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Making Highly Elastic and Tough Hydrogels from Doughs

Guodong Nian, Junsoo Kim, Xianyang Bao, and Zhigang Suo*

A hydrogel is often fabricated from preexisting polymer chains by covalently
crosslinking them into a polymer network. The crosslinks make the hydrogel
swell-resistant but brittle. This conflict is resolved here by making a hydrogel
from a dough. The dough is formed by mixing long polymer chains with a
small amount of water and photoinitiator. The dough is then homogenized by
kneading and annealing at elevated temperatures, during which the crowded
polymer chains densely entangle. The polymer chains are then sparsely
crosslinked into a polymer network under an ultraviolet lamp, and submerged
in water to swell to equilibrium. The resulting hydrogel is both swell-resistant
and tough. The hydrogel also has near-perfect elasticity, high strength, high
fatigue resistance, and low friction. The method is demonstrated with two
widely used polymers, poly(ethylene glycol) and cellulose. These hydrogels
have never been made swell-resistant, elastic, and tough before. The method
is generally applicable to synthetic and natural polymers, and is compatible
with industrial processing technologies, opening doors to the development of

bonds.?! The physical hydrogels resist
excessive swell, and have a high load-
bearing capacity, characterized by high
stiffness, strength, toughness, and fatigue
resistance.’ ™ During deformation, the
hydrogen bonds break and reform, so
PVA hydrogels exhibit pronounced inelas-
ticity. By contrast, dry PEG crystallizes,
but dissolves in water.'! To resist exces-
sive swell in water, the chemical hydro-
gels have dense chemical crosslinks,/2-4
which embrittle the hydrogels.'>~2 Slide-
ring hydrogels can equalize tension along
polymer chains and are highly stretch-
able and elastic.?!! However, slide-ring
hydrogels reported so far are soft and
brittle.?? Slide-ring PEG hydrogels with
high polymer contents toughen by strain-
induced crystallization,?% but such hydro-

sustainable, high-performance hydrogels.

1. Introduction

Many hydrogels are fabricated from preexisting polymers
for two reasons. First, some synthetic polymers, such as
poly(ethylene glycol) (PEG), poly(vinylpyrrolidone) (PVP),?
and poly(vinyl alcohol) (PVA),24 are polymerized under spe-
cialized conditions. Second, many sustainable polymers under
development are derived from natural polymers, such as cellu-
lose, alginate, chitosan, hyaluronic acid, collagen, and gelatin.P’!

In the presence of water, some polymers gel by physical
bonds, and others gel by chemical crosslinks. The two classes of
hydrogels—called physical hydrogels and chemical hydrogels—
are illustrated, respectively, by PVA and PEG. Both have excel-
lent biocompatibility and are widely used in bioengineering.[®
PVA hydrogels form crystalline domains through hydrogen
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gels suffer pronounced swelling due to the
low density of slide rings, leading to low
stiffness and low toughness in water.2124

This conflict between swell resistance and toughness origi-
nates from the conventional method of fabrication (Figure 1a).
Most PEG hydrogels have been synthesized by using crosslink-
able PEG derivatives, such as poly(ethylene glycol) diacrylate
(PEGDA)! and tetra-arm PEG.*! To resist excessive swell, poly-
mers of relatively low molecular weights are commonly used.
The short polymer chains are mixed with a large amount of
water to form a homogeneous solution. The polymer chains are
crosslinked into a polymer network, which is then submerged
in water to swell to equilibrium. The resulting hydrogel forms
a net-like topology: the polymers are densely crosslinked and
sparsely entangled. When the hydrogel is stretched, before a
chain breaks, tension is distributed over its short length and to
a few other chains through two crosslinks. When a single cova-
lent bond breaks, the energy stored in these few short chains
dissipates, resulting in brittleness.[10-2¢]

Here we report a method of using pre-existing polymer
chains to fabricate chemical hydrogels of both high swell resist-
ance and toughness (Figure 1b). We make a dough by mixing
PEG chains of high molecular weights with a small amount
of water and photoinitiator. We homogenize the dough by
kneading and annealing at elevated temperatures, during which
the crowded, long polymer chains densely entangle. We then
shine ultraviolet light to sparsely crosslink the polymer chains
into a polymer network. The dough is submerged in water to
swell to equilibrium. The resulting hydrogel forms a fabric-
like topology: the dense entanglements weave and the sparse
crosslinks fasten. A polymer network of a topology in which
entanglements greatly outnumber crosslinks may be called a
tanglemer.

