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Polymers crosslinked by covalent bonds suffer from a conflict: dense covalent
crosslinks increase modulus but decrease fatigue threshold. Polymers cross-
linked by physical bonds commonly have large hysteresis. Here we simulta-
neously achieve high modulus, high fatigue threshold, and low hysteresis in a
network of unusually long polymer chains crosslinked by domains of physical
bonds. When the network without precrack is pulled by a moderate stress,
chains in the domains slip negligibly, so that the domains function like hard
particles, leading to high modulus and low hysteresis. When the network with a
precrack is stretched, the chains in the domains at the crack tip slip but do not
pull out. This enables high tension to transmit over long segments of chains,
leading to a high fatigue threshold.

Biopolymers, such as proteins' and nucleic acids?, are architectures of
covalent bonds and physical bonds. Covalent bonds define primary
structures. Physical bonds, including hydrogen bonds and hydro-
phobic interactions, define higher order structures that are strong
enough to provide functions, yet weak enough to reassemble in
response to stimuli.

Inspired by these biological architectures of covalent bonds and
physical bonds, here we design a network of unusually long chains of
covalent bonds crosslinked by domains of physical bonds (Fig. 1a). The
network is designed with four key features. First, the chains outside the
domains are flexible, densely entangled, and have low interchain fric-
tion. Second, each physical bond is weak, but a domain of many phy-
sical bonds is strong enough to function like hard particles under
moderate stress. Third, the physical bonds between chains are much
weaker than the covalent bonds along individual chains, so that chains
slip in the domains under high stress. Fourth, each chain is so long that
it is crosslinked through multiple domains to other chains, ensuring
that the chain can slip but not be pulled out of the domains.

In this design, stress acts as a stimulus. The chains in the domains
slip negligibly when stress is moderate, but slip when stress is large.
That is, a domain behaves like a metal with a yield strength. This yield-

like molecular characteristic profoundly affects the mechanical beha-
viors of the network. When the network without precut crack is sub-
jected to a moderate stress, the domains function like hard particles,
so that the network has high modulus and low hysteresis (Fig. 1b). The
chains outside the domains are stretchable by entropic elasticity. Near
a crack tip, the stress is high, and the chains in the domains slip relative
to one another (Fig. 1c). A chain slipping in a domain differs from a
chain splitting from the domain, in that the tension in the chain is
balanced by the interchain friction. This effect is called shear lag**,
which enables the chain to slip but not pull out. Consequently, at the
crack tip, the high tension can be transmitted to a segment of the chain
longer than the segment between neighboring domains, leading to
high fatigue threshold.

Many applications of polymer networks require high modulus to
resist excessive deformation, high fatigue threshold to resist crack
growth under cyclic loads, and low hysteresis to reduce energy loss
during deformation. Polymers crosslinked by covalent bonds suffer
from a conflict: dense covalent crosslinks increases modulus, but
decrease fatigue threshold®®. Specifically, when the number of
monomers between two crosslinks is n, the modulus scales as E ~ n™,
but the fatigue threshold scales as Gy, ~ n“% On the other hand,
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Fig. 1| A network of unusually long chains of covalent bonds crosslinked by
domains of physical bonds. a Undeformed network. b When the network without
precut crack is subject to a moderate stress, the chains in the domains slip
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negligibly, and domains function like hard particles. ¢ When the network with a
precut crack is stretched, at the crack tip, the chains in the domains slip, trans-
mitting high tension over a long distance.
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polymers crosslinked by physical bonds commonly have large
hysteresis®®. That is, the physical bonds unzip when the network is
stretched, but do not rezip fast enough when the network is unstret-
ched. This results in stress-stretch curves that differ upon loading and
unloading. The large hysteresis leads to high toughness to resist crack
growth under monotonic stretch®®, but does not enhance
fatigue threshold to resist crack growth under cyclic stretch™", Fur-
thermore, the unzip of physical bonds lowers modulus over cyclic
stretch™®,

