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ABSTRACT: Nanocomposite hydrogels with unprecedented

stretchability, toughness, and self-healing have been developed _ o} Fretevele ® 150 .%E!E:'::::d xs":.
by in situ polymerization of acrylamide with the presence of g ol g £ 0o A
exfoliated montmorillonite (MMT) layers as noncovalent 3 2 8
cross-linkers. The exfoliated MMT clay nanoplatelets with @ 20p (N & S0y T MA
high aspect ratios, as confirmed by transmission electron 0 ,_Second cycle 0 .
microscopy (TEM) and X-ray diffraction (XRD) results, are o 4::’;“(:;0)0 2000 o Si?:.: (,/:m 12000
well dispersed in the polyacrylamide matrix. Strong polymer/ M,A gel

MMT interaction was confirmed by Fourier transform infrared ' -
spectroscopy (FTIR) and differential scanning calorimetry

(DSC). The effective cross-link densities of these hydrogels are ~ MioA gel Necking  Necking

estimated in the range of 2.2—5.7 mol m™. Uniaxial tensile

tests showed a very high fracture elongation up to 11800% and a fracture toughness up to 10.1 MJ m~>. Cyclic loading—
unloading tests showed remarkable hysteresis, which indicates energy dissipation upon deformation. Residual strain after cyclic
loadings could be recovered under mild conditions, with the recovery extent depending on clay content. A mechanism based on
reversible desorption/adsorption of polymer chains on clay platelets surface is discussed. Finally, these nanocomposite hydrogels

are demonstrated to fully heal by dry—reswell treatments.
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B INTRODUCTION

Tissues or organs in living organisms, in response to damage, are
generally repaired automatically or externally assisted to
regenerate their original structures and functions. Inspired by
biological systems, self-healable hydrogels have been drawing
extensive research enthusiasm and efforts. Reversible inter-
actions, including hydrogen bonding,'™ hydrophobic inter-
actions,4’5 host—guest recognition, ~% or electrostatic inter-
actions,” etc., have been widely exploited to create self-healing
hydrogels. Most self-healing hydrogels based on noncovalent
interactions, however, possess poor mechanical strength and
toughness, which limits their applications. It remains a great
challenge to create self-healing hydrogels with excellent strength,
toughness, and recoverability.

Multiple mechanisms including noncovalent interactions have
been used as sacrificial bonds to synthesize tough and stretchable
hydrogels.”~'* Hydrogels based on reversible sacrificial bonds
could recover under properly controlled stimulus after
unloading.”"" For example, alginate/polyacrylamide (PAAm)
hybrid hydrogels'' based on Ca®"-cross-linking show high
strength and stretchability (~2300%), and recover to the original
tensile properties after restoration.

Haraguchi pioneered nanocomposite (NC) hydrogels
through in situ free radical polymerization of monomers (e.g.,
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N-isopropylacrylamide (NIPAAm),"*'® N,N’-dimethylacryla-
mide (DMAA),"” or acrylamide) with the presence of synthetic
clay. For example, PNIPAAm/Laponite XLG hydrogels
exhibited a fracture strain (&,) up to 1000% and fracture
strength (6,) of 1.1 MPa.'® In another case, PAAm/Laponite
RDS hydrogels showed a &, of 4070% and 6, of 107 kPa."* By
using graphene oxide (GO) as multifunctional cross-linkers,
PAAm/GO hydrogels showed a &, up to 3525% and 6;, around
300 kPa.*® Most recently, layered double hydroxide (LDH)
nanosheets have been reported to serve as two-dimensional
inorganic cross-linkers to generate PAAm/LDH hydrogels with
very high extensibility (~6000%) but low strength (~30—50
kPa).*!

