully chemical DN hydrogel by introducing functional
polystyrene (PS). To our knowledge, PS has long been used
to process elastomers or textiles.””~*' Wang has developed a
novel nanoparticle-reinforced polyacrylamide-based hydrogel
with high mechanical strength (compression strength and
tensile strength up to 7.0 and 2.0 MPa), but it has an apparent
shortcoming, that is, low stretchability.*” We have synthesized
carboxyl-substituted polystyrene (CPS, 5762 Da) by employ-
ing the reversible addition—fragmentation chain transfer
(RAFT)**" polymerization method to synthesize the target
polymer that possesses the carboxyl group at two termini
(Scheme 1, Supporting Information). Weight-average molec-
ular weight (M,,), number-average molecular weight (M,,), and
polydispersity of CPS are quantified by gel permeation
chromatography (Figure S1, Supporting Information). CPS
and four-armed amino-terminated PEG (4-armed-PEG-NH,,
10000 Da) are chosen to construct the first network (Figure 1a
and Scheme 2, Supporting Information); the corresponding
network is named PS/PEG single network (SN) hereinafter.
Then, by introducing the second network of covalently cross-
linked polyacrylamide (PAAm) into the first network (Figure
1b), the stretchable fully chemically cross-linked DN hydrogel
is synthesized (Figure 1c), and the corresponding hydrogel is
named the PS/PAAm DN hydrogel hereinafter. The chain of
the CPS polymer would collapse into a nanosphere when the

DN hydrogel is immersed in an amount of deionized water
(Figure 1d). The tetra-functionalized PEG is chosen due to its
high cross-linking efficiency than that of the bifunctional
PEG.”* By contrast, AAm and N, N'-methylenebis(acrylamide)
(MBAA) are chosen to build the second network (Figure 1b
and Scheme 3, Supporting Information). Moreover, we have to
mention that the cross-linking density for the first and second
networks is critical for a notable increase in the mechanical
strength of DN hydrogels.” A remarkable increase in
mechanical strength occurs when the first network is highly
cross-linked, and the second one is loosely cross-linked. The
chemical structures of AAm, MBAA, CPS, and 4-armed-PEG-
NH, are shown in Figure 1.

2. EXPERIMENTAL SECTION

2.1. Materials. 2-(2-Carboxyethylsulfanylthiocarbonyl sul-
fanyl) propionic acid (TTC, Sigma-Aldrich), O-(benzotriazol-
1-y1)-N,N,N’,N’-tetra-methyluronium hexafluorophosphate
(HBTU, 99%, Aladdin), (3-aminopropyl)triethoxysilane
(APTES, 99%, Sigma-Aldrich), N, N-dimethylformamide
(DMF, 99.5%, Yasheng Chemical Reagent Co., Ltd.), dimethyl
sulfoxide (DMSO, 99.5%, Lingfeng Chemical Reagent Co.,
Ltd.), triethylamine (TEA, 99.5%, Saen Chemical Reagent Co.,
Ltd.), methanol (MeOH, 99.5%, Yasheng Chemical Reagent
Co., Ltd.), tetrahydrofuran (THF, 99.5%, Lingfeng Chemical
Reagent Co., Ltd.), acrylamide (AAm, 99%, General Reagent
Co., Ltd.), N,N’-methylenebis(acrylamide) (MBAA, 99%,
Aladdin), phenyl bis(2,4,6-trimethylbenzoyl)-phosphine oxide
(96%, TCI Chemical Reagent Co., Ltd.), and 4-armed-PEG-
NH, (95%, Yarebio Chemical Reagent Co., Ltd.) were used as
received without further purification. Styrene (St, 99.5%,
Aladdin) was dehydrated by alkaline alumina powder at room
temperature before use. 2,2’-azobis(2-methyl-propionitrile)
(AIBN) was recrystallized from boiling MeOH. DMF and
DMSO were stored in sealed bottles.