Simultaneously achieving high modulus, high fatigue threshold,
and low hysteresis has been a challenge among established materials
(Supplementary Fig. 1). For example, natural rubber has low hysteresis,
but low modulus and low fatigue threshold™. As a second example,
thermoplastic polyurethanes have high fatigue threshold and high
modulus, but high hysteresis'>'°. As a third example, polyvinyl alcohol
hydrogels have high fatigue threshold and high modulus, but large
hysteresis” . As a fourth example, elastomers and gels reinforced by
rigid particles have high toughness, high fatigue threshold, and high
modulus? %, Under large deformation, detachment and reattachment
between polymers and particles increase hysteresis’>. Recently
demonstrated materials have created excitement in the field, but do
not simultaneously achieve high modulus, high fatigue threshold, and
low hysteresis. The double-network polymers achieve high modulus,
high fatigue threshold, and low hysteresis; the high modulus and low
hysteresis, however, have been limited to small stretches* . Polymer
networks containing physical crosslinks have high hysteresis and low
fatigue threshold. Examples include hydrogels of polyacrylamide-
alginate'®”®, polyelectrolytes®®, and polyampholytes®*~?, as well as
ionogels®>*,

In this work, we demonstrate the principle outlined above by
using two species of polymer that can form a domain of physical bonds
in water. We first homogenize a mixture of long polymer chains,
monomers, and photoinitiators through kneading and annealing. This
homogeneous mixture is subsequently polymerized to form a blend of
two species of long-chain polymers. The two species form complexes
through hydrogen bonds. Upon swelling in water to equilibrium, the
blend develops into a hydrogel, where hydrophobic interactions drive
the aggregation of multiple complexes into domains. These domains
physically crosslink the long polymer chains into a network. The
resulting hydrogel exhibits a high modulus, a high fatigue threshold,
and low hysteresis.

Results

We demonstrate our design by fabricating a hydrogel using two spe-
cies of polymers (Supplementary Movie 1). The fabrication begins with
a powder of one species of polymer, poly(ethylene glycol) (PEG)
(Fig. 2a), and a liquid monomer precursor of another species of poly-
mer, poly(acrylic acid) (PAAc) (Fig. 2b). Polymer powder and the
monomer liquid are mixed into a polymer-monomer mixture, which is
initially heterogeneous and opaque (Fig. 2c). The mixture is kneaded at
an elevated temperature (80 °C) without breaking the PEG chains.
After kneading, the polymer-monomer mixture becomes homo-
geneous, transparent, and readily deforms by viscoplasticity (Supple-
mentary Fig. 2). We will call the polymer-monomer mixture in this state
a dough. The dough is annealed at an elevated temperature (65 °C),
and the PEG chains relax and entangle (Fig. 2d). Upon exposure to
ultraviolet light, the AAc monomers link into PAAc chains (Fig. 2e). The
two species of polymers, PEG and PAAc, zip together through hydro-
gen bonds. A sequence of the ether-carboxyl hydrogen bonds con-
stitutes a complex. Both polymers are hydrophilic. Once a complex
forms, the backbones of the two polymers are hydrophobic. The
polymer-polymer mixture remains transparent, and feels like dried,
stiff bubble gum. Submerged in water, the polymer-polymer mixture
swells. The hydrophobic interactions, in the presence of water,
aggregate multiple complexes into a domain® (Fig. 2f). Outside the
domains, the polymers form hydrogen bonds with water and are
flexible, highly entangled, and have low interchain friction. The PEG-
PAAc-water mixture is a hydrogel, which is transparent (Fig. 2g), and
elastically stretchable (Fig. 2h).

The dough of polymer-monomer readily undergoes plastic
deformation, which facilitates shaping by molding, extrusion, and
printing. Once the monomer polymerizes, the shape of the polymer-
polymer mixture is fixed. Furthermore, submerged in water, the mix-
ture swells but retains the shape. These processes fabricate hydrogel
into various shapes, such as helix, mobius strip, kirigami, and ori-
gami (Fig. 2i).

We use Irgacure 2959 as the initiator, which is commonly
decomposed by ultraviolet light, but not by elevated temperature.
That is, Irgacure 2959 is commonly used as a photoinitiator, but not a
thermal initiator. This fact is significant for the design of our process, in
which the dough is kneaded at 80 °C for 20 min and annealed at 65 °C
for four hours. Will such periods of elevated temperatures decompose
some of Irgacure 2959, and partially polymerize AAc monomers? Such
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Fig. 2 | Hydrogel of unusually long polymers crosslinked by domains of
physical bonds. a Powder of one species of long polymers. b Liquid of monomer
precursor of another species of long polymers. ¢ Mix the polymer powder and the
liquid monomer precursor. d Knead and anneal the polymer-monomer mixture to
form a homogeneous dough. e When the monomers are polymerized, the two
species of polymers are zipped by hydrogen bonds. f Submerge the polymer-

polymer mixture in water to form a hydrogel. g The hydrogel is transparent. h The
hydrogel is stretchable. i A dough can be made into various shapes, such as helix,
mobius strip, kirigami, and origami. The shapes retain after the monomers are
polymerized and the polymer-polymer mixtures are swollen into hydrogel. Scale
bars represent 5 mm.