(10f10) © 2022 Wiley-VCH GmbH
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Figure 1. Making hydrogels from preexisting polymers in two ways. a) Make a hydrogel from a solution of short chains: dissolve short polymers in a
large amount of water, crosslink the polymers into a network, and swell the network in water to equilibrium. b) Make a hydrogel from a dough of long
polymers: mix long polymers with a small amount of water, knead and anneal the mixture to form a homogenized dough, crosslink the polymers into

a network, and swell the network in water to equilibrium.

Whereas how entanglements affect the stiffness of polymer
networks and the rheology of polymer solutions have long been
studied,/??8l how entanglements affect the fracture of polymer
networks has received attention only recently.?>3% When a
highly entangled hydrogel is stretched, before a chain breaks,
tension is distributed along the long length of the chain and
to many chains through entanglements, as well as to a few
other chains through two crosslinks.% When a single covalent
bond breaks, the energy stored in many long chains dissipates,
leading to high toughness. A polymer network in which entan-
glements greatly outnumber crosslinks resolves the conflict
between swell resistance and toughness. The dense entangle-
ments restrain swelling but do not embrittle the polymer net-
work. The sparse crosslinks enable long polymer chains and
toughen the polymer network. So far highly entangled hydro-
gels have been synthesized from the polymerization of mono-
mers.223% As noted above, existing hydrogels made from preex-
isting polymers and chemical crosslinks have poor mechanical
properties. Consequently, a method to enhance the mechanical
properties of such hydrogels will advance technology in terms
of biocompatibility, sustainability, and cost-efficiency.

2. Results and Discussion

We synthesize a highly entangled hydrogel from PEG of an
ultra-high molecular weight of 8 x 10° g mol™l. We mix the
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powder of the PEG polymer chains with unusually small
amounts of water and photoinitiator, forming an inhomoge-
neous and opaque dough (Figure S1, Supporting Information).
Let ¢ be the mass ratio of polymer to the dough. A cycle of
kneading consists of folding the dough twice, pressing it
using aluminum plates to the original thickness in 2 min, and
holding the aluminum plates for 9 min, all at 80 °C (Figure 2a).
After seven cycles of kneading, the dough becomes homoge-
neous and transparent (Figure 2b). The dough is then annealed
at 65 °C overnight. The microstructure of the dough is coarse
before kneading, refined after seven cycles of kneading, and
further refined after annealing (Figure S2, Supporting Infor-
mation). That the dough becomes transparent after kneading
and annealing indicates that polymers are uniformly distrib-
uted in the nanoscale (Figure S3, Supporting Information).
In a rheometer, the dough behaves like a viscous liquid at
a low frequency, and like an elastic solid at a high frequency
(Figure 2c). The rheology of the dough quantifies the state of
entanglement. Following a common practice, we use the pla-
teau modulus to calculate the entanglement molecular weight
M, (Note S1, Supporting Information), and find that it scales
as M, ~ ¢ * (Figure 2d). The scaling is commonly observed in
highly entangled polymer solutions.?! At ¢, = 0.75, M, = 4.5 x
10% g mol™ is much lower than the molecular weight of the as-
received polymer (8 x 10° g mol™), giving =1800 entanglements
per polymer chain. Furthermore, by extrapolation of the experi-
mental data in Figure 2d, we estimate that the entanglement

© 2022 Wiley-VCH GmbH
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Figure 2. Making a highly entangled hydrogel through a dough. Make a dough by mixing a powder of long-chain PEG with small amounts of water and
benzophenone. a) The dough is homogenized by kneading at an elevated temperature. b) The dough (¢ =75%) becomes homogeneous in seven cycles
of kneading. c) The storage and loss moduli as functions of frequency for doughs after kneading. d) The entanglement molecular weight of doughs as
a function of ¢. e) Storage and loss moduli of a solution of as-received polymer are compared to those of a solution of kneaded dough. Each solution
contains 1% of polymer in mass. f) The dough is then annealed at 65 °C overnight, and crosslinked under ultraviolet light. g) The crosslinked dough
is submerged in water to swell to equilibrium. h) The resulting hydrogel is transparent and highly stretchable. Scale bars: 1 cm.

