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Abstract The unique combinations of hard and soft
components with core/shell structures were proposed to
synthesize high strength nanocomposite hydrogels. The
elastomeric hydrogels containing rod-like cellulose
nanocrystals (CNCs) core and polyacrylamide shell
were made from aqueous solutions via free radical
polymerization in the absence of chemical cross-links.
The obtained hydrogels possessed greater tensile
strength and elongation ratio when compared with
chemically cross-linked counterparts. Oscillatory shear
experiments indicated that CNCs interacted with poly-
mer matrix via both chemical and physical interactions
and contributed to the rubbery elasticity of the hydro-
gels. The nanocomposite hydrogels were more viscous
than the chemical hydrogels, suggesting the addition of
CNC led to the increase of energy dissipating and
viscoelastic properties. The network structure model
was proposed and it suggested that the high extensibil-
ities and fracture stresses were related to the well-
defined network structures with low cross-linking
density and lack of noncovalent interactions among
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polymer chains, which may promote the rearrange-
ments of network structure at high deformations.
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Introduction

Hydrogels are soft, wet and cross-linked three dimen-
sional networks of hydrophilic polymeric materials
that are capable of absorbing large amounts of water
(Vermonden et al. 2012; Samchenko et al. 2011; Hu
et al. 2012). They are highly swollen in aqueous media
and the controlled changes in volume, mechanical or
optical properties can be achieved by the tailored
design of material structures and compositions (Yoon
etal. 2011; Satarkar et al. 2010). Hydrogels have been
studied for a wide range of biomedical, pharmaceutical
and daily-care applications, such as contact lenses,
tissue engineering, drug delivery, and superabsorbent
agents (Vermonden et al. 2012). Due to the presence of
solvent molecules during the gel formation process,
most of polymeric hydrogels are brittle and prone to
fracture when handled at swollen state, including low
strain to break and poor extensibility (Cui et al. 2012;
Isobe et al. 2011). Thus, the design of highly mechan-
ical strength of hydrogels is critical to their perfor-
mance where toughness is required. Recently, some
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progresses have resulted in these wet polymeric
materials for creating highly stretchable hydrogels
from different strategies, such as double-network gels
(Gong et al. 2003), macromolecular microsphere
composite gels (Huang et al. 2007), clay nanocompos-
ite gels (Haraguchi and Takehisa 2002), polyrotaxane
gels (Okumura and Ito 2001), and tetra-poly(ethylene
glycol) gels (Akagi et al. 2011). Among them, nano-
composite gels have attracted many interests due to the
simplicity of synthesis, multi-functionality of nano-
particles, and reversibility of self assembly (Simhadri
et al. 2010; Wu et al. 2012).

Performance improvement by forming composite
structures is not a new concept, while the capability of
controlling the sizes, geometrical dimensions, and
environmental response behavior of the composites is
still challenging (Das et al. 2012; Zhang et al. 2012). In
this scenario, there has been increasing precedence in
literature where the gelator structure is not only
predicted but also judiciously loaded with some
specific moiety to impart desired functionality to the
gel nanocomposites. With respect to the nanoparticles
(NPs) embedded hydrophilic polymer matrix, the
increasing control over surface characteristics of NP
is especially important for the development of nano-
composite gels (Abbott and Bismarck 2010; Yang et al.
2012a). For example, some specific molecules are
anchored on the surface of NP, and the presence of
suitable functional groups in the gelator structures
facilitates the subsequent in situ synthesis of the
nanocomposite via intermolecular interactions (Zhang
et al. 2012). This fact significantly simplifies the
formulation of soft nanocomposites and eliminates the
use of any hazardous exogenous reducing agents or
harsh reaction conditions (Das et al. 2012). Thus, many
successful technologies have been exploited to create
an extensive variety of supermolecular architectures
and offer desired physicochemical properties (Hu et al.
2010; Yang et al. 2012b).