polymerization would be undesirable, as polymerization would pre-
vent the dough from deformation to form shapes. To ascertain that
thermal initiation does not take place in our process window, after
kneading and annealing, we show that the monomer conversion to be
nearly zero by evaporating the monomer and measuring the weight
(Supplementary Fig. 3). Furthermore, after kneading and annealing, we
submerge the dough in water, and the dough completely dissolves.
Incidentally, the melting temperature of Irgacure 2959 is -88°C.
Apparently thermal decomposition is negligible below this
temperature.

We characterize the materials in several stages, beginning with the
PEG-AAc dough. The dough is soft and plastically deformable

(Supplementary Movie 2). The dough flows at a low frequency and
maintains a plateau of storage modulus (200 kPa) in a wide range of
high frequencies (Supplementary Fig. 4). The broad plateau of low
storage modulus indicates that the long polymers, dissolved in the
monomer liquid, are rubbery and entangled.

By contrast, the polymer-polymer mixture is a transparent and
plastically deformable material of high stiffness, strength, and viscos-
ity (Supplementary Figs. 5, 6, Supplementary Movie 3). The newly
formed PAAc chains are densely entangled among themselves and
with the PEG chains. The ether groups -CH,OCH,- of PEG and carboxyl
groups -COOH of PAAc are known to form hydrogen bonds. A
sequence of the hydrogen bonds between two polymer chains is called
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Fig. 3 | PEG hydrogel and PEG-PAAc hydrogel. a Stress-stretch curves, along with
photos of the two hydrogels. b When the PEG hydrogel is stretched, the covalent
crosslinks prevent the entanglements from disentangling. ¢ When the PEG-PAAc
hydrogel is stretched, the domains remain intact, and act as high-functionality

crosslinks, which also prevent the entanglements from disentangling. d The
properties of PEG hydrogel (black columns) and PEG-PAAc hydrogel (red columns).
Data with error bars in (d) are presented as mean values + standard deviations (s.d.)
of n = 3 replicates.

a polymer complex®*°, However, some of the ether groups of PEG and
carboxyl groups of PAAc do not form hydrogen bonds, as shown by the
Fourier-transform infrared (FTIR) spectroscopy (Supplementary
Figs. 7, 8, and Supplementary Table 1). This coexistence of complex
and noncomplex segments of two polymer chains has been reported
by a ®C NMR study®. The scanning electron cryomicroscopy (cryo-
SEM, Supplementary Fig. 9) show that the PEG-PAAc mixture forms
domains of -10-50 nm. This kind of heterogeneous structure may be
called “semi-complex”, analogous to a semi-crystalline polymer.
Thermodynamically, the two polymers tend to form complexes.
However, complexation cannot happen in some regions due to the
steric hindrance of long polymer chains. The “semi-complexed” poly-
mers are also observed in other systems, such as stereocomplex
polylactides*’. The PEG-PAAc mixture has a single glass transition at
9 °C, while the glass transition temperature is ~—50 °C for the pure PEG,
~100 °C for the pure PAAc (Supplementary Fig. 10). This single glass
transition of PEG-PAAc mixtures has been reported in the literature,
indicating that the two polymers are mixed at the molecular scale®**"*%,

Submerged in water, the PEG-PAAc mixture swells to form a
hydrogel. The hydrogel is transparent, elastic, and stretchable (Sup-
plementary Movie 4). The domains are of sizes of ~30-60 nm (Sup-
plementary Fig. 11). Both pure PEG and pure PAAc can dissolve in
water. The PEG and PAAc, once zipping together into a complex,
become hydrophobic. The particle-like phase is likely the domain of
the PEG-PAAc complex. The domain size in the PEG-PAAc hydrogel is
larger than that in the PEG-PAAc mixture, likely because the hydro-
phobic interactions drive phase coarsening. Both PEG and PAAc are

unusually long, so that each long chain is crosslinked through multiple
domains to other chains. For the PEG of molecular weight of
8 x10°g mol™, the root-mean-square end-to-end distance is estimated
to be 265 nm. For PAAc, the molecular weight is ~2 x 10°g mol™ (Sup-
plementary Fig. 12), and the root-mean-square end-to-end distance is
estimated to be 118 nm. Both are larger than the size of a domain of
~30-60 nm.