molecular weight for the polymer without water is 2600 g mol.
This value is close to the reported entanglement molecular
weight of PEG melt, =2200 g mol~'.3? This comparison indi-
cates that, after the dough is annealed, the entanglements have
reached equilibrium. For all frequencies tested, the solution of
as-received polymer and the solution of kneaded dough have
comparable moduli (Figure 2e). This finding confirms that
kneading causes the scission of polymer chains negligibly.
When the dough is placed under an ultraviolet lamp, the ben-
zophenone molecules are activated, abstract hydrogen atoms
from PEG chains, and create radicals along the chains. When

Adv. Mater. 2022, 2206577

2206577 (3 of 10)

two radicals encounter, they form a crosslink (Figure 2f and
Figure S4, Supporting Information). The crosslinked dough is
then submerged in water to swell to equilibrium (Figure 2g).
The resulting hydrogel is transparent, elastic, stretchable, and
tough (Figure 2h and Video S1, Supporting Information).

The kneading and annealing of polymers, with or without
solvent, have long been used to process elastomers and food,
but have so far not been used to process hydrogels. On the basis
of the physics and chemistry of PEG, we design the process
such that polymer chains do not degrade or break, but densely
entangle. Dry PEG is semicrystalline, which melts at =65 °C. It

© 2022 Wiley-VCH GmbH
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dissolves in a large amount of water at room temperature. The
dry powder, as well as powder mixed with a small amount of
water, remains powdery after being kept at an elevated tempera-
ture overnight (Figures S5 and S6, Supporting Information).
However, PEG degrades substantially when kept at elevated
temperature for too long.>*l Mixing the powder with a small
amount of water lowers viscosity and eases homogenization,
but mixing the powder with too much water makes the polymer
chains slightly entangled. The mixture must be kneaded at a
slow rate to avoid breaking the long polymer chains. The PEG
with a small amount of water remains powdery after kneading
at room temperature (Video S2, Supporting Information), but
turns into a homogeneous dough after kneading at elevated
temperature. Right after kneading, the polymer chains are in an
extended, nonequilibrium state. During annealing, the polymer
chains coil and entangle by thermal motion, approaching equi-
librium. Annealing temperature should not be lower than the
melting point of PEG, and should not be too high to cause
thermal degradation. Guided by these observations, we mix
the as-received polymer with suitable amounts of water and
photoinitiator, knead the dough in a window of temperature,
number of cycles, and rate of deformation, and anneal the
dough in a window of temperature and time.

To contrast the net-like topology and fabric-like topology,
we prepare a conventional short-chain hydrogel using PEGDA
of molecular weight of 7 x 10> g mol™ (Figure S7, Supporting

500 r
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Information), and a highly entangled hydrogel using PEG
chains of molecular weight of 8 x 10° g mol™!. We compare
the two types of hydrogels through various tests. We glue the
two hydrogels to acrylic rings and puncture them using a glass
rod. The short-chain hydrogel punctures at a small displace-
ment and cracks emanate from the punctured hole (Figure 3a
and Video S3, Supporting Information). The highly entangled
hydrogel punctures at a large displacement (9.4 times greater
than that of the short-chain hydrogel), and no cracks emanate
from the punctured hole (Figure 3b and Video S4, Supporting
Information). We then cut sheets of the two hydrogels into
dogbone-shaped samples, and stretch them using a tensile
tester. The two hydrogels have remarkably different stress—
stretch curves (Figure 3c). The highly entangled hydrogel has
a lower final polymer fraction and stiffness than the short-
chain hydrogel, but has higher toughness, fatigue threshold,
extensibility, work of fracture, and tensile strength than the
short-chain hydrogel (Figure 3d and Figure S8, Supporting
Information). Toughness and work of fracture have different
units, ] m™ and ] m™>. Their ratio defines a material-specific
length.?Yl The ratio of our measured toughness and work of
fracture gives the length 1.8 mm. When flaws in the mate-
rial are smaller than this material-specific length, the mate-
rial is flaw insensitive. We also cut two hydrogels into disks,
and measure the compressive strengths. The highly entangled
hydrogel has about 5.2 times higher compressive strength than
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Figure 3. Comparison of a short-chain PEG-based hydrogel and a highly entangled PEG hydrogel. a) The short-chain hydrogel punctures at a small
displacement, with cracks emanating from the punctured hole. b) The highly entangled hydrogel punctures at a large displacement, with no cracks ema-
nating from the punctured hole. The white dashed lines indicate the positions of the two undeformed hydrogels. Scale bars: 1 cm. c) The stress—stretch
curves of the two hydrogels. d) The highly entangled hydrogel (blue columns) differs from the short-chain hydrogel (red columns) in various properties.
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Figure 4. Highly entangled PEG hydrogels are elastic and tough. a) A highly entangled PEG hydrogel exhibits near-perfect elasticity with negligible
hysteresis. b) Highly entangled PEG hydrogels are compared with existing hydrogels on the toughness-hysteresis plane.[®163%#4-51 ¢) Two types of
experiments are conducted on the highly entangled hydrogel. First, the hydrogel is compressed to rupture. Second, the hydrogel is compressed ten
times to a pressure of 4 MPa, submerged in water to swell to equilibrium, and then compressed to rupture. Each experiment is repeated three times.

the short-chain hydrogel (Figure S9 and Videos S5 and S6,
Supporting Information).