Cellulose regarded as the most abundant polymer in
nature and one of the oldest raw materials of chemical
industry, has been attracting wide interests as advanced
material due to its biocompatibility, renewability and
multi-functionality (Moon et al. 2011). Cellulose
nanocrystals (CNCs) are rod-like nanoparticles (aver-
age length 100-400 nm and diameter 10-25 nm
depending on the cellulose source) and could be
obtained by acid hydrolysis of cellulose (Sir6 and
Plackett 2010; Nishio 2006). As derivatives from
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cellulose, CNCs offer many advantages such as high
tensile strength (7.5-7.7 GPa), elastic modulus
(110-220 and 10-50 GPa in axial direction and
transverse direction, respectively), and high reactivity
(esterification, etherification, oxidation, silylation,
polymer grafting; Habibi et al. 2010). In this paper, a
simple and versatile platform capable of synthesizing
robust hydrogels is pursued that yields nanocomposite
hydrogels with tunable mechanical properties, includ-
ing tensile strength, elongation ratio at break, and
Young’s modulus. The formulated networks herein are
based on cellulose nanocrystals and acrylamide (AM)
as starting materials, and the free radical polymeriza-
tion occurs in an aqueous solution with propagating
polyacrylamide (PAM) macroradical on the surface of
modified CNCs. The resulting nanocomposite hydro-
gels possess excellent elastomeric properties that allow
extensive stretching up to 1,000 %. The effects of CNC
on the structure and mechanical properties of the
nanocomposite hydrogels are evaluated and the results
indicate that the hydrogels have great tensile properties
with high elongation ratios and are more viscoelastic
than the chemically cross-linked polymer counterparts.
Overall, this study leads to a significant impact on the
design and preparation of high-performance wet
materials using the same synthetic platform, which
further deepens the fundamental understanding of how
hydrogels can be strengthened by cellulose in the
absence of chemical cross-links.

Experimental
Materials

Pulp fibers were obtained from DongHua Pulp Factory,
China. Acrylamide (AM, Sigma) was purified by
recrystallization in a mixture of n-hexane/toluene (4:1,
v/v) and dried under vacuum at 45 °C. Initiator
potassium persulfate (KPS, Sigma) was recrystallized
from water and dried under vacuum at 25 °C. The
N,N'-methylene-bisacrylamide (BIS, Sigma) was used
as chemical cross-link to prepared conventional hydro-
gels. The y-methacryloxypropyl trimethoxy silane (A-
174, Sigma) was used as silane coupling agent without
further purification. Deionized water was used for all
experiments and oxygen present in the water was
removed by bubbling nitrogen gas for 30 min prior to
use.
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Preparation of cellulose nanocrystals

The fibers (5 g) were cut into small pieces and treated
with a sodium hydroxide solution (4.5 %, w/v,
200 mL) at 80 °C for 2 h under mechanical stirring
(200 rpm) to remove any residual noncellulosic con-
taminants, then washed and filtered with water until
pH neutrality. The above purified fiber solution was
subsequently hydrolyzed with a 60 % (w/w) sulfuric
acid solution at 50 °C for 1.5 h under mechanical
stirring (150 rpm), washed with water until neutrality.
The obtained cellulose nanocrystal aqueous suspen-
sion was collected by centrifugation and stored at 4 °C
as stock suspension (30 %, w/v).

Silane treatment of CNC

The CNCs in the aqueous suspension were solvent-
exchanged with acetone and then with toluene by
several successive centrifugation and redispersed
operations. The sonication was performed after each
solvent exchange step to avoid aggregation of the
CNCs. The CNCs in toluene suspension (1.5 g in
100 mL) were introduced into a three-necked flask
equipped with a mechanical stirring under nitrogen
flow. The toluene distillation process was conducted to
remove residual water in solvent before the reaction.
The flask was then immersed into an oil bath and
heated to 100 °C, then the required amount of silane
agent A-174 (1.5 mL previously dissolved in 5 mL
hot toluene) was added into the CNC suspension. The
reaction was allowed to proceed for 6 h, filter and
dried at 110 °C under vacuum for 2 h to ensure the
formation of covalent bonds between CNC and A-174
(Abdelmouleh et al. 2002).