2.2. Synthesis of CPS. AIBN (14.27 mg, 87 umol), TTC
(110.49 mg, 435 pmol), DMF (300 yL, 3.89 mmol), and
freshly distilled St (2.5 mL, 21.63 mmol) were placed in a
flame-dried Schlenk tube, and oxygen was removed by three
freeze—pump—thaw cycles. The argon-protected Schlenk tube
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Figure 2. Characterization of the PS/PAAm DN hydrogels. (a) FTIR spectra of the PS/PAAm DN hydrogel and PS and PAAm SN hydrogels. (b)
Force—extension curves of unfolding CPS nanospheres in deionized water. The blue line is the force—extension curve. The red curve is the WLC
fitting to the elastic stretching part. The black line is the baseline. (c¢) AFM image shows the CPS nanosphere structure with a height of 2—8 nm.
(d) SEM images of the PS/PAAm DN hydrogel at different magnifications. Optical images of the PS/PAAm DN hydrogel before (e) and after (f)

the stretching.

was immersed in a 60 °C oil batch for 80 h to conduct
polymerization with a moderate conversion rate. After cooling
to room temperature, THF was added to the tube to dissolve
the CPS. The diluted solution was dropwise added to a stirring
cold MeOH solution to precipitate polystyrene three times.
The precipitate was collected and dried before use.

2.3. Synthesis of PS/PAAm DN Hydrogel. The PS/
PAAm DN hydrogel was fabricated with the classical chemical
cross-linking method.”™ The first network of the PS/PAAm
DN hydrogel was synthesized from a DMF solution of 25 mM
CPS containing S0 mol % (with respect to CPS) cross-linking
agent, 4-armed-PEG-NH,, and 66 mol % (with respect to
CPS) activator, HBTU, in the reaction cell consisting of a pair
of glass plates with 1 mm spacing; 4 mol % (with respect to
CPS) TEA was evenly added into it. After polymerization, the
hydrogel was immersed in a large amount of DMSO for 1 week
to equilibrate and to wash away the residual chemicals. This
first network hydrogel was then immersed in a DMSO solution
of 2 M AAm, containing 1 mol % (with respect to AAm) cross-
linking agent, MBAA, and 0.1 mol % (with respect to AAm)
photoinitiator, phenyl bis(2,4,6-trimethylbenzoyl)-phosphine
oxide, in the reaction cell and was purged with argon gas for
30—4S min and irradiated with UV light (285 nm, 2000 mW
cm™?) for § h at 25 °C. After polymerization, the PS/PAAm
DN hydrogel was immersed in a large amount of deionized
water for 1 week to equilibrate. The cross-linking density is
defined as the molar fraction ratio of the cross-linking agent to
monomer concentration. We obtained the PS/PAAm DN
hydrogel with the first and second networks; it had cross-
linking densities of 50 and 1%, respectively.

2.4. Single-Molecule Force Spectroscopy. Silicon
nitride (Si;N,) cantilevers (Type: MLCT-D, Bruker) with
typical spring constants of ~50 pN/nm were used for all SMFS
experiments. The cantilevers and substrates were pretreated
with amino-functionalized polyethylene glycol to minimize the
possible nonspecific adsorption of CPS to the cantilever tip
and to allow the formation of amide adducts with the carboxyl
at the end of the surface-anchored CPS polymers. The
cantilevers and substrates were first immersed in a chromic
acid solution at 80 °C for 0.5 h. Next, the cantilevers and
substrates were washed extensively with water and then
ethanol and kept dry. Then, the cantilevers were functionalized
with the amino group in 1% (v/v) APTES in toluene for 1 h,
and the substrates were cross-linked with the carboxyl group in
8 mg/mL of CPS solution with 80% (v/v) TEA for 6 h. The
amino-coated cantilevers and substrates were extensively
washed with THF and then ethanol and kept dry before
being used in the SMFS experiments. Note that because the
cantilevers and substrates were functionalized with amino
groups, the nonspecific interactions of the cantilever tip and
the CPS molecules were markedly reduced.