To demonstrate roles of the domains, we prepare another
hydrogel, PEG hydrogel, in which unusually long polymers are highly
entangled and sparsely crosslinked by covalent bonds. The PEG
hydrogel is prepared by mixing the PEG powder of long chains with a
small amount of water and photoinitiator, kneading the mixture into
dough, crosslinking the polymers, and submerging the crosslinked
network in water to equilibrium®, The PEG hydrogel is flaccid, whereas
PEG-PAAc hydrogel is turgid (Fig. 3a). The PEG hydrogel contains
7 wt.% of polymers, and PEG-PAAc hydrogel contains 48 wt.% of poly-
mers. The PEG hydrogel is highly entangled and sparsely crosslinked
by covalent bonds, so that the swelling ratio is mainly set by entan-
glements (Fig. 3b). The PEG-PAAc hydrogel is highly entangled and
crosslinked by the domains. The domains absorb water negligibly, so
that the swelling ratio is set by entanglements and the volume fraction
of domains (Fig. 3c). The domains act as high-functionality crosslinks,
like reinforcing hard particles linked to the flexible chains.

We measure stress-stretch curves of the two types of hydrogels
(Fig. 3a). The PEG hydrogel has a low modulus of ~55 kPa, and the PEG-
PAAc hydrogel has a high modulus of ~-510 kPa (Fig. 3d). The high
modulus of the latter indicates that the volume fraction of domains is
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tension is transmitted over the polymer strand between neighboring covalent
crosslinks. d For a PEG-PAAc hydrogel, at the crack tip, polymer chains in the
domains slip and transmit high tension over a long distance.

high. This aligns with elastomers reinforced by a high concentration of
hard particles, where an order of magnitude amplification of modulus
is commonly reported******>, The domains also amplify other prop-
erties determined by the stretch-stretch curves, including strength,
stretchability, and work of fracture (Fig. 3d). As a demonstration, when
an iron ball is dropped from a height onto the hydrogels, the PEG
hydrogel ruptures, but PEG-PAAc hydrogel bounces the ball (Supple-
mentary Movie 5).

In a rheometer, the loss tangent tan § of PEG-PAAc hydrogel is
~0.06, which is comparable to that of PEG hydrogel (-0.03). This
finding is remarkable considering that the polymer content of PEG-
PAAc hydrogel is seven times that of PEG hydrogel. Furthermore,
when subjected to a stretch of two and unloaded, the PEG-PAAc
hydrogel has a low hysteresis of 13% (Supplementary Fig. 13). These
findings indicate that, though each physical bond is weak, a domain
is strong enough to slip negligibly when the network is under
moderate stress.

Under cyclic stretch, the crack growth per cycle is measured as
a function of the amplitude of energy release rate (Fig. 4a, b). The
linear regression of data extrapolates the fatigue threshold, G.
The fatigue threshold is 6.5) m™ for the PEG hydrogel (Fig. 4a) and
is 184)m™ for the PEG-PAAc hydrogel (Fig. 4b). For the PEG
hydrogel, at the crack tip, the high tension is transmitted over the
entire polymer strand between neighboring covalent crosslinks
(Fig. 4c). Once a single bond in the polymer strand breaks, the
energy stored in the entire strand is dissipated. This classic Lake-

Thomas picture accounts for the observed fatigue threshold of the
PEG hydrogel. In contrast, for the PEG-PAAc hydrogel, the hydro-
gen bonds and hydrophobic interactions in a domain are much
weaker than covalent bonds along the polymers, so that near
the crack tip, the polymers in the domains can slip relative to one
another (Fig. 4d). The tension in the chain is balanced by the
interchain friction of shear lag effect®*. This effect enables the long
chains to slip but not pull out. Consequently, at the crack tip, the
high tension can be transmitted to a polymer segment longer than
the polymer strand between neighboring domains.

The impact of covalent crosslinks on limiting the extent of stress
deconcentration is further illustrated by another experiment. When
the PAAc is crosslinked by covalent bonds, the PEA-PAAc hydrogel still
shows a high modulus and low hysteresis but becomes brittle (Sup-
plementary Fig. 14).