The highly entangled PEG hydrogel has a friction coefficient
of 0.028, and the short-chain PEG-based hydrogel has a friction
coefficient of 0.55 (Figure S10, Supporting Information). This
marked difference is understood as follows. On the surface of
the hydrogels, hydrophilic polymer chains stabilize a layer of
water, which lubricates the surface.l3*3¢] The friction decreases
as the thickness of the layer increases, and the thickness
increases as the length of polymer chains increases. The long
length of polymer chains of the highly entangled hydrogel gives
a low friction coefficient.

The highly entangled hydrogel exhibits near-perfect elasticity:
the stress—stretch curves have negligible hysteresis (Figure 4a)
and are insensitive to the rate of stretch (Figure S11, Supporting
Information). The near-perfect elasticity results from two facts.
First, the large amount of water in the swollen hydrogel reduces
interchain friction. By comparison, the crosslinked dough
exhibits pronounced hysteresis (Figure S12, Supporting Informa-
tion). Second, the highly entangled hydrogels have no sacrificial
bonds. By comparison, when a double network (DN) hydrogel is
stretched, a short-chain network breaks while a long-chain net-
work is intact, leading to high hysteresis.*”! Sacrificial bonds and
high hysteresis are common in many hydrogels, including algi-
nate-polyacrylamide (PAAm) hydrogel®® and PVA hydrogel.[#93]

It has been suggested that viscoelasticity due to slip of entan-
glements toughens hydrogels.l?l By contrast, we find that, due
to the low viscosity of water, entanglements in swollen hydro-
gels readily slip and negligibly dissipate energy before rupture.
Indeed, this ease of slip is a prerequisite for tension to de-con-
centrate along long chains and leads to high toughness. The
high toughness with near-perfect elasticity supports our under-
standing of the role of entanglements.

Adv. Mater. 2022, 2206577
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In most hydrogels, hysteresis and toughness are positively
correlated. They measure energy dissipation in two tests. Hys-
teresis measures energy dissipated in loading and unloading a
sample without crack propagation. Toughness measures energy
dissipated in crack propagation. Indeed, such hysteresis—tough-
ness correlation has been commonly stated as a design prin-
ciple in developing tough hydrogels.?”384! The DN hydrogel,
alginate-PAAm hydrogel, and PVA hydrogel all have both
high hysteresis and high toughness, whereas the short-chain
PEG-based hydrogel has low hysteresis and low toughness
(Figure 4b). The highly entangled hydrogel is exceptional in
that it breaks the hysteresis-toughness correlation and simulta-
neously achieves low hysteresis and high toughness. The highly
entangled hydrogel achieves high toughness not by sacrificial
bonds, but by having all chains long.

Furthermore, a high toughness with near-perfect elasticity
allows the highly entangled hydrogel to resist fatigue. Under
cyclic loading, sacrificial bonds and viscoelasticity do not
enhance the fatigue threshold,?>>? whereas the de-concen-
tration of tension does.*®>3l As we have shown in Figure 3d,
the highly entangled PEG hydrogel has a much higher fatigue
threshold than short-chain PEG-based hydrogels, as well as
fully swollen tetra-arm PEG hydrogels.® The high fatigue
threshold and low hysteresis support that the entanglements
slip easily and de-concentrate tension.