2.5. 'H Nuclear Magnetic Resonance and Fourier
Transform Infrared Spectroscopy. The '"H NMR spectrum
of CPS was measured on a DRX (Germany, Bruker) 500 MHz
spectrometer using DMSO-ds as the solvent. The FTIR
spectrum of the PS/PAAm DN hydrogel, PS, and PAAm SN
hydrogel were revealed by NEXUS870 (the United States of
America, Nicolet). Measurements were recorded between
4000 and 400 cm™'

2.6. Scanning Electron Microscopy and Rheology
Test. SEM images were obtained using a S-3400N scanning
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Figure 3. Mechanical properties of the PS/PAAm DN hydrogels. (a) Stress—strain curves of the three types of hydrogels, with each stretching to
rupture. Illustration shows the strain at 10%. (b) Each hydrogel is loaded to a strain of 200%, just below the value that ruptures PS/PEG SN, and is
then unloaded. Samples of the PS/PEG SN (c) and PS/PAAm DN hydrogels (d) are subjected to a cycle of loading and unloading of varying
maximum strain (50, 100, 150, and 200%). Ilustration shows the energy dissipation of the PS/PEG SN and PS/PAAm DN hydrogels under the
corresponding strain, respectively. Frequency sweep of the storage modulus (G’) and loss modulus (G”) of the PS/PEG SN (e) and PS/PAAm DN

hydrogels (f), respectively.

electron microscope (Japan, Hitachi) at 20 kV. All of the
hydrogels were lyophilized and Au-sputter-coated prior to the
measurement. We used a rheometer (HAAKE RS600)
equipped with a cycle plate geometry of S0 mm diameter.
The truncation gap was set to 0.5 mm. Before the
measurement, the instrument inertia was checked, and the
system was calibrated, as is routine. 1 mL of sample was placed
on the temperature-controlled plate at 30 °C. The cycle plate
was set at the measuring position, and excess sample was
trimmed. The following tests were performed in triplicate:
strain sweeps were performed at an oscillatory frequency of 1
Hz and shear strain ranging from 0.1 to 1000%. One hundred
data points were collected over the linear-scale range of shear
strain values. Frequency sweeps were performed between 0.1
and 100 Hz at 1% shear strain. Twenty-eight data points were
collected for each measurement.

2.7. Mechanical Test. The tensile test was carried out
using a commercial test machine (Instron-5944 with a 10 N
sensor) in air at room temperature. The rate of tension was
kept as 20% min~' (~1 mm min™") with respect to the original
height of the hydrogel. Young’s modulus corresponded to the
approximate linear fitting value in a strain of 0—10%. The
toughness was calculated from the area below the stress—strain
curve until fracture. The fracture energy was calculated with

E,
G =
w

width of the hydrogel.** The recovery percentage was defined
as the normalized maximum stress, with the initial maximum
stress as 100% after the continuous stretching—relaxation
cycles for hydrogels. All of the results are the average of three
tests.

, where F,, is the tearing resistance force and W is the

2.8. Measurement of Water Content. The surface water
of a swollen equilibrium hydrogel was carefully wiped using a
filter paper, and W, was measured. The temperature of the
drying oven was set as 80 °C for 2 days, and the final weight
W, was obtained.

(W — Wa)

0

Water Content = X 100%

2.9. Statistical Analysis. All data were presented as mean
+ standard deviation (SD) and evaluated using an unpaired

Student’s t test. Statistical analysis was performed using IGOR
Pro 6.37 software (WaveMetrics Inc.,, OR, USA).