Under monotonic stretch, the PEG hydrogel has a toughness of
~1600J m2, and the PEG-PAAc hydrogel has a toughness of 4200 ) m™.
Note that for each of the two hydrogels, the toughness is much higher
than the fatigue threshold. Such a difference between toughness and
fatigue threshold has been reported for many materials, including a
polyacrylamide hydrogel***”. Under monotonic stretch, crack growth
is resisted by a synergy of two mechanisms: scission of polymer
strands crossing the crack plane, and inelastic deformation in a volume
of material off the crack plane. In the PEG hydrogel, inelastic defor-
mation off the crack plane is likely due to scission of some of the
polymer strands. In the PEG-PAAc hydrogel, inelastic deformation off
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frequency. d Stress relaxation of the two hydrogels. e Schematic of the hydrogel of
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the crack plane is likely due to chain slip in the domains, as well as
chain scission.

The PEG-PAAc hydrogel is wear-resistant. When the hydrogel
under a normal force rubs against a sandpaper cyclically, the weight
loss per cycle of PEG-PAAc hydrogel is ~10 times lower than that of PEG
hydrogel (Fig. 3d). High modulus, strength, fatigue threshold, and
toughness may contribute to this high wear resistance. Wear resistance
is important to applications including artificial cartilage and hydrogel
coatings*®,

To illustrate the importance of unusually long polymers, we pre-
pare a hydrogel in which both PEG and PAAc chains are shorter than
those in the PEG-PAAc hydrogel described above. We call them short-
chain hydrogel and long-chain hydrogel. The short-chain PEG refers to
a polymer with molecular weight of ~4 x10°g mol™, which is 1/20 that
of the long-chain PEG. The short-chain PAAc is fabricated by adding the
initiator 30-times that in the long-chain PAAc. The molecular weight of
short-chain PAAc is 1/7 that of the long-chain PAAc (Supplemen-
tary Fig. 12).

The long-chain hydrogel is much stiffer, stronger, and more
elastic than the short-chain hydrogel (Fig. 5a and Supplementary
Fig. 15). The two hydrogels have a similar polymer content, but
markedly different modulus and strength (Fig. 5b). As frequency
decreases, the storage modulus of the long-chain hydrogel remains
nearly constant, but that of the short-chain hydrogel reduces sig-
nificantly (Fig. 5¢). When held at a constant stretch of three, the long-
chain hydrogel relaxes less stress than the short-chain hydrogel
(Fig. 5d). We hang a weight onto the two hydrogels (Supplementary
Movie 6), during which the short-chain hydrogel creeps to rupture, but
the long-chain hydrogel bears the load and behaves elastically.

The root-mean-square end-to-end distance is 265 nm for unu-
sually long-chain PEG, and 59 nm for short-chain PEG. The root-mean-
square end-to-end distance is 118 nm for unusually long-chain PAAc,
and 45 nm for short-chain PAAc. The two hydrogels exhibit a similar
morphology with a domain size of 30-60 nm (Supplementary Figs. 11,
16). Each long chain is crosslinked by multiple domains with few dan-
gling ends (Fig. 5e). Each short chain can only be crosslinked by one or
two domains with many dangling ends (Fig. 5f). Within each domain,
long chains can cross the whole domains, but the many short chains do
not. The long-chain hydrogel will rupture mainly by chain scission.

A long chain crosses multiple domains of high friction, so that multiple
domains participate in resisting the chain pullout. By contrast, the
short-chain hydrogel will rupture by chain pullout, with negligible
chain scission. In other experiments, we keep the PEG chains long and
vary the length of PAAc chains, or fix the chain length of PAAc chains
and vary the length of PEG chains (Supplementary Figs. 17, 18). Longer
chains always lead to higher modulus, higher strength, and lower
hysteresis.

The domains can be further strengthened by designing chemistry.
We prepare a hydrogel composed of unusually long polymers of PEG
and poly(methacrylic acid) (PMAAc) (Supplementary Fig. 19). The
methyl groups in PMAAc enhance the hydrophobic interaction and
hence strengthen the domains. The PEG-PMAAc hydrogel achieves a
high modulus of -1.9 MPa, a high strength of -3.5MPa, and a high
fatigue threshold of ~230 ) m™. The principles of chain slips and shear
lag are maintained, because the physical interactions between the
polymers are still weaker than the covalent bonds along the polymers.