So far, only a few strong and tough noncovalent hydrogels
have been reported to self-heal. Nanocomposite hydrogels could
self-heal through chain migration across damaged interface and
readsorption to neighboring clay surfaces.”> The mechanical
properties could fully recover to those of as-prepared hydrogels.
Moreover, nanocomposite hydrogels composed of graphene
peroxide (GPO) nanosheets with much larger lateral dimensions
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Figure 1. (a) Schematic illustration of the synthesis of M, A hydrogels. (b) XRD profiles of original MMT, M, A hydrogels with different MMT contents,
and neat PAAm. (c, d) Representative TEM images of the Ms,A hydrogel.

are able to self-heal and show high stretchability (~5000%) and
o, of 340 kPa.> Amphiphilic copolymer hydrogels based on
hydrophobic associations exhibited capability to self-heal, and
showed a &, of 3600 + 630% with a relatively low strength of 12
1 kPa.* The scarcity of strong, tough, and self-healable hydrogels
seriously limits the research on such materials and their
applications. More efforts are needed to enrich current
understanding of toughening and self-healing in order to boost
the development of novel tough and healable hydrogels that
meet demands from industrial or biomedical applications.

In this work, we use exfoliated sodium montmorillonite
(NaMMT) as noncovalent cross-linkers for a novel synthesis of
tough hydrogels. NaMMT is a layered silicate clay constituted by
two tetrahedral silica sheets sandwiching an octahedral sheet
formed from cations such as A" or Mg2+, with a formula of
[(ALMg),SigO0,(OH),]Nay 4 (different from Laponite XLG,
[Mgs 34Lig 66S15020(OH) 4 ]Nag ¢6). Exfoliated montmorillonite
(MMT) nanosheets are about 1 nm thick and extend to 100—
1000 nm in two dimensions,”* with an aspect ratio larger than
that of Laponite XLG (around 30 nm diameter X 1 nm
thickness). It is well-known that montmorillonite (MMT) is able
to adsorb organic molecule on the surface,”>>° and has been
applied in polymer nanocomposites,>**" superabsorbents,>* and
drug-releasing materials.*> MMT has also been used to reinforce
chemically cross-linked polymer hydrogels, showing limited
enhancement in strength and toughness due to the intrinsically
inhomogeneous chemical networks.>* To the best of our
knowledge, MMT has never been used as multifunctional
cross-linkers to synthesize tough, stretchable, and self-healing
hydrogels without using any chemical cross-linkers.

Herein, we used exfoliated NaMMT nanosheets for in situ
polymerization of acrylamide monomers, resulting in nano-
composite hydrogels with clay contents up to 50 wt % with
respect to polymers. Upon tensile tests, these hydrogels showed
typical yielding, necking, and strain hardening, as well as a
fracture elongation up to 11 800% and a fracture toughness up to
10.1 MJ m . The polymer—clay interaction mechanism has been
systematically investigated by cyclic loading—unloading tensile
tests with designed stretching protocols. Moreover, tensile tested
hydrogels are demonstrated to recover under mild conditions
through reversible readsorption of polymer chains to clay
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surfaces. Finally, these hydrogels are demonstrated to self-heal
through a controlled dry—swell process.

B EXPERIMENTAL SECTION

Materials. Acrylamide (AAm), N,N’-methylene-bis(acrylamide)
(MBAA), potassium persulfate (KPS), and N,N,N’,N’-tetramethylethy-
lenediamine (TEMED) were purchased from the Sinopharm Chemical
Reagent Co., Ltd. and used as received. Sodium montmorillonite (Na-
MMT) was kindly supplied by Zhejiang Fenghong New Material Co.,
Ltd. and used after washing and freeze-drying. Milli-Q water (Millipore,
USA) was used for all experiments, with oxygen removed by bubbling
nitrogen gas for more than 3 h before use.

Hydrogel Synthesis. The PAAm/MMT nanocomposite hydrogels
were synthesized by in situ free-radical polymerization of AAm in the
presence of exfoliated MMT. Typically, MMT (0.64 g) was dispersed in
water (28 mL) under ultrasonication for 1 h. Subsequently, AAm (6.4 g,
90 mmol) was added to the clay suspension, followed by magnetic
stirring for 1 day at room temperature. Then initiator KPS (0.1 g) in
water (2 mL) and accelerator TEMED ($5.5 uL) were injected into the
mixture at ice—water temperature. After the solution was mixed for an
additional 30 min, the solution was transferred into glass tubes with 5.5
mm inner diameter. Polymerization was carried out in air bath at 20 °C
for 48 h. The clay content was varied from S to S0 wt % with respect to
the AAm weight. For comparison, covalently cross-linked PAAm
hydrogel was prepared by using 0.1 mol % MBAA with respect to AAm.
Linear PAAm was also synthesized without using any cross-linkers.