In a hydrogel with sacrificial bonds, upon loading, the sac-
rificial bonds break and normally do not heal within a short
time. Consequently, the hydrogel degrades and has a different
stress—stretch curve upon reloading.3®3% Submerged in water,
the degraded hydrogel swells more and becomes even weaker.
These shortcomings do not appear in a highly entangled
hydrogel. We conduct two types of experiments (Figure 4c).
First, we compress a sample to rupture. Second, we compress

© 2022 Wiley-VCH GmbH
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a sample ten times to a pressure of 4 MPa, swell it in water
overnight, and then compress it to rupture. We perform each
type of experiment on three samples and find that the strength
varies from sample to sample, but the average strengths meas-
ured in the two types of experiments are the same, =6.5 MPa.
Also, the stress—strain curves of the two types of experiments
only differ slightly. These findings confirm that the highly
entangled hydrogel degrades negligibly under repeated load.
The properties of hydrogels made from doughs depend on
various synthesis parameters, including the initial polymer
fraction ¢, the benzophenone ratio B (the molar ratio of ben-
zophenone to monomer unit of the polymer), and molecular
weight of the polymer M,. Each dough is homogenized and
crosslinked, and then submerged in water to form an equilib-
rium hydrogel. When B, ¢, and M, are low, the dough dissolves
in water. When B, ¢, and M, exceed critical conditions, the
dough gels and swells to equilibrium. In either case, let ¢ be
the final mass fraction of polymer in the equilibrated sample.
We plot the final polymer fraction ¢ for samples made of PEG
of molecular weight M, = 8 x 10° g mol~! and various values of
Band ¢, (Figure 5a). At fixed values of ¢, and M,, a critical value
of B exists, below which the dough dissolves, so that ¢y is low,
set by the mass ratio of the polymers and water in the container.
The critical B decreases as ¢, increases. Above the critical value
of B, the dough swells to an equilibrium hydrogel. At any B,
the higher the polymer fraction in the dough, ¢, the higher the

www.advmat.de

polymer fraction in the equilibrium hydrogel, ¢ These obser-
vations support the molecular interpretation that the entangle-
ments and the crosslinks together maintain the topology of the
polymers in a hydrogel. The higher the initial polymer fraction
@, the more crowded the polymers in a dough, and the denser
the entanglements. A highly entangled dough (¢, = 75% and
B = 3.2 x 107 swells by about a factor of ten, as calculated
from the observed equilibrium polymer fraction. This amount
of swelling is unsurprising because the dough is concentrated
with PEG, which is hydrophilic. The entanglements are not
dense enough even in a dough of highly entangled polymer
network to prevent swelling. However, hydrogels of sparse
entanglements (¢ < 75% and B = 3.2 x 107 swell much more
than a factor of ten.

This molecular interpretation is corroborated by elastic
modulus E of the equilibrium hydrogels plotted as a function
of Band ¢ at M, = 8 X 10° g mol™! (Figure 5b). At B=1x 1073,
the hydrogel made of a dough of ¢, = 75% has a modulus
E =30 times higher than the hydrogel made of a dough of
@ = 45%, and the hydrogel made of a dough of ¢, = 30% has
negligible modulus. We also measure toughness I” of equilib-
rium hydrogel as a function of B and ¢, at M, = 8 x 10° g mol™
(Figure 5c). As B decreases, the crosslink density decreases,
and the toughness increases. This trend is consistent with the
prediction of the Lake-Thomas model.’? When ¢, = 60%, the
critical value of Bis 3.2 x 107, and a low crosslink density gives
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Figure 5. The properties of hydrogels made from doughs of long-chain PEG depend on various synthesis parameters. a) The final polymer fraction
¢ as a function of the benzophenone ratio B at different initial polymer fraction ¢. b) The elastic modulus E as a function of B at different ¢. c) The
toughness I"as a function of B at different ¢. d) ¢r as a function of B at different molecular weights M,. ) E as a function of B at different M,. f) I

as a function of B at different M,,.
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a high toughness of 2000 ] m™2. When ¢ = 30%, the critical
value of Bis 1x 1072, and a high crosslink density gives a tough-
ness of only 250 ] m™2. We have also tried ¢, = 100% but the
resulting hydrogel remains inhomogeneous after the kneading
process used in lower values of ¢ (Figure S13, Supporting
Information).