Preparation of CNCs based nanocomposite
hydrogels

The CNCs based nanocomposite hydrogels were
prepared by the free radical polymerization of AM in
CNC suspensions. Typically, an aqueous solution of
water (20 mL), CNC (0.3 mL, 10 %, w/v), and AM
(6 g) was prepared, and the solvent was stirred
vigorously for 1 h to produce a uniform suspension.
Then the KPS (30 mg) was added and the solution was
stirred for 15 min to dissolve the initiator, and the
remaining bubbles were removed under vacuum. For
the rheological experiments, a portion of this solution

was transferred between the parallel plates of the
rheometer. For swelling and mechanical measurements,
and the remaining portion of solution was poured into a
glass mold (10 mm height, 50 mm length, and 12 mm
width). The free radical polymerization was allowed to
proceed at 25 °C under nitrogen atmosphere over night.
The specific compositions for nanocomposite hydro-
gels were shown in Table 1. Whereas the chemically
cross-linked PAM gels for comparison to the nano-
composite hydrogels were prepared by the same
procedures mentioned above, except an organic cross-
links (BIS) was used instead of CNCs. The as-prepared
hydrogels were purified by immersing into excessive
water for 72 h with daily replacement of the water to
remove any water-soluble fractions. For mechanical
measurements, the purified hydrogels were dried under
mild condition until their water content was equal to the
initial gel compositions. The dried gels were prepared
by drying purified hydrogels at 70 °C in an air-
circulation oven for 48 h and subsequently further
drying at a vacuum oven at 50 °C for 48 h (Fig. 1).

Characterization
Swelling kinetics

The swelling behaviors of hydrogels were measured by
immersing cylindrical samples (5 mm height x 15 mm
diameter) into excessive water at 25 °C. The swollen
samples were removed from water and weighted before
blotting off the remaining water on the sample surface
with a filter paper. The swelling ratio was defined as the
weight ratio of the net liquid uptake to the dried
hydrogel.

Rheological experiments

Gelation reactions were measured using a Physica
MCR301 (Antor Paar Rheometer) equipped with a

Table 1 Composition of nanocomposite hydrogels

Sample CNC AM H,0 BIS KPS
(mg) (® (mL) (mg) (mg)

0.5 % CNC 30 6 20 - 30

1 % CNC 60 6 20 - 30

3 % CNC 180 6 20 - 30

PAM - 6 20 20 30
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Fig. 1 a Synthetic route for (a)

the CNC-PAM a

nanocomposite hydrogels OH HO 1 \
with core/shell structures. P ‘0/‘\/‘831';'0‘- % O)-sa s bl AM PAM
The exposing vinyl groups Saliiivea R 3 A | v

on the surface of CNC act as backbone A-174

initiator to anchor polymer
chains. b Photographs of
0.5 % CNC hydrogels with
the corresponding schematic
illustrating the PAM chains
(green curves) and CNCs
(blue rod) that constitute the
networks. (Color figure
online)

Peltier device for temperature control. The experi-
ments were performed using a plate—plate geometry
(diameter 25 mm) under N, atmosphere at 25 °C, and
the upper plate was set at a distance of 1 mm before the
onset of the reactions. The silicon oil was applied on
the edge of the plates to prevent water evaporation. The
values of storage modulus (G’) and loss modulus (G”)
were recorded at a frequency of 1 Hz with a strain of
0.01 (within the linear viscoelastic region which was
determined by dynamic strain sweep experiments).

Mechanical test

The hydrogels tensile tests were performed at room
temperature using a Zwick 005 (Germany). The tested
samples had a uniform shape: 5 mm height x 40 mm
length x 8 mm width. The crosshead speed was 30
mm/min and the gauge length was 20 mm. The initial
cross section of 40 mm? was used for calculating the
tensile stress and the Young’s moduli were evaluated
at the slope of between 20 and 120 % strain in the
stress—strain curve. The tensile hysteresis was mea-
sured under the same conditions by the strain was
limited to below 250 %.

