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The demand for robust hydrogels in pharmaceutical, biomed-
ical, and industrial applications has motivated intense
research efforts in these wet polymeric materials."! Recent
advances have resulted in different strategies for creating
highly stretchable polymeric hydrogels, including sliding-ring
gels (SR gels),” nanocomposite gels (NC gels),”! double-
network gels (DN gels),! macromolecular microsphere
composite gels,! and tetra-poly(ethylene glycol) gels.’!
Among them, NC gels have attracted significant interest
because of the simplicity of synthesis, high transparency,
impressive mechanical properties, large reversible deforma-
tion, and excellent swelling and stimuli sensitivities.”! The
high mechanical properties of NC gels are desirable for
practical application in many fields. However, it remains
a great technical challenge to improve mechanical properties
by enhancing the content of inorganic composition. Only
a few percent of inorganic clay can be incorporated into NC
gels (<12wt% at most), even though special mixing or
modification of clay are adopted.® Further incorporation of
clay leads to opacity and lower mechanical properties than
the expected theoretical values resulting from the insuffi-
ciency of the nanoplatelet dispersion at high viscosity.

As natural inorganic—organic nanocomposites, nacre finds
its way around this problem by developing a well-ordered
brick-and-mortar microstructure and robust interface.”
Although mostly made of mineral platelets, nacre possesses
an excellent combination of elastic modulus, strength, and
toughness ' and it provides a prime microstructural design
model for the development of new materials. Recently, the
layered microstructure of nacre has been successfully mim-

[*] Dr. J. F. Wang, Prof. Q. F. Cheng, Prof. L. Jiang
Key Laboratory of Bio-inspired Smart Interfacial Science
and Technology of Ministry of Education
School of Chemistry and Environment, BeiHang University
Beijing 100191 (P.R. China)
E-mail: cheng@buaa.edu.cn
Dr. L. Lin
Beijing National Laboratory for Molecular Sciences (BNLMS)
Key Laboratory of Organic Solids, Institute of Chemistry
Chinese Academy of Sciences
Beijing 100190 (P.R. China)

[**] This work was supported by the National Research Fund for
Fundamental Key Projects (grant number 2010CB934700), the
Research Fund for the Doctoral Program of Higher Education (grant
numbers 20101102120044 and 20101102110035), the National
Natural Science Foundation (grant numbers 51103004, 21003132,
and 91127038), and the Scientific Research Foundation for the
Returned Overseas Chinese Scholars, State Education Ministry, P.R.
China.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201200267.

SWILEY i@

ONLINE LIBRARY

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

DOI: 10.1002/anie.201200267

4@ A Strong Bio-Inspired Layered PNIPAM-Clay Nanocomposite

icked and nacrelike hard structure materials with high
mechanical performance were fabricated.!'"l As for soft, wet
inorganic—organic composites, NC gels can also benefit from
duplication of the micro-/nanoscale structures of nacre.
Herein, inspired by the ordered brick-and-mortar arrange-
ment of inorganic and organic layers in nacre, we first
demonstrate layered nanocomposite hydrogel (L-NC gel)
films with a high clay content. The perfect micro-/nanoscale
layered structure results in excellent mechanical properties
higher than that of other reported NC hydrogels. We believe
that it could offer innovative insights into the design of robust
polymeric hydrogels for practical application.

In our experiment, we prepared layered poly(N-isopro-
pylacrylamide)-nanoclay (i.e. PNIPAM-nanoclay) hydrogel
films with a nacrelike structure (Scheme 1). In a first step, clay
platelets with a diameter of 28.4 nm and a thickness of
1.11 nm, the NIPAM monomer and the initiator were
assembled into a lamellar structure by vacuum filtration
(Scheme 1b)."l Then, L-NC gels were synthesized easily by
in situ radical polymerization of NIPAM initiated through
UV light. After polymerization, none of the hydrogel films
dissolved when kept in water for a long time or sonicated,
implying that PNIPAM and clay successfully formed a kind of
network structure. The structural model for L-NC gels is
proposed, as shown in Scheme 1c.

The L-NC gel films are highly transparent, almost
irrespective of the clay content. Light transmittance measure-
ments show about 50-95 % of transparency across the visible
spectrum of light (Figure S1 in the Supporting Information).
The results indicate that an uniform dispersion of clay is
achieved. The L-NC gel films did not distinctly change in
transparency by altering the temperature across the lower
critical solution temperature of PNIPAM. Probably the
thermal molecular motion of the PNIPAM chains is restricted
through interaction with a high content of clay platelets."!