Characterizations. The nanocomposite hydrogels were lyophilized
and then milled into powders. X-ray diffraction (XRD) patterns of these
powders were obtained by using the Cu Ka X-ray beam on a D8
Discover X-ray diffractometer (Bruker, Germany) at 40 kV and 40 mA.
The spacing of MMT layers in xerogel is calculated from Bragg’s law:
2dsin 0 = nl. Where 4 is the wavelength of the incident beam, 20 is the
angle between incident and scattered X-ray wavevectors, and n is the
interference order.>®

For transmission electron microscopy (TEM) imaging, lyophilized
hydrogels were embedded in epoxy resin for microtoming at —40 °C
with a glass knife to ca. 50 nm thick sections, which were collected onto
copper grids for imaging in a transmission electron microscope (Tecnai
F20, FEI Inc., Oregon) at 200 kV. No contrasting was needed.

Fourier transform infrared (FTIR) spectroscopy of vacuum-dried
hydrogel slices were recorded by using a Cary 640 spectrometer
(Agilent, Australia) at attenuated total reflectance (ATR) mode.
Differential scanning calorimetry (DSC) measurements on vacuum-
dried gels were performed by using a Mettler Toledo TGA/DSC 1
system from 25 to 250 °C at 10 °C min™".
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Table 1. Formulations®, Swelling and Structure Parameters of M, A and MBAA, ;A Hydrogels

gels water (mL) AAm (g) MMT (g)
MA 30 64 0.32
M, A 30 64 0.64
M,A 30 64 128
MjA 30 64 192
M,A 30 64 2.56
MgA 30 64 32
MBAA,,A 30 6.4

MBAA (mg) ESR® 7, = 2° (kPa) N*? (mol m™)
10§ £ 10 9.6 2.2
58+ 4 11.8 2.7
18+1 16.4 3.8
16 +2 19.2 44
12+2 23 5.3
11+1 24.9 5.7
13.8 20+2

“For all hydrogel synthesis, the amount of initiator and accelerator were fixed at 0.1 g (KPS) and 55.5 uL (TEMED). quuilibrium swelling ratio.
“Stress at 100% strain. “Effective cross-link density calculated from eq 3.

Swelling Measurements. Freeze-dried hydrogel samples were
immersed in a large excess amount of deionized water at 25 °C for 60 h
to reach equilibrium, with water replaced every 12 h. The equilibrium
swelling ratio (ESR) was calculated as, ESR = (W, — W)/ W, X 100%,
where W, and W, are the weights of the swollen hydrogels and the
corresponding dried gels.

Tensile Tests. An Instron 5567 testing machine (Instron, MA, USA)
equipped with a 500 N load cell was used for tensile testing. As-prepared
hydrogel samples (1 = S each) with 5.5 mm diameter, 45 mm length, and
5 mm gauge length were tested at a crosshead speed of 100 mm min™"
and at 25 °C. To avoid water evaporation, a thin layer of silicon oil was
sprayed on the sample surface. The engineering tensile stress (6) was
calculated as o = F/7R? where Fis the load and R is the original radius of
the specimen. The engineering tensile strain (¢) was defined as the
change in length (I) relative to the initial gauge length (I;) of the
specimen, € = (I — I;)/l, X 100%. The initial modulus (E) was calculated
as the slope of the stress—strain curve within the range & = 50% ~ 100%.
The fracture toughness was characterized by the fracture energy (U, MJ
m™*), which is calculated by integrating the area under the stress—strain
curve:

U= [ode

(1)
Cyclic tensile tests with a maximum strain of 8000% were conducted
on specimens with the same gauge length and at the same crosshead
speed. Consecutive loading—unloading cycles with a progressive gradual
strain increase of 2000% were conducted to samples until 8000% strain.
The dissipated energy for each cycle, AU, is defined as the area of
hysteresis loop encompassed by the loading—unloading curve:

AU = ode — / ode
loading unloading (2)

Self-Healing. The as-prepared hydrogels were cut into short rods,
which were subsequently put together with the fracture surfaces
contacting with each other. This assembly was successively dried at 25
°C for 1 day and at 50 °C in an oven for 6 h to reduce the water content
to below 10 wt %. Then, the dried hydrogels were immersed in water
until reswollen to their original weight. Finally, the reswollen hydrogels
were maintained in sealed polyethylene bags for 3 days before testing.

