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although the layers have a smaller thickness and diameter
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with a previous report.[17a] Moreover, a polymer chain may
interact with a clay surface at multiple points.[18] The inter-
crosslinked polymer chains adopt a randomly coiled con-
formation. After the interfaces start to yield, the polymer and
clay phases extensively slide against each other. The hydrogen
bonds rupture and reveal significant hidden lengths of highly
coiled macromolecules (Figure 1c). As a result, the process
with large deformation is accompanied by dissipation of
a large amount of energy.

To clarify the structure change in the tensile process, we
observed the characteristic fracture morphology of L-NC gels
by SEM and optical microscopy. In the linear elastic region,
the film is smooth and transparent, and there is no character-
istic surface structure at the optical microscope scale. After
yield, an anisotropic, striplike damage pattern occurred
(Figure 1d), and the transparency of the film decreased.
The corresponding SEM image indicates the existence of
uniform multiple cracks (Figure 1e). With a further increase
of strain, the strips further fracture into smaller strips
(Figure S7 in the Supporting Information) and the trans-
parency was regained. Finally, the materials undergoing large
elongation fail under platelet pull-out mode, leading to
a tortuous fracture path (Figure S7 in the Supporting Infor-
mation). These results indicate that the L-NC gels possess
excellent damage-tolerant properties during the crack prop-
agation. As a result, the L-NC gels synergistically combine the
stiffness of inorganic clay with the dissipative ability of
PNIPAM and show excellent mechanical properties.

However, the slope in the hardening region and the
fracture strength decrease for the L-NC gel at fw = 25.7 wt%.

A further increase of the clay content leads to a dramatic
change of the mechanical behavior. Under loading, the stress
rapidly increased to the maximum and then decreased
unstably without a hardening region until the sample failed.
As a result, the gels became brittlelike with low fracture
strain, a high elastic modulus and strength (Figure 2).

The abrupt ductile-to-brittle change of the L-NC gels (f>
25.7 wt%) is probably attributable to the lack of hydration of
the PNIPAM–clay network. Owing to the decrease of the
water content, the interactions of the PNIPAM chains
increase and their flexibility is lost. As a result, the L-NC
gels rapidly change to stiff, strong, and solidlike brittle
materials. The critical water content, defined as the onset of
the brittle fracture, is about 62 wt%. A similar effect of the
water content on the mechanical behavior also exists in
double-network gels by drying,[19] R-NC gels by deswelling,[20]

and many biological hard tissues such as nacre,[10] dentin,[21]

and bone,[22] and biological soft tissues.[23]

Generally, an attractive particle system is often trans-
formed into a jammed solid network as the volume fraction of
particles exceeds a critical value. A sufficiently large stress
will lead to the yield of the jammed structure. The depend-
ence of the elastic modulus and yield strength on the particle
content follows a power-law scaling.[24] As shown in Figure 2c,
the dependence of the initial elastic modulus, E of L-NC gels
on the clay content follows a power-law scaling [Eq. (1)],

E ¼ Að�v��cvÞp ð1Þ

where fv is the volume fraction of clay, fcv is the critical
volume fraction and p and A are model parameters. Here, the
critical volume fraction at which the average particle spacing
is equal to the particle diameter can be approximated by
dividing the random-close-packed hard-sphere percolation
volume fraction (around 0.64) by the aspect ratio of the
clay.[25] The diameter of the clay platelets was about 28.4 nm
measured by dynamic light scattering (DLS; Figure S8 in the
Supporting Information) and the thickness is about 1.11 nm
measured by AFM (Figure S9 in the Supporting Information).
Thus the critical volume fraction, fcv, is calculated to be about
2.5 vol%. The experimental modulus starts to increase
dramatically at fv = 2.53 vol% for PNIPAM–clay hydrogels,
because of the formation of a rigid structure.[8a] Hence, a fcv

value of 2.5 vol% was used for the model. The predicted
values of E using Equation (1) with A = 33 KPa and p = 3.2
are in excellent agreement with the experimental data.

Similarly, the increase in sy with increasing concentration
of clay can also be modeled well by power-law scaling [Eq. (2)
and Figure 2d],

sy ¼ s0 þBð�v��cvÞp ð2Þ

where again fcv is 2.5 vol%. Equation (2) is used with {s0, B,
p} = {150 kPa, 1.5 kPa, 2.8 (2.8 is a model parameter and has
no unit.)}.

Comparison of the mechanical properties of L-NC gels, R-
NC gels, SR gels, tetra-PEG gels, DN gels, and some natural
hydrogels is shown in Figure 3. Because of the improved
network homogeneity, SR gels, R-NC gels, and tetra-PEG

Figure 2. Effects of the clay concentration, f, on the mechanical
properties of R-NC (circles) and L-NC (squares) gels. a) Dependence
of the toughness on the clay concentration. The toughness of the L-NC
gel containing 23.2 wt% clay is six times greater than that of R-NC
gels containing 9.9 wt% clay. b) Dependence of the strain at rupture
on the clay concentration. For f>25.7 wt%, the L-NC gels dramati-
cally become brittlelike with lower extensibility and toughness. c) The
initial elastic modulus, E, increases with increasing f. d) The yield
strength, sy, increases with increasing f. The prediction of a typical
power-law scaling of gel systems is in excellent agreement with the
experimental values. The error bars correspond to the standard
deviation obtained from at least three samples.
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gels show much higher resistance to elongation (> 8 times the
origin length) than the first-generation hydrogels, chemically
crosslinked hydrogels (extensibility of just a few percent).
However, the ability of these synthetic hydrogels to undergo
large deformation is often achieved at the expense of stiffness.
Because of the synergistic combination of the stiffness of the
first network and the dissipative ability of the second
network, DN gels possess an elastic modulus of sub-MPa,
a tensile strength of MPa, and large extensibility. However,
the elastic modulus is still one order of magnitude lower than
that of soft biological tissues. It should be noted that our L-
NC gels (f< 25.7 wt%) are capable of large deformations
(740–1200%) and have the ability to generate the striking
Young�s modulus of 1.54–43.2 MPa, which are the highest
values so far ever reported for polymeric hydrogels and are
comparable to natural hydrogels (Table S1 in the Supporting
Information), such as biological cartilage,[26] cornea,[27] and
the strips of kelp.[28] The tensile strength is roughly compa-
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