3. RESULTS AND DISCUSSION

3.1. Characterization of the PS/PAAm DN Hydrogels.
We first employ the FTIR spectra to analyze the chemical
structure of the PS/PAAm DN hydrogel, PAAm SN hydrogel,
and PS (Figure 2a). As we can see from Figure 2a, the bands
around the PS/PAAm DN hydrogel and PAAm SN hydrogel
appear at 1655 cm™’, corresponding to —C=O— on the
peptide bond, and the bands around PS/PAAm DN hydrogel
and PS appear at 696 cm™, corresponding to —C—H— on the
benzene ring. We consider that the carboxyl group on CPS and
the amino group on 4-armed-PEG-NH, can covalently cross-
link to form a rigid network for the PS/PAAm DN hydrogel. In
addition, the 'H NMR spectrum could also confirm our results
(Figure S2, Supporting Information). All the peaks can be
assigned as follows: &: 0.9 (m, 3H, —CH;), 1.3 (m, 2H,
—CH,-), 1.5 (m, 1H, —CH= ), 2.7 (m, 2H, —CH,—
COOH), 3.4 (m, 2H, —S—CH,—), 5.2 (m, 1H, — S—C¢H,—
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Figure 4. Stress—strain curves (a), water content (b), fracture energy (c), and toughness (d) of the PS/PAAm DN hydrogels with different

concentrations of AAm. The cross-linking density remains the same.

CH-), and 6.6—7.2 (m, SH, —C(H,—). Based on the above
data, we demonstrate that we have successfully added the
carboxyl groups to PS. To characterize how the stretching
process of CPS affects the property of the PS/PAAm DN
hydrogels, second, we measure the force—extension curve of
the CPS using atomic force spectroscopy (AFM)-based SMFS
in air at room temperature. AFM-based SMFES technology is
helpful to establish the relationship between the chain
structure, chain composition, and single-chain elasticity of
synthetic polymers and the interaction between chains and
their macromechanical properties and to understand the
relationship between the structure and interaction of biological
macromolecules and their biological functions.”” =" Figure 2b
shows the typical force—extension curve of the unfolding CPS
nanosphere in water (blue line). Driven by hydrophobic
interactions, the CPS collapses into a compact nanospherical
structure at the beginning of the force—extension curves.”' The
long force plateau indicates that the unfolding nanosphere is
under constant force before the collapsed nanosphere
transforms into a fully extended chain. The rupture peak
shows that the extended chain is further stretched until a
certain chemical bond breaks. This stretching process can be
well fitted by the worm-like chain (WLC) model (red
line).>>** The CPS attaches to the monocrystalline silicon
wafer in water, showing a nanosphere structure with a height of
2—8 nm by AFM imaging (Figure 2c). In order to clarify the
microstructure, we next employ the SEM observation of a PS/
PAAm DN hydrogel after freeze-drying. The high glass-

transition temperature (Tg) of CPS and PAAm (80, 188 °C)
can maintain the structure after the dehydration of the DN
hydrogel, which makes it suitable for structure observation.
The SEM images reveal that some porous 3D networks exist in
the PS/PAAm DN hydrogel (Figure 2d). The PS/PAAm DN
hydrogel can be stretched to 8 times its original length without
rupture (Figure 2e,f); mechanical tests are performed in air at
room temperature using a tensile machine with a 10 N load
cell. In both loading and unloading, the rate of stretching is

kept constant at 1 mm min~",

3.2. Mechanical Properties of the PS/PAAm DN
Hydrogels. We chose 25 mM CPS to construct the PS/
PAAm DN hydrogels because it has superior mechanical
properties than that of 10 and 30 mM CPS (Figure S3,
Supporting Information). The PS/PAAm DN hydrogels are
even more remarkable when compared with their parents, the
PS/PEG SN and PAAm SN hydrogels (Figure 3a). The molar
concentrations of CPS and AAm in the PS/PAAm DN
hydrogels are kept the same as those in the PS/PEG SN and
PAAm SN hydrogels, respectively. When the elongation is
small (3.9% strain), the Young’s modulus of the PS/PAAm DN
hydrogel is 222.05 kPa, which is close to the Young’s modulus
of PS/PEG SN (219.27 kPa). The maximum strength and
fracture strain are, respectively, 143 and 820% for the PS/
PAAm DN hydrogel, 177 and 280% for the PS/PEG SN
hydrogel, and S and 670% for the PAAm SN hydrogel. Thus,
the fracture strain of the PS/PAAm DN hydrogels exceeds
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Figure S. Recoverability of the PS/PAAm DN hydrogels. After the first cycle of loading and unloading of the PS/PEG SN (a) and PS/PAAm DN
hydrogels (b), one sample is immediately reloaded 20 times. Illustration shows the energy dissipation of the PS/PEG SN and PS/PAAm DN