B RESULTS AND DISCUSSION

Synthesis and Structures of PAAm/MMT Nanocompo-
site Hydrogels. The MMT exfoliation and in situ polymer-
ization procedure is depicted in Figure la. MMT was pre-
exfoliated in water with ultrasonication and further exfoliated by
acrylamide (AAm) to form a homogeneous dispersion. Then
redox initiator KPS and TEMED were added to initiate in situ
free radical polymerization without using any chemical cross-
linkers. The obtained hydrogels are referred to as M,,A hydrogels,
where n stands for the clay weight percentage with respect to
monomer AAm. Chemically cross-linked PAAm hydrogel with
0.1 mol % MBAA is referred as MBAA,;A. Formulations for
hydrogel synthesis are summarized in Table 1.
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X-ray diffraction (XRD) (Figure 1b) and transmission
electron microscopy (TEM) (Figure 1c, d) results demonstrate
the exfoliation and excellent dispersion of MMT platelets in
PAAm matrix. In Figure 1b, a strong diffraction peak at 20 = 7.3°
of MMT powders corresponding to the layered structure
(spacing between clay sheets d = 1.21 nm) disappeared in
freeze-dried M, A hydrogels with different clay contents. Only
with very high clay content (M;,A), a very weak and broad
diffraction at about 2.67° indicates a large spacing (d = 3.31 nm)
between the clay layers. TEM images of Mg,A (Figure lc,d)
xerogel provide direct evidence to excellent dispersion of
exfoliated clay platelets (dark gray) in the polymer matrix.
More TEM images are available in Figure S1 (Supporting
Information). Most of the MMT nanosheets are single layers
with thickness of about 1 nm (Figure 1d) and lateral dimension
of about 100—200 nm. Moreover, it is interesting that many
nanoplatelets appeared twisted or folded appearance (Figures 1d
and S1, Supporting Information). These structures may increase
the desorption energy of PAAm chains at high strain and allow
for additional energy dissipation. These XRD and TEM results
indicate that the MMT layers have been dramatically exfoliated
and well dispersed in the PAAm matrix.

The equilibrium swelling ratio (ESR) values of M, A hydrogels
are listed in Table 1. The ESR decreased with increasing clay
content (Cday), suggesting that the cross-link density was
increased with increasing MMT content. When n > 20, the
ESR of M,A hydrogels became less than that of MBAA, A
hydrogel (Table 1). The M,A hydrogels did not dissolve in a
large excess amount of deionized water at ambient temperature
for more than 6 months. These results indicate that the
noncovalently cross-linked networks are stable in water.
However, these hydrogels were dissolved in S mol L™ urea
solution and formed a viscous liquid (Figure S2, Supporting
Information). Urea is known as an efficient hydrogen bond-
breaking reagent.***” This result suggests that the PAAm/MMT
nanocomposite hydrogels are primarily based on hydrogen
bonding between the PAAm chains and the clay nanosheets.

The formation of hydrogen bonding between hydroxyl groups
and amide groups was further confirmed by FTIR (Figure 2a).
The band at 3620 cm ™" is attributed to the stretching of structural
hydroxyl of MMT, and that at 3415 cm™" is related to H,0
adsorbed on MMT.** In the M, A hydrogels, the —OH band from
MMT was strongly suppressed. The N—H bands at 3336 and
3191 cm™ in PAAm shifted to 3293 and 3180 cm™ in MgyA.
Meanwhile, the peak at 1608 cm™' of NH, bending in PAAm
shifts to 1596 cm™ in Mg,A. In contrast, these bands in
MBAA A gel are the same as those in PAAm. These results
suggest the formation of hydrogen bonding between PAAm and
MMT. It is noted that H-bonds also exist between PAAm chains,
but have negligible contribution to hydrogel formation. In
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Figure 2. (a) ATR-FTIR spectra of lyophilyzed M,A hydrogels,
MBAA, A hydrogel, linear PAAm and MMT powder. (b) Differential
scanning calorimetric traces of M,A hydrogels with different clay
contents.