Discussion

The polymer network based on self-assembled domains has been
explored previously**=". This network achieves high modulus and
toughness, yet typically large hysteresis due to the pullout of short
chains from the domains. The current design presents an approach to
achieve high modulus, high toughness, high fatigue threshold, while
maintaining low hysteresis simultaneously.

A recent approach to resolve the conflict of modulus, fatigue
threshold, and hysteresis is to introduce mechanophore crosslinks of
intermediate strength into an elastomer®”. The mechanophore cross-
links remain intact upon a moderate stretch, leading to a high modulus
and low hysteresis. The mechanophore crosslinks break before the
polymer chains, releasing the chain length of a bridging strand at the
crack tip to achieve a high fatigue threshold. However, the broken
mechanophore crosslinks do not reform, and cause permanent
damage in the material.

The principle of long chains of covalent bonds crosslinked by
domains of physical bonds may be used to re-engineer broadly used
materials to simultaneously achieve high modulus, high fatigue
threshold, and low hysteresis. For example, triblock copolymers, in
which rubbery chains are crosslinked by glassy domains, commonly
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have large hysteresis and low fatigue threshold™, likely due to the
chain pullout from the glassy domains. Multiblock copolymers, in
which long polymer chains are crosslinked through multiple glassy
domains, show a higher strength than triblock copolymers™. Such a
material holds promise to achieve a high fatigue threshold.

In many applications, hydrogels are used in contact with water,
and are therefore commonly prepared using relatively short chains to
avoid excessive swelling. Our design principle requires that the poly-
mer chains used in the PEG-PAAc hydrogel be much longer than those
commonly used in PEG and PAAc hydrogels. PEG hydrogels are com-
monly prepared from relatively short chains of M,<1x10°g mol™
Here we use PEG chains of molecular weight -8 x10°g mol™. PAAc
hydrogels are commonly prepared using a relatively large ratio of
photoinitiator to monomer (-107%). Here we use an unusually low ratio
(-107*) to achieve high molecular weight -2 x 10°g mol™. Both polymers
have molecular weights over 10°g mol™, generally regarded as ultra-
high molecular weight polymers. In contact with water, the PEG-PAAc
hydrogel of unusually long chains avoids excessive swelling by forming
domains of physical bonds. Our design principle requires that each
polymer chain be long enough to be incorporated into multiple
domains of physical bonds, so that the chain can slip in the domains,
but not pull out from the domains.

We demonstrate that unusually long chains of covalent bonds
crosslinked by domains of physical bonds simultaneously achieve high
modulus, high fatigue threshold, and low hysteresis. The domains are
strong enough so that polymers in the domains slip negligibly under
moderate stress, and the network achieves high modulus and low
hysteresis. At the crack tip, the high tension along the polymers reaches
the strength of the covalent bonds, which is much stronger than the
physical bonds between polymers, so that the domains at the crack tip
slip. Unlike a covalent crosslink, the domain of physical bonds slips but
does not break. Polymer chains do not pull out due to the shear lag
effect. Consequently, the high tension at the crack tip is transmitted
over the long segments of the polymer chains, leading to high fatigue
threshold. Moreover, the domains of physical bonds can be designed to
dissociate on demand. This combination of attributes holds promise
for developing polymers that contributes to sustainability.

Methods

Materials

Poly(ethylene glycol) (PEG, M,=400,000 and 8,000,000 gmol™),
acrylic acid (AAc), methacrylic acid (MAAc), Irgacure 2959, N,N'-Methy-
lenebis(acrylamide) (MBA), benzophenone, ethanol, and isopropyl
alcohol (IPA) are purchased from Sigma-Aldrich and used without fur-
ther purification. Distilled water is purchased from Poland Spring.

Preparation of hydrogels crosslinked by domains of

physical bonds

We dissolve a certain amount of UV initiator Irgacure 2959 into the
liquid of monomer (acrylic acid or methacrylic acid) to form a homo-
genous solution. The solution is dripped onto the powder of PEG. The
weight of the monomer is calculated to let the molar ratio of the
monomer and the repeat unit of PEG to be equivalent. The solution and
the polymer powder are mixed by hand, and the mixture is hetero-
geneous. The mixture is then homogenized by a kneading process
(Supplementary Fig. 2). Each cycle of kneading includes three steps:
hot-press the sample between two rigid plates of 80 °C into a sheet of
thickness of 0.5 mm by using a spacer, hold the press for five minutes,
and then fold the sheet twice. We repeat the process for four cycles.
During pressing and holding, the dough is kept in a plastic bag
(reclosable zip bag, VWR) to prevent the evaporation of monomer.
After kneading, we anneal the dough at elevated temperature to fur-
ther homogenize the dough, relax the polymer chains and let the
chains entangle. The annealing process is as follows. We sandwich the
sheet of dough between two glass plates and press it to the thickness of