We next characterize equilibrium hydrogels made from
doughs of PEG chains of various molecular weights, crosslinked
using various amounts of benzophenone. All these doughs are
prepared at the same initial polymer fraction, ¢ = 65%. Again,
at fixed values of ¢ and M, a critical value of B exists below
which the dough dissolves in water so that ¢y is low (Figure 5d).
The critical B decreases as M, increases. Also, at any B, a
higher M, gives a higher ¢ These observations indicate that
a hydrogel made of polymers of a higher molecular weight has
denser entanglements. Also, as M, increases, ¢r increases rap-
idly when M, is low and increases slowly when M, is high. We
interpret this behavior as follows. In the crosslinked network,
the two ends of a polymer chain are dangling. Consequently,
a portion of the chain at each end can detangle under stress,
and does not contribute to swell resistance. When M, is low, the
portion of dangling chains is high, resulting in lower ¢r. When
M, is high enough, the portion of dangling chains is negligible,
so that ¢ is insensitive to the molecular weight. This molecular
interpretation is corroborated in elastic modulus (Figure 5Se).
For example, at B = 3.2 x 107, the moduli of the hydrogels
made from polymers of M, > 6 x 10> are on the order of 10 kPa,
whereas the moduli of the hydrogels made from polymers of
M, < 6 x 10° are vanishingly low. We plot the toughness of equi-
librium hydrogels (Figure 5f). The toughness is not sensitive
to M,, but the high value of M, enables polymers to have low
values of B and high toughness. This observation is consistent
with the Lake-Thomas prediction that the toughness depends
on the polymer chain length between crosslinks. We compare
the stress—stretch curves of some of the conditions in Figure 5 to
the theory of elasticity of entangled networks (Figures S14-S16
and Note S2, Supporting Information). We also compare the
swelling ratio to the theory of elasticity of gels (Note S3, Sup-
porting Information). We have measured the mechanical
properties of hydrogels made with doughs annealed at various
temperatures for various times (Figure S17, Supporting Infor-
mation). For a given annealing temperature, the mechanical
properties of hydrogels plateau after some time. This observa-
tion indicates that the entanglements reach equilibrium after a
dough is annealed at a temperature for a sufficient time.

In classic models of networks without entanglements, stiff-
ness, stretchability, and fatigue threshold are related to the
number of monomers per chain (Note S4 and Figure S18, Sup-
porting Information). Using these models and measured values
of the three material properties, we estimate three values of the
number of monomers per chain, 1016, 357, and 37 467, respec-
tively. We interpret the large difference between the third esti-
mate and the first two to the presence of dense entanglements.
Compared to a network without entanglements, a highly
entangled network increases stiffness and decreases stretch-
ability, because the entangled chains cannot pass one another
without scission. Entanglements, however, do not affect the
fatigue threshold, because the entangled chains slip readily
and de-concentrate tension over entire chains. Both stiffness
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and stretchability can be used to define the effective density of
entanglements, but the two definitions lead to somewhat dif-
ferent values, as indicated by the above numbers.

Strain-induced crystallization has been shown to toughen
slide-ring PEG hydrogels, where the polymer fraction is above
20%.21 We confirm strain-induced crystallization for our
hydrogels when the polymer fraction is 20%, but do not observe
strain-induced crystallization in fully swollen hydrogels, in
which polymer fraction is 7% (Figure S19, Supporting Informa-
tion). Thus, our hydrogel attains high toughness through stress
de-concentration of densely entangled long polymer chains,
rather than strain-induced crystallization.

Our method has the potential to develop sustainable hydro-
gels using polymers derived from abundant natural products.
To illustrate, we synthesize highly entangled hydrogels using
long-chain 2-hydroxyethyl cellulose. The 2-hydroxyethyl cellu-
lose is modified from naturally existing cellulose, forms fewer
hydrogen bonds than native cellulose, and dissolves in water.®
We prepare a dough of long-chain 2-hydroxyethyl cellulose
(M, = 1.3 x 10° g mol™), homogenize the dough by kneading at
80 °C, crosslink the dough using glycidyl methacrylate (GMA))
and Irgacure 2959, and swell the dough in water to form an
equilibrium hydrogel (Figure S20, Supporting Information).
The equilibrium hydrogel has the polymer fraction ¢r = 20%,
is transparent (Figure 6a), and achieves excellent mechanical
properties (Figure 6b). The modulus is 200 kPa, the strength
is 642 kPa, and the toughness is 200 ] m~2. The highly entan-
gled cellulose hydrogel also exhibits near-perfect elasticity: the
hysteresis is negligible (Figure 6¢), and the stress—stretch curve
is rate-insensitive (Figure 6d). Such a combination of material
properties is distinctive, given that existing swell-resistant and
strong cellulose hydrogels have large hysteresis.[%l

For each type of polymer, one should ensure long polymer
chains are available, and frictional interaction between polymer
chains is weak. To densely entangle polymer chains while
avoiding breaking them, one should design the process condi-
tions, including the temperature, strain rate, and the number
of cycles for kneading, as well as temperature and time for
annealing.