addition, the carbonyl groups of PAAm may complex with the
metal ions on clay surface and thus strengthen PAAm/clay
association.*”*

The strong polymer—clay interaction was further investigated
by measuring the glass transition temperature (T,) of the M,A
hydrogels by DSC. T, is an indicator to the polymer segment
mobility and 1ncreases as the chain mobility is hindered.”*
Herein, the T, of neat linear PAAm is 180.7 °C (Figure 2b), close
to the reported value (186.3 °C*' or 180.8 °C*"). The T, of M,A
hydrogels was increased to 183, 189.9, 190.2, and 224.5 °C as the
Caay Was increased to S, 10, 20, and SO wt %. These results
provide evidence to the strong interactions of polymer chains to
clay surfaces.

Estimation of Cross-Link Density. To approximately
evaluate the network structures of these hydogels based on
noncovalent interactions, the cross-link densities of M,A and
MBAA, ;A hydrogels were estimated by using the kinetic theory
of rubber elasticity'”'***

7= N*RT(a — a™?) (3)

where 7 is the force per unit original area of the stretched
hydrogel, N* is the effective cross-link density, R and T are the
gas constant and absolute temperature, and « is the extension
ratio. Here & = 2 (strain 100%) and T = 298.15 K. The 7 values at
a = 2 and calculated N* values are listed in Table 1. N* was
increased from 2.2 to 5.7 mol m™ as the Cijay Was increased from
S to 50 wt %. Meanwhile, the effective cross-link density of
chemically cross-linked MBAA, | A hydrogel is estimated as 3 mol
m™, assuming 100% consumption of MBAA during polymer-
ization. This value is close to those of M, A hydrogels (Table 1).
Therefore, it is reasonable to use the MBAA, ;A hydrogel as a
control to the M, A hydrogels to investigate the role played by the
noncovalent cross-linking in the mechanical properties of
hydrogels.

It is noted that these estimated cross-link density values are
comparable to those of PAAm/Laponite hydrogels by Tong et
al."”” and PAAm/LDH hydrogels by Chen et al.*' by using the
rubbery elasticity theory. Therefore, as to be seen below, the
difference of mechanical properties of hydrogels in this study and
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Figure 3. Photographs of a M;(A hydrogel bow-tie (a) and that highly stretched (b). Panels c and e show a stretching of the M,,A hydrogel to a strain of
11 000%. (d) Covalently cross-linked MBAA, ;A hydrogel shows a brittle fracture at low strain. (f) Representative uniaxial tensile stress—strain curves of
M;A, MjpA, MyoA, and MgoA hydrogels; inset is that of MBAA, ;A hydrogel. (g) Fracture strain (¢;,) and fracture energy (U) of the M, A hydrogels as a
function of clay content. (h) Fracture stress (6;,) and initial modulus (E) as a function of clay content.
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those in literature should not be attributed to the cross-link
density difference. Instead, the noncovalent interactions between
PAAm chains and MMT nanosheets are postulated to primarily
account for the outstanding stretchability and toughness of the
M,A hydrogels.

Mechanical Properties of PAAM/MMT Nanocomposite
Hydrogels. Despite of the high clay contents, these hydrogels
are very soft and flexible, and could be knotted and highly
stretched without fracturing at the knot (Figure 3a,b). In fact, the
M,A hydrogel, for example, was stretched to 11 000% strain
without fracturing (Figure 3c,e), in sharp contrast to the brittle
fracture of the chemically cross-linked MBAA(,A hydrogel
(Figure 3d).

The tensile properties of these nanocomposite hydrogels have
been systematically investigated. Representative tensile stress—
strain (o—¢) curves of the as-prepared M,,A hydrogels are shown
in Figure 3f. The tensile strain (&) and fracture energy (U) are
summarized in Figure 3g. The o0}, and initial modulus (E) are
summarized in Figure 3h. In contrast to the MBAA( A gel that
fractured at 68% strain and 46 kPa (Figure 3f), the M,A gels
showed extraordinary tensile properties that have never been
reported in other strong and tough hydrogels. Two unique and
important findings are drawn from these results.