0.4 mm by using a spacer. The sheet of dough is kept at 65 °C for four
hours. After cooling down to room temperature, the sandwiched
sample is exposed to ultraviolet light for three hours to polymerize the
monomers in the dough. After polymerization, the polymer-polymer
mixture is then submerged into water for at least two days to obtain a
fully-swollen hydrogel.

Preparation of the PEG hydrogel

We prepare an ethanol solution of benzophenone photocrosslinker
(10 wt.%). We dissolve 130 pL of this photocrosslinker solutionin ~1.5g
of isopropyl alcohol (IPA), drip the solution onto 2.5 g of PEG powder,
and then mix them by hand to form a mixture. The mixture is left in an
oven at 65 °C for 15 min to evaporate the IPA. Then, we drip 2.5g of
water onto the dried mixture of PEG and benzophenone. We use the
same process of kneading and annealing above to homogenize the
mixture and form a homogeneous dough. Note that water molecules
evaporate somewhat during the kneading process. After annealing, the
water content of the dough is ~40%. The homogenized dough is
exposed to ultraviolet light for 1.3 h in a nitrogen environment. When
ultraviolet light is irradiated, benzophenone molecules are activated to
abstract hydrogen atoms from PEG chains and create radicals. Two
radicals couples to form a chemical bond, crosslinking PEG chains®.
The cross-linked dough is submerged in water for at least two days to
obtain a fully-swollen PEG hydrogel.

Tensile test

The stress-stretch curve and loading-unloading curve are measured by
uniaxial tensile tests at a constant stretch rate of 0.05s™.. The sample is
cutinto adumbbell shape by a die cutter (Ace steel rule dies, ISO 527-2-
5B). The total length of the sample is 35 mm, and the neck width is
2 mm. The gauge length is ~20 mm and is regarded as the initial length
of the sample. The sample is tested by Instron 5966 with a 100 N load
cell. The stress-stretch curve is measured by stretching the sample
until it fractures. The initial slope of the stress-stretch curve is recor-
ded as modulus. The stress and stretch at fracture are recorded as the
strength and the stretchability, respectively. The work of fracture is
calculated by integrating the stress-stretch curve. Hysteresis is mea-
sured by the loading-unloading curve with a maximum stretch of two.
We define hysteresis as the ratio of the area between the loading and
unloading curves divided by the area under the loading curve. During
all tensile tests for hydrogels, a humidifier is used to prevent the
hydrogel from losing water.

Pure shear test

The toughness and fatigue threshold are measured by a pure shear
test. The sample dimensions for the pure shear test are 63.5 mm in
width and 10 mm in height. The sample is adhered to grippers of
acrylic slides using Krazy glue. One sample is cut by a fresh razor blade
(VWR, 55411-050) to form a 25 mm precrack, and the other one remains
intact. When measuring toughness, the intact sample is stretched to
obtain the strain energy density as a function of stretch W(A), and the
precracked sample is stretched to fracture to obtain the critical stretch
A.. The toughness was calculated by W(A.)Ho, where Hqy was the initial
height of the sample. The loading rate is 0.05s™ for toughness mea-
surement. For the fatigue test, the strain energy density is measured
from the stress-stretch curve of intact sample after 500 cycles of
loading and unloading. The precracked sample is applied to a cyclic
stretch of fixed amplitude. An amplitude of the stretch corresponds to
an amplitude of energy release rate. Around 500 cycles are applied
ahead of the measurement to form a consistent crack tip. The crack
growth is measured by an optical microscope after additional 10,000
cycles and divided by the number of cycles to get the crack advance
per cycle dc/dn. Based on the resolution of the microscope, the
minimum crack growth rate we can detect is -1 nm cycle™. Each cycle of
loading and unloading takes 1s.
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Stretch relaxation test

The hydrogel is cut into a rectangle shape with 20 mm in width and
~15mm in length. We stretch the sample to a stretch of three using a
loading rate of 5mm s™. We then hold the sample at this stretch and
monitor the stress with time.