hydrogels under the corresponding number of cycles, respectively.

those of either of its parents, and the fracture stress far
surpasses the PAAm SN hydrogels.

The PS/PEG SN hydrogel effectively dissipates more energy
than does the PS/PAAm DN hydrogel. The area between the
loading and unloading curves of a hydrogel gives the energy
dissipated per unit volume. Figure 3b shows that the PS/PEG
SN and PS/PAAm DN hydrogels have different energy
dissipation at 200% strain, that is, 33.89 and 17.81 KkJ m=,
respectively. Next, we study the energy dissipation of PS/PEG
SN and PS/PAAm DN hydrogels at different strains (50, 100,
150, and 200%). Figure 3c shows the stress—strain curves of
PS/PEG SN at different strain rates. It is clear that the energy
dissipation of PS/PEG SN increases with the increase of strain
(from 3.21 to 33.89 k] m™ in the illustration). PS/PEG SN
exhibits pronounced hysteresis and retains significant perma-
nent deformation after unloading. In contrast, the PAAm SN
hydrogel fully recovers its original length after unloading due
to the low energy dissipation (Figure 3b). The PS/PAAm DN
hydrogel also shows hysteresis, but the permanent deformation
after unloading is significantly smaller than that of the PS/PEG
SN hydrogel. Figure 3d shows the stress—strain curves of the
PS/PAAm DN hydrogel at different strain rates. It is clear that
the energy dissipation of PS/PAAm DN hydrogels also
increases with the increase of strain (from 2.82 to 17.81 kJ
m™ in the illustration) but is smaller than that of the PS/PEG
SN hydrogel. We suppose that PAAm SN makes the PS/
PAAm DN hydrogel tougher and closer to the elastomer than
PS/PEG SN, and the energy dissipation gradually increases
with the strain, suggesting that more cross-linkers would
rupture at a large strain. Rheological studies (Figure 3e,f) show
that both PS/PEG SN and PS/PAAm DN hydrogels have the
storage modulus (G’) and loss modulus (G”) in which G’ >
G”, and G’ of PS/PEG SN is twice as that of the PS/PAAm
DN hydrogel. We consider that the PS/PAAm DN hydrogel is
a softer hydrogel.

Furthermore, the cross-linking density of the second
network, that is, the concentration of MBAA (Figure S$4,
Supporting Information), and the stretch rate (Figure SS,
Supporting Information) also strongly affect the mechanical
behavior of the PS/PAAm DN hydrogels. We consider that the
mechanical properties of PS/PAAm DN hydrogels are
weakened due to the low density when the concentration of

CPS is 10 mM because the first network provides rigidity to
the PS/PAAm DN hydrogels;” on the contrary, when the
concentration of CPS is 30 mM, the mechanical properties of
PS/PAAm DN hydrogels are also weakened due to the “wind”
or “knot” of the redundant polymer molecular chains.
Meanwhile, the strength of PS/PAAm DN hydrogels is
enhanced with the increased cross-linking density of the
second network, which provides ductility to the PS/PAAm DN
hydrogels.” The higher the cross-linking density of the second
network of PS/PAAm DN hydrogels, the greater is its strength
and the smaller its elongation. If the cross-linking density of
the second network is higher than 1 mol %, the strength of PS/
PAAm DN hydrogels increases while the elongation decreases.
Till now, we can make a conclusion that the PS/PAAm DN
hydrogels have the best mechanical properties when the
concentration of CPS is 25 mM and the cross-linking density
of the second network is 1 mol %.