First, all of the M, A hydrogels yielded at low strain, followed
by necking and strain hardening (Figure 3f), which is not seen in
MBAA A hydrogel and most other covalently cross-linked
hydrogels.43_45 At low strain, the hydrogels experienced an
elastic deformation with a high slope (modulus), which could
recover to their original length once unloaded. Yielding occurred
at a critical strain, followed by necking, elongation, and strain
hardening until the sample broke. The yield strength was
enhanced with increasing clay content. Yielding has been well-
known for semicrystalline polymers as a result of plastic
deformation of spherulites. Recently, yielding and necking have
also been reported for double network hydrogels when the rigid
first network is fractured,*® and for poly(2-methoxyethyl
acrylate)/Laponite nanocomposites by plastic flow of clay and
polymer chains.*” Such yielding behavior, however, has been
rarely reported for nanocomposite hydrogels. Herein, yielding
may root from the abrupt detachment of polymer chains from
clay surface. This will be demonstrated and discussed below.

Second, these M,A hydrogels show extraordinary stretch-
ability (Figure 3f). The fracture strain (g,) was as high as
11 800% for MA. With increasing clay content, the &, decreased
to ~9600% for M,A (Figure 3f,g). These &, values are about 2—
10 times higher than other nanocomposite hydrogels based on
synthetic clay (Laponite XLG," Laponite XLS,** Laponite
RDS'), layered double hydroxide (LDH),*" or graphene oxide
(GO)20 nanosheets, and polymers of NIPAAm,'> DMAA,'” and
AAmM"7*"* monomers (Figure 4), although the estimated
cross-link densities are close to those in literature. However, the
oy, of 100—180 kPa (Figure 3f, h) fell into a medium level among
those in literature (Figure 4). The ultra high elongation and high
strength resulted in very high fracture energy (U), which is
characterized by the area under the stress—strain curve. U was
monotonically increased from about 5.4 MJ m™ for MA to 10.1
MJ m™? for MgoA (Figure 3g). These values are comparable to
those for double network hydrogels.*” The difference in &, and o,
of various hydrogels in Figure 4 may be related to the
hydrophobicity of monomers and dimensions of nanoparticles
used to prepare the hydrogels. To further improve the tensile
strength of these hydrogels, additional noncovalent interactions
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Figure 4. Account of fracture stress (0},) and strain (g,) of representative
nanocomposite hydrogels by in situ polymerization of acrylamides with
the presence of synthetic clay or graphene oxide (GO) nanosheets, in
comparison to the M,A hydrogels in this work. Laponite XLG,
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such as hydrophobic association may be introduced in these
nanocomposite hydrogels.

Energy Dissipation and Recovery of PAAM/MMT
Nanocomposite Hydrogels. To investigate the yielding and
elongation mechanisms, the M, A hydrogels were subjected to
stepwise cyclic tensile loading—unloading tests with consecutive
strain increment. This method was used by Gong et al>** to
investigate the internal fracture mechanism of double network
(DN) hydrogels. Here, we use this method to investigate the
internal structure change of M, A hydrogels. Upon first loading to
2000% strain, the MsA hydrogel showed a yield strength (a,) of
10.8 kPa. Subsequent unloading left a residual strain of 460%.
The sample was immediately loaded to &, 4000%. This loading
curve before 2000% strain almost overlapped the first unloading
curve, followed by yielding at & ~ 2450% with a 6, of 16.7 kPa,
and necking and strain hardening up to 4000% strain.
Subsequent loading curves to &, of 6000% and 8000% also
overlapped the previous unloading curves. Moreover, yielding
and strain hardening followed, with o, increasing to 29.5 and 34.1
kPa. After unloading from each cycle, the residual strain was
increased to 730%, 1000%, and 1500%. Similar yielding, strain
hardening, and overlapping of incremental loading—unloading
curves are also observed for MjoA (Figure Sb) and other M,A
hydrogels (Figure S3, Supporting Information). With higher clay
contents, the yield strength and strain hardening modulus for
each cycle were higher.