Rheology test

We use arheometer (DHR-3, TA Instruments) to test linear dynamic
viscoelasticity of samples including annealed PEG-AAc dough and
hydrogels. The sample is cut into a disk with a diameter of 20 mm. A
stainless-steel plate with a diameter of 20 mm is used. Frequency
sweeps from 600 to 0.0001 rad s with a linear deformation strain
of 0.3% at 25 °C. For PEG-AAc dough, the sample is gradually com-
pressed to a thickness of 500 um and held for 30 min to ensure a
good adhesion to the steel plate and the substrate. The dough is
sticky and capable of viscoplastic deformation. For hydrogels, we
use Krazy glue to adhere the hydrogels to the steel plate and sub-
strate. We hold the adhered hydrogels for 30 min to ensure a good
adhesion. Before all rheological measurements, a sweep of strain
amplitude is used to validate a limit of strain amplitude, below
which sample does not slip, as well as shows a linear deformation.
We use a dynamic mechanical analyzer (DMA, Q800, TA Instru-
ments) to test the dynamic behavior of the PEG-PAAc mixture. We
use the tensile mode and sweep the frequency from 200 to 0.01 Hz
at the temperatures of 25, 45, and 65 °C, respectively. The principle
of time-temperature superposition is applied to overlap the
mechanical spectra of different temperatures to establish a master
curve at a reference temperature of 25 °C.

Cryogenic scanning electron microscopy (Cryo-SEM)

To preserve microstructures, samples are quenched in liquid nitrogen
and transferred to a high-vacuum sputter coater (Leica EM ACE600)
maintained at -160 °C. In the coater, samples are fractured to expose
cross-sections, after which the temperature is raised to —90 °C and
held for 5 min to sublimate surface water. The samples are then cooled
back to -160°C and sputter-coated with a -5nm platinum layer.
Finally, they are transferred to a cryogenic scanning electron micro-
scope (Helios Nanolab G3 UC) for microstructure observation, with the
temperature maintained at —140 °C.

Fourier-transform infrared spectroscopy (FTIR)

We use FTIR, attenuated total reflectance (ATR) mode (Nicolet iS-50
FTIR equipped with a diamond ATR crystal) to identify the functional
groups within PEG, PAAc and PEG-PAAc mixtures. The spectra are
recorded from 4000 to 500 cm™ at 4 cm™ resolution and 32 sample/
background scans. To investigate the hydrogen bonds within PAAc and
PEG-PAAc mixtures, the carbonyl region (1800-1650cm™) was
deconvoluted based on a Gaussian function.

Differential scanning calorimetry (DSC)

We use a differential scanning calorimetry (TA, Discovery 250) to
characterize the phase transition behaviors of PEG-PAAC mixture. The
sample of 5mg is placed in an aluminum pan. Temperature sweeps
from -85 to 160 °C is used with a heating rate of 5°C min™.

Molecular weight characterization of PAAc

We use Agilent gel permeation chromatography (GPC) coupled with
Wyatt Multi-Angle Light Scattering (MALS) to characterize the molecular
weight of PAAc. To dissolve the samples in water, we synthesize PEG-
PAAc mixture using PEG with a low molecular weight of 200 g mol™,
instead of the high molecular weight of 8,000,000 g mol™. This short-
chain PEG is known to be unable to form complexes with PAAc®. The
short PEG chains are also used to avoid the signals of the PEG and PAAc
from overlapping. Aqueous solution of sodium nitrate (0.1 molL™) is
used as a mobile phase. The mobile phase is ultrasonically degassed and

filtered with 0.2 pm filter paper before injection into columns. The gel
chromatography columns of Shodex 804 and 806 M are used in series.
The injection volume of the sample is 30 pL and the flow rate of mobile
phase is 0.5 mL min™. The temperatures of the column and detector are
set to 45 °C. The refractive index of the mobile phase and polyacrylic
acid is 1.4785 and 0.171gmL™, respectively. The test results are pro-
cessed using Astra software. Here we use the photoinitiator-to-
monomer ratios of 10 and 3 x107. The measurements of GPC yield
molecular weights of -2 x10°g mol™ and -3 x 10°g mol™.

Data availability

The authors declare that the data supporting the findings of this study
are available within the Article and its Supplementary Information files.
All data are available from the corresponding author upon request.
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