The pure clay film was prepared by vacuum-filtration
assembly, indicating a densely well-defined layered micro-
structure as shown in Figure S2 in the Supporting Informa-
tion. The L-NC gel shows the overall structure with a strik-
ingly alignment of the clay platelets, which are parallel to the
film surface (Scheme le and Figure S2 in the Supporting
Information). The TEM image further shows well-defined
and aligned self-assemblies with alternating hard clay and soft
polymer layers (Scheme 1 f). The ordered microstructure was
further elucidated by small angle X-ray power diffraction
measurements (Figure S3 in the Supporting Information).
Relative to the d spacing of 1.26 nm of pure clay,"! for dried
L-NC gels the d spacing increases to 2.2 nm, indicating that
the PNIPAM layers are very thin. The structure is thus
reminiscent of the brick-and-mortar structure of nacre,
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Scheme 1. a) Fabrication process of layered nanocomposite (L-NC) gel films. b) Assembled
layered structure consisting of monomer, clay, and initiator. c) Proposed structural model for
layered PNIPAM/clay hydrogels. The clay platelets act as multifunctional crosslinkers. The
interaction between clay and PNIPAM is generally regarded as multiple hydrogen bonds.
Simultaneously, PNIPAM chains adopt a coiled configuration. d) Digital photograph of a free-
standing, transparent L-NC gel film. e) Cross-section morphology of a dried L-NC gel film,
showing a strongly aligned layered arrangement. f) The TEM image further shows well-ordered
stacks with alternating hard clay platelets and soft polymer layers.

although the layers have a smaller thickness and diameter
than that in nacre. The orientation was probably assisted by
directional flow induced by vacuum filtration.!'”! The surface
of the films is fairly flat with only some nanoscale roughness
(Figure S4 in the Supporting Information). The mass ratio of
clay and polymer in the resulting gels was identical and
determined as approximately 67:33 by thermogravimetric

analysis (TGA, Supporting Information).

Contrast random nanocomposite hydrogels (R-
NC gels) show large elongation at break (around
880 % Figure 1a). Also, the clay content (¢,,) has
an obvious effect on the tensile properties. The
tensile strength and Young’s modulus of R-NC gels
increase with increasing clay content from 0.18 and
0.08 MPa at ¢, =8.8 wt % to 0.32 and 0.12 MPa at
¢, =9.9 wt %, respectively. At the same time, the
large elongation at break is maintained. The results
are consistent with the reported values for other
photo-initiated PNIPAM/clay gels with similar clay
content.'® However, when the clay content further
increases, the high viscosity leads to irregular
aggregation of the clay. The transparency decreases
and the mechanical property is distinctly deterio-
rated at ¢, =10.9 wt%.

L-NC gels show an unique tensile behavior
which is different from R-NC gels. After linear
elastic deformation, a well-defined yielding behav-
ior appears, followed by hardening. The initial
elastic modulus, yield stress, ultimate stress, and the
slope in the hardening region significantly increase
with increasing clay content from 11.3 to 23.2 wt %.
Furthermore, the onset of the plastic deformation
occurs at a smaller strain (Figure 1b). The tensile
strength and elastic modulus at ¢,=23.2 wt%
reach 1.6 and 43.2 MPa, respectively. The extensi-
bility decreases slightly. Here, the L-NC gel with
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a clay content of 23.2 % still shows a high
elongation around 740 % . The toughness
calculated from the areas under the
stress—strain curves reaches the maxi-
mum value (7.38MJIm™) at ¢,=
232 wt% (Figure 2a). The initial mod-
ulus of elasticity, ultimate tensile
strength, and toughness for the L-NC
gel at ¢, =23.2 wt % improve by 360, 5,
and 6 times, respectively, relative to the
R-NC gel at ¢,=9.9 wt%.

The excellent mechanical properties
are attributed to the layered micro-/
nanoscale structure and the unique poly-
mer/clay network. In the network struc-
ture, clay platelets are uniformly dis-
persed, leading to a narrow distribution
of distances between clay platelets.*
Furthermore, clay platelets acting as
multifunctional crosslinkers are linked
by a multiple flexible polymer chain.
Hence, in the homogeneous polymer/
clay network structure the load of clay
platelets is spread over many chains. The noncovalent
interaction between clay and PNIPAM is probably ascribed
to hydrogen bonds between amide side groups (-CONH) on
PNIPAM and the surface SiOH or Si—O groups of the clay.!'”!
However, as the PNIPA itself possess quite strong hydrogen-
bonding interactions in the dried state, it is difficult to clearly
observe hydrogen bonding to the clay in the dried L-NC gel
(Figure S6 in the Supporting Information), which is consistent
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Figure 1. a,b) Tensile strength—strain curves for R-NC and L-NC gel films with
different clay content. c) Structure changes of L-NC gels after tensile testing. The
clay platelets slide on one another, accompanied by sacrificial rupture of the
hydrogen bonds (circles) and large extension of the hidden coiled PNIPAM chains.
Optical d) and SEM e) images of the L-NC gel film at ¢=23.2 wt % after a prestrain
of 150%. Arrows denote the direction of the tensile force.
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Figure 2. Effects of the clay concentration, ¢, 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 ¢>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 ¢. d) The yield
strength, 0, increases with increasing ¢. 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.

with a previous report.'”? Moreover, a polymer chain may
interact with a clay surface at multiple points.'¥! 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 ¢, =25.7 wt %.
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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 (¢ >
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,'”) R-NC gels by deswelling,*”!
and many biological hard tissues such as nacre,'” dentin,?!
and bone, and biological soft tissues.*)