In the M, A hydrogels, the unexpected yielding phenomenon
for each cycle (Figure Sab) suggests a hierarchical abrupt
desorption of polymer chains from clay surfaces at critical strains.
It has been suggested that polymer chains may form diverse
attachments on clay surface.®* The polymer chains may be
graded according to the adsorption strength (E,4) to clay and the
chain length (I.) between two adjacent clay platelets. Upon
stretching, segments with the shortest /. and lowest E 4 were
detached from clay surfaces, resulting in a yield. Subsequent
stretching of the detached segments resulted in strain hardening.
After unloading, the detached chains could not immediately
readsorb onto clay surfaces and thus the second loading appeared
rubbery before 2000% strain, with the second stretching curve
overlapped the first unloading curve (Figure Sab). Further
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Figure S. Representative cyclic tensile loading—unloading curves with gradual strain increase up to 8000% strain for the MA (a) and M;pA (b)
hydrogels. The dashed lines are the loading—unloading curves with 8000% strain for the same gels. (c) Tensile loading—unloading curves of MA, M, A,
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Representative ultimate tensile stress—strain curves of as-prepared (dashed lines) and recovered (solid lines) MsA and M;4A hydrogels.

loading to strains above 2000% stretched the chains with the
second shortest [ and lowest E,g, which accumulatively detached
from the surfaces, resulting in a yield. This procedure repeats
during the incremental loading—unloading tests. The strain
hardening is related to chain stretching and orientation of clay
platelets along with the tensile direction.>

The polymer/clay desorption is postulated to dissipate energy
and blunt the crack tip as sacrificial bonds, and thus toughen the
hydrogels. Tensile loading—unloading tests with 8000% strain
were conducted for the M,A hydrogels with different clay
contents. Hysteresis loops are observed for all the M, A samples
(Figure Sc). In contrast, the MBAAy ;A hydrogel showed no
energy dissipation loops upon deformation (Figure S4,
Supporting Information). The loop area was increased with
increasing clay contents (Figure Sc,e). Residual strains of about
1500% were observed after unloading, which suggests that the
detached chains did not immediately readsorb to clay surfaces
during unloading. This has been confirmed by performing a
second loading—unloading test to &, = 8000% immediately after
the first cycle (Figure Sd). The hysteresis loop became nearly
negligible. The AU values of the second cycle of all the
nanocomposite hydrogels were extremely small (Figure Se).
After storage at 25 °C for S days (or 80 °C for 20 h), the residual
strains of tested MsA and MA hydrogels were recovered
completely (Figure 6). A subsequent third tensile loading—
unloading test of the restored hydrogels with &, 8000%
presented a loop identical to that of the original hydrogel
(Figure 5d), indicating a full recovery of the PAAm/MMT
adsorption to the original level. Moreover, the ultimate tensile
tests were performed on the tested and recovered hydrogels.
Tensile stress—strain curves of recovered MsA and M ,A samples
were very close to those for the as-prepared hydrogels (Figure
5f).

The effect of clay contents on the recovery of the
nanocomposite hydrogels has been systematically investigated
by tracking the residual strain evolution over time at 25 and at 80
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Figure 6. Length recovery over time of M, A hydrogels after unloading
from 8000% strain and then restored at 25 °C (a) and 80 °C (b).

°C (Figure 6). With a low clay content (n < 10), the residual
strain was fully recovered to the original level. With a high clay
content (n > 10), unrecoverable strains were left after restored
for a long time. These unrecoverable strains were attributed to
the alignment and stacking of clay platelets in hydrogels under
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large deformation, particularly with high clay contents.>® In the
case of M,A hydrogels, the MMT nanoplatelets are likely
oriented along the stretching direction at very high strains. It
would be very difficult to readjust their orientation due to the
high aspect ratio. As a result, hydrogels with n > 10 failed to
recover to the original length and showed high residual strains
(Figure 6). On the other hand, the aligned clay nanoplatelets may
show less rotation and/or deformation upon stretching,52 and
thus allow for less energy dissipation in comparison to those in
as-prepared hydrogels. The recovered M, A hydrogels showed a
plateau AU value of about 2.5 MJ m™> with n from 20 to S0
(Figure Sc).