Besides, we prepare the PS/PAAm DN hydrogels containing
various concentrations of AAm (2, 3, 4, and S M) to study why
the DN hydrogels are much more stretchable than either of
their parents. When the concentration of AAm is increased
from 2 to 5 M, the strength of PS/PAAm DN hydrogels
increases from 0.14 to 0.43 MPa, respectively (Figure 4a). We
consider that the mechanical properties of PS/PAAm DN
hydro§els are enhanced owing to the raised concentration of
AAm.” However, the water content of PS/PAAm DN
hydrogels decreases with the increase in AAm (Figure 4b).
The PS/PAAm DN hydrogel is soaked in water for 24 h to
reach the swelling equilibrium, and the water content decreases
from 84.39% at 2 M to 81.64% at S M. We suppose that the
three-dimensional structure of PS/PAAm DN hydrogels is too
small with the increased cross-linking density to contain water.
The fracture energy reaches a maximum value of 0.62 k] m™> at
S M acrylamide (Figure 4c), and the toughness reaches
2510.89 kJ] m™> (Figure 4d). When the concentration of CPS
increases from 10 to 30 mM, the fracture energy of the PS/
PAAm DN hydrogels increases from 0.079 to 0.151 kJ m™>
(Table 1, Supporting Information). At the same time, when
the covalent cross-linking density of the second network
changes from 0.5 to 2 mol %, the fracture energy of the PS/
PAAm DN hydrogels changes from 0.127 to 0.190 k] m™
(Table 2, Supporting Information).
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3.3. Mechanical Recoverability of the PS/PAAm DN
Hydrogels. Next, we studied the recoverability of the PS/
PAAm DN hydrogels. The PS/PEG SN (Figure 5a) and PS/
PAAm DN hydrogels (Figure Sb) are subjected to 20
stretching—relaxation cycles without interval. The results
show that the conformation of PS/PEG SN becomes 92.7%
of its initial state after 20 consecutive stretching—relaxation
cycles (Figure S6, Supporting Information), its energy
dissipation is reduced by 21.8% (from 41.5 to 32.45 k] m™),
and the maximum strength is reduced by 7.3% (from 0.178 to
0.165 MPa), which is caused by the covalently cross-linked
network structure, while for the PS/PAAm DN hydrogel, the
conformation becomes 94.5% of its initial state (Figure S7,
Supporting Information), its energy dissipation is reduced by
10.5% (from 18.79 to 16.82 k] m™3), and the maximum
strength is reduced by 5.5% (from 0.144 to 0.136 MPa).

4. CONCLUSIONS

Our experimental findings provide insights into the mecha-
nisms of deformation and energy dissipation in these
hydrogels. When the PS/PAAm DN hydrogel is subjected to
a small stretch, the Young’s modulus of the PS/PAAm DN
hydrogel is nearly close to that of PS/PEG SN. Thus, the
polystyrene chains bear loads at the beginning of stretching in
the PS/PAAm DN hydrogel. The load sharing of the two
networks may be achieved by entanglements of the polymers
and by the covalent cross-links formed between the amino
groups on PEG chains and the carboxyl groups on PS chains
(Figure 1). Our data demonstrate that the PS/PAAm DN
hydrogels consisting of polystyrene nanospheres have the
ability to be elongated under an external force. When the
external force is removed, it can be restored to approximately
its original state (94.5%). The chemically cross-linked network
structures make the DN hydrogels have high mechanical
properties. Our experiment provides a new idea for the design
of a fully chemically cross-linked DN hydrogel with
recoverability and also provides a wider platform for the

application of hydrophobic polymers.
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