Recall that elastomers are commonly processed by kneading
without solvents. Such a process usually breaks long polymers,
and is commonly called mastication.l”) Mastication lowers vis-
cosity and eases the process. The elastomer made this way has
relatively short chains and low fatigue resistance. It is conceiv-
able that, under suitable conditions, kneading and annealing
with or without solvent can process elastomers of high mole-
cular weights without scission and with dense entanglements,
achieving superior mechanical properties.

3. Conclusion

We report a method of using preexisting polymer chains to fab-
ricate a chemical hydrogel from a dough. The dough is formed
by mixing the polymer chains of high molecular weights with
a small amount of water and photoinitiator. Kneading and
annealing homogenize the dough and entangle the polymer
chains without breaking them. Under ultraviolet light, polymer
chains crosslink into a polymer network, which is then
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Figure 6. Highly entangled cellulose hydrogels. a) The hydrogel is transparent and can be knotted and twisted. Scale bars are T cm. b) Stress—stretch
curve up to fracture. c) Near-perfect elasticity with negligible hysteresis. d) Rate-insensitive stress—stretch curves.

submerged in water to swell to equilibrium. Such a hydrogel
resolves the conflict between swell resistance and toughness
while having near-perfect elasticity. Our method is generally
applicable to synthetic and natural polymers, and is compatible
with industrial processing technologies, opening doors to the
development of sustainable, high-performance hydrogels.

4. Experimental Section

Materials: Polyethylene glycol (PEG, M, = 2 X 10° g mol™, 6 x 10° g
mol™, 2 x 106 g mol™', and 8 x 10° g mol™), polyethylene glycol diacrylate
(PEGDA, M, = 700 g mol™), 2-hydroxyethyl cellulose (M, = 1.3 x 10° g
mol™), benzophenone, glycidyl methacrylate (GMA), Irgacure 2959, and
hydrochloric acid (HCI, 37%) were purchased from Sigma-Aldrich and
used without further purification. Isopropyl alcohol (IPA) was purchased
from VWR. Distilled water was purchased from Poland Spring.

Preparation of Highly Entangled PEG Hydrogels: The highly entangled
PEG hydrogels were prepared in the following steps: mix, knead, anneal,
crosslink, and swell. As the amount of benzophenone was small, it was
first dissolved in 1.2 g of IPA, and then mixed 2.5 g of PEG powder with
the benzophenone solution by stirring for 2 min. The mixture was left in
an oven at 65 °C for 15 min to evaporate the IPA. Then powders of PEG
and benzophenone were mixed roughly with water to form a dough. The
dough was initially inhomogeneous. To homogenize the dough, it was
kneaded at an elevated temperature. The dough was placed between a
pair of aluminum plates (McMaster-Carr 1655T8) with a 0.5 mm-thick
polyethylene spacer, compressed by using eight C-shaped clamps
(McMaster-Carr 5133A13) in 2 min, and held for nine min, all at 80 °C
in the oven. The dough slowly became a thin film with the thickness
of the spacer. Then, the dough was folded twice, once horizontally and
once vertically. Folding twice and compressing it in the oven constituted
a cycle of kneading. Water molecules evaporated somewhat during
kneading (Figure S21, Supporting Information). After seven cycles of
kneading, the dough was annealed in the oven for 12 h at 65 °C. The
homogenized dough was crosslinked for 1.3 h under ultraviolet light
(=11 mW cm™2, 365 nm) in a nitrogen environment. During kneading,
annealing, and crosslinking, the dough was kept in a plastic bag
(reclosable zip bag, VWR) to prevent drying. The crosslinked dough was
swelled in water for one day to reach equilibrium. The highly entangled
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PEG hydrogel used in Figure 2, Figure 3, and Figure 4 was synthesized
from a dough with an initial polymer fraction ¢, =75%, molecular weight
M, =8 x 108 g mol', and benzophenone ratio B=3.2 x 107,

Preparation of Short-Chain PEG-Based Hydrogel: The short-chain
PEG-based hydrogel was prepared by using PEGDA. A precursor was
prepared consisting of 20 wt% of PEGDA, 0.02 wt.% of Irgacure 2959,
and water. The precursor was poured into a glass mold and cured for
6 h under ultraviolet light.