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.*¥! 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:A(¢v_¢cv)p (1)

where ¢, is the volume fraction of clay, ¢, 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.®! 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, ¢.,, is calculated to be about
2.5vol%. The experimental modulus starts to increase
dramatically at ¢, =2.53 vol % for PNIPAM-—clay hydrogels,
because of the formation of a rigid structure.®” Hence, a ¢,
value of 2.5vol% 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 o, with increasing concentration
of clay can also be modeled well by power-law scaling [Eq. (2)
and Figure 2d],

Uy =0p+ B(¢v_¢cv)p (2)

where again ¢, is 2.5 vol %. Equation (2) is used with {a,, B,
p}={150kPa, 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
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Figure 3. The tensile modulus is plotted versus the elongation at
rupture for the L-NC gels and compared to four novel hydrogels
developed recently and to natural hydrogels. The L-NC gels simulta-
neously show a striking elastic modulus, much stiffer than that of
other synthetic gels, and an excellent extensibility, much higher than
that of natural gels.

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 (¢p<25.7wt%) 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,*! cornea,* and
the strips of kelp.”® The tensile strength is roughly compa-
rable to double-network gels.m] The elastic modulus, strength,
and toughness for our L-NC gel samples at equilibrium are all
higher than the reported values for as-prepared R-NC
gels.B 1)

In summary, we have successfully fabricated layered
nanocomposite hydrogels with unique polymer/clay network
structures by combination of simple vacuum-filtration self-
assembly and in situ free-radical polymerization. The layered
nanocomposite hydrogel possesses a nacrelike brick-and-
mortar arrangement of organic and inorganic layers and
shows strong mechanical properties and transparency. A lack
of hydration of the PNIPAM-clay network leads to ductile-to-
brittle transitions for L-NC gels. These findings provide a new
concept for the design and preparation of high-performance
wet-chemical materials for applications, such as tissue-engi-
neering, sensors, artificial muscles, robust underwater anti-
fouling materials, and environmentally friendly materials.
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Experimental Section

Materials: A NIPAM monomer and inorganic clay (Laponite XLG,
[Mgs 34110 66S515049(OH),[Nay ¢ with a layer size of 28.4 nm in diameter
and 1.11 nm in thickness, Rockwood Ltd., UK) were used as received.
2,2’-Diethoxyacetophenone (DEOP) was used as initiator.

Preparation of the L-NC gel films: A dispersion of clay in
ultrapure water (0.6 wt % ) was stirred vigorously for 3 h. The NIPAM
monomer (0.4 g) was added to a 0.6 wt % clay dispersion (15 g) and
stirred for 1 h. To the transparent solution was added DEOP (40 mg)
and the solution was stirred for 30 min to dissolve the initiator. Next,
the mixture was filtrated under vacuum on a cellulose acetate filter
membrane. The clay content was controlled through slow evaporation
of water at room temperature and different filtration times. After
photo-initiated free-radical polymerization (A =365 nm) for 25 min in
nitrogen gas atmosphere, the obtained as-prepared gels were
immersed in water until the equilibrium state was approached. The
equilibrated hydrogels were identified as being L-NCr gels where n is
the mass fraction of clay against the equilibrated gels.

Preparation of R-NC gel films: The clay, NIPAM, initiator, and
water were mixed by stirring to form a transparent paste. The mass
ratio of clay, NIPAM, and initiator was 67:33:3.3. The clay content was
modulated by changing the amount of added water. Then, the same
conditions as for the L-NC gels were applied for polymerization. The
hydrogels at the equilibrium swelling state were identified as being R-
NCn gels where n is also the mass fraction of clay in the equilibrated
gels.

Measurements: The SEM images were obtained with a field-
emission scanning electron microscope (S-4800, Hitachi) at an
acceleration voltage of 3kV. TEM images were obtained using
a JEOL JEM-2100 instrument at 200 kV. X-ray diffraction (XRD)
profiles were performed with Cuy, X-rays (A=1.54 nm) in a step of
0.02°. The compositions of the swollen equilibrated gels were
analyzed by combining mass measurements and thermal gravimetric
analysis (TGA). The average diameter of a clay platelet was obtained
with a dynamic light scattering (DLS) instrument (Dynapro Nano-
Star, Wyatt) at 25°C at a scattering angle of 90°. The cumulants
analysis method was employed to generate size information from
autocorrelation function data. AFM images were obtained by veeco
bioscope catalyst atomic force microscope. The mechanical properties
of the freestanding hydrogel films were measured in the tensile mode
in a universal mechanical testing machine from Instron 3365, USA.
The tested rectangular strips of 30-35 mm length and 5 mm width
were cut out from swollen equilibrated freestanding films with a razor
blade. The distance between the clamps was 10 mm and the load
speed was 5 mmmin . Water mist was sprayed on the sample to avoid
water loss when testing. The results for each material are based on 3—
5 specimens.
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