Self-Healing of PAAM/MMT Nanocomposite Hydro-
gels. Short rods of M,A hydrogels, when put together, could
spontaneously adhere at room temperature. However, this
adhesion is weak and easily disrupts at the interface. To achieve
full healing, the preliminarily jointed rods were slowly dried to a
water content of about 10 wt %. Subsequently, these hydrogels
were reswollen at room temperature to its original water content.
As a result, the rods were merged into a single bar. This self-
healing procedure could be applied to hydrogels with identical or
different clay contents. The healed hydrogels are able to endure
bending (Figure 7a) and high stretching (Figure 7b). During

strength are all higher for the self-healed gels than the latter
(Figure 7c, Table S1, Supporting Information). Besides, the
fracture strains of self-healed hydrogels are very close to the as-
prepared gels. These results indicate a complete healing of the cut
segments.

We emphasize that full self-healing was only achieved through
the drying—reswelling procedure, which is easy and reproducible
under mild conditions without using any healing agents. During
this process, the preliminary contact of the cut segments is critical
for the diffusion of polymers across the interface. Subsequent
drying drives the diffused polymers to closely contact the clay
platelets, which is vital to establish strong PAAm/MMT
adhesion. Similar drying process in nanocomposite hydrogels
has been suggested to strengthen the loose and weak chain/clay
contacts in the as-prepared hydrogel and create additional cross-
links in highly concentrated state."> Thus, the final reswelling
gradually hydrated the newly established network and generated
intact cross-linked structures.

Otherwise, maintenance of preliminarily contacted hydrogel
rods at room temperature or elevated temperatures failed to
achieve full healing. Maintenance at room temperature for 7 days
resulted in hydrogels with highly reduced fracture strain
(<1800%) and strength (<25 kPa, Figure 8a). Further extending
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the healed hydrogels shows separate necking of segments with different
clay contents. (c) Representative ultimate tensile stress—strain curves of
self-healed MA, M;4A, M,oA, and M,A hydrogels (solid lines), in
comparison to the as-prepared counterparts (dashed lines).
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Figure 8. Tensile stress—strain curves of M,A hydrogels healed by
maintenance of the preliminarily contacted hydrogel rods at 25 °C (a)
and 80 °C (b) for 7 days.

stretching, segments with different clay contents yielded and
necked separately, due to the redistribution of stress among the
segments with different moduli. More photographs of stretched
self-healed hydrogel rods are shown in Figure SS (Supporting
Information). None of these self-healed hydrogels fractured at
the interface, which indicates that the healing interface was no
longer the weak point.

Figure 7c displays the representative tensile stress—strain
curves of self-healed MsA, MyA, MyyA, and MyyA hydrogels, in
comparison to their as-prepared counterparts with the same
water contents. The modulus, yielding strength, and fracture
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the healing time did not improve the healing level. For example,
restoration at 80 °C for 7 days improved the fracture strength and
strain (Figure 8b), but these values were far below the levels for
the as-prepared hydrogels.

B CONCLUSION

Nanocomposite hydrogels composed of exfoliated sodium
montmorillonite showed unprecedented yielding, necking, and
a fracture strain up to 11 800% and a fracture energy up to 10.1
MJ m~>. Such hydrogels were synthesized by in situ polymer-
ization of acrylamide with the presence of exfoliated MMT
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platelets that have high aspect ratio. The strong polymer/clay
interactions are suggested to account for the unexpected
mechanical strength and toughness. Moreover, based on the
reversible desorption/readsorption of polymer chains, these
nanocomposite hydrogels exhibited capabilities to fully recover
at room temperature after stretching or self-heal through a
drying—reswelling procedure. We believe these self-healable and
super tough hydrogels will stimulate broad research interests on
novel hydrogels for potential applications in artificial muscle,
actuators, and functional thin films and coatings.

B ASSOCIATED CONTENT
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TEM images of M;A hydrogels, photographs of M,,A hydrogels
swelled in deionized water and dissolved in urea solution, more
cyclic tensile curves with stepwise increasing strain, loading—
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hydrogels, and table of mechanical properties of healed
hydrogels. This material is available free of charge via the
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