Preparation of Highly Entangled Cellulose Hydrogels: An HCl solution
was prepared with pH value of 3.5. 0.1 mL of GMA and 20 mg of
Irgacure 2959 were dissolved in 3 mL of HCl solution. The solution
and 2 g of 2-hydroxyethyl cellulose were mixed, and rest it at 25 °C for
1 h to obtain a cellulose dough. The dough was compressed by using a
pair of aluminum plates, a 0.5 mm-thick polyethylene spacer, and eight
C-shaped clamps, and stored in an oven at 80 °C for 15 min. Then, the
dough was annealed at 50 °C for 24 h. After annealing, it was cured
for 20 min under ultraviolet light. During all processes, the dough was
kept in a plastic bag to prevent drying. Before any measurement, the
hydrogels were swelled in water for one day to reach equilibrium.

Measurement of Storage and Loss Moduli of Doughs: The plateau
modulus of PEG doughs with different polymer fractions was measured
by using a rheometer (DHR-3, TA Instruments). The dough was
prepared without cross-linking. As-prepared doughs were cut into dish-
like samples with a diameter of 20 mm, and a flat steel plate of the same
diameter was adopted. Before each test, the sample was held under
compression at 80 °C for 30 min. Paraffin oil was applied at the edge
of the sample to prevent evaporation. Samples were measured over a
range of oscillation frequencies at a constant oscillation amplitude of 1%
and temperature of 80 °C.

Characterization of Polymer Scission: Two aqueous solutions of PEG
were compared. One was prepared by dissolving as-received PEG
powder in water, and the other was by dissolving the kneaded PEG
dough in water. As the molecular weight (M, = 8 x 10® g mol™) is ultra-
high, to ease the process of dissolving, a low polymer fraction of 1%
in mass was used. The property of each solution was characterized
by measuring the storage and loss moduli by using the rheometer. A
cone plate with a cone angle of 2° and a diameter of 60 mm was used.
Each solution was measured over a range of oscillation frequencies at a
constant oscillation amplitude of 1% and temperature of 25 °C.

Measurements of Material Properties: The final polymer fraction ¢
is the ratio of the weight of the polymer powder to the weight of the
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equilibrium hydrogel. The elastic modulus E, toughness I, hysteresis,
rate-sensitivity, and fatigue threshold were measured using pure-shear
tests. The dimensions of each sample were 89 mm x 12.7 mm x =1 mm
(width X height x thickness). The samples were glued to grippers
made of an acrylic sheet by using Krazy glue. The elastic modulus was
calculated from an initial slope of a stress—stretch curve, by 0.75ds/
dA, where s is the nominal stress and A is the stretch. To measure
the toughness, an unnotched sample was stretched to obtain the
elastic energy per unit volume, W(A), a notched sample (the length of
the precrack is 20 mm) was stretched until fracture to get the critical
stretch A, and the toughness was calculated by I'= HW(A.), where H
is the height of the undeformed sample. Hysteresis was measured by
cyclic loading. The area below the loading curve Aj.qing and the area
below the unloading curve Ayoading Were calculated. The hysteresis
was calculated as 1 = Aunioading/Aloading: FOT the rate-sensitivity, a cyclic
stretch was applied with a stretch of 2 at various loading rates, and
stress—stretch curves were measured. The stretch rate was 0.016 s in
the above measurements, except for the rate-sensitivity. In the fatigue
fracture test, a sharp crack was introduced into a sample, the sample
was submerged in water, loading-unloading was applied at a prescribed
stretch for 10000 cycles with a frequency of =1.0 Hz, and crack growth
was measured using an optical microscope. The energy release rate
was calculated by G = HW(A) and dc/dN by dividing the crack growth
by the number of cycles. The stress—stretch curve, extensibility, work of
fracture, and strength were measured through uniaxial tension tests.
An =1 mm-thick hydrogel sheet was cut into dogbone-shaped samples.
The gauge section of each sample had dimensions of 4 mm x 20 mm
(width x height). A video was taken during the test to obtain the real
extension of the gauge section of each sample. The work of fracture was
the area under the stress—stretch curve. The stretch rate was =0.04 s7".
To measure the compressive strength, an =1 mm-thick hydrogel sheet
was cut into coin-shaped samples. The strain rate was =4.2 x 1073 s7\. All
tests were performed by using a mechanical tester (Instron 5966).

Puncture Test: A hydrogel sheet =1 mm thick was cut into a circular
sample with a diameter of 60 mm. The hydrogel was glued onto a rigid
acrylic ring with an inner diameter of 50 mm, by using the Krazy glue.
The ring was fixed to a supporter. A glass rod with a diameter of 4.7 mm
was clamped by the gripper of the mechanical tester. The glass rod was
placed above the middle of the hydrogel, and then moved at a constant
speed of 0.2 mm s to puncture the hydrogel.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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