Transmission electron microscopy (TEM)

The TEM observation of nanocomposite hydro-
gels was performed using a JEM-1010 (JEOL) at an
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acceleration voltage of 80 kV. The dilute suspension
of the sample was firstly sonicated (100 W) for 15 min
in an ice-water bath, then several drops of sonicated
suspension were deposited onto a standard holey
carbon-coated copper grid. The grid was then stained
with uranyl acetate solution (2 wt%) for 30 s to
enhance the microscopic resolution.

Results and discussion

The development of robust nanocomposite hydrogels
for biomedical and industrial applications requires the
control of the features and modes of interactions
between nanoparticles and polymer matrix (Simhadri
et al. 2010). By combining the polymer characteristics
of PAM hydrogels with those rod-like CNCs, the
elastomeric hydrogels can be prepared with excellent
mechanical properties. They can endure high degrees
of knotting, stretching without rapture, indicating the
CNC based hydrogels possess high damage-tolerant
ability and efficient energy dissipation mechanism.
The elastomeric nature of the nanocomposite hydro-
gels is partially related to the long and flexible PAM
chains that grafted on the surface of CNC via covalent
bonds, but also to the unique core/shell network
structures where the CNCs homogeneously disperse
within polymer matrix and act as multifunctional
cross-links. The specific evaluations of these proper-
ties which are critical to their performance as possible
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tissue engineering scaffolds would be discussed in the
following sections.

Synthesis and characterization of nanocomposite
hydrogels

The elastomeric and tough nanocomposite hydrogels
were prepared by in situ free radical polymerization,
involving only the mixing of all of the components
before initiating network formation. By simply
varying the content of CNC, the mechanical proper-
ties of the hydrogels were tunable, while maintaining
high flexibility. Compared to other reported CNC
based hydrogels (Zhou et al. 2011; Spagnol et al.
2012; Fajardo et al. 2012), there are two distinct
differences comprised in this work: first of all there is
no conventional chemical cross-link, which is gen-
erally applied to bind the polymer chains to each
other covalently. The chemical cross-links (like bis-
acrylamide) create a network which facilitate the
absorption of solvent molecules but also pro-
nouncedly quench the micro-Brownian motion along
backbones and restrain the possible topological state
of the chain molecules (Joly et al. 2002). The CNCs
acting as multifunctional cross-links are able to
induce PAM chains anchor to different CNCs as well
as the same CNC, which accommodate the stability
of network structures. Secondly, the polymerization
reaction is performed with a higher monomer-to-
CNC surface initiator ratio, which provides a much
denser shell around the CNC-core than usually
grown. Thus, the core component has a higher
polymer density toward the interior and a more
loosely interpenetrated cross-linked chains toward
the periphery.

The Fig. 2 exhibited the TEM image of hydrogels
showing morphologies of microstructures, one can
note that the CNC-PAM hydrogels contained core—
shell interconnected microscopic structures and led to
porous structure with pore size in range of 50-200 nm.
This observation verified that the uniform dispersion
of CNC within the polymer matrix was achieved
without any pronounced aggregation, even in a
concentrated state. Thus it was concluded that the
CNC-PAM core/shell structures were dispersed hom-
ogenously within the cross-linked networks, which
definitely contributed to the excellent mechanical
properties.

Swelling properties of CNC-PAM hydrogels

The swelling measurements of nanocomposite hydro-
gels were performed in water and NaCl aqueous
solution. The hydrogels exhibited bulk swelling with-
out any apparent dissolution or mass loss in the
absence of chemical cross-links, suggesting the CNC
act as cross-links within the polymer matrix (Fig. 3a).
The swelling ratio of the hydrogels as a function of
CNC content was exhibited in Fig. 3b. As the dried
nanocompsite hydrogels were immersed into an
aqueous media, such as water or NaCl solution, water
molecules would enter the network where the swelling
process occurred and the sample size increased. The
equilibrium swelling ratio of the hydrogels strongly
depended on the CNC content, and a decrease in the
swelling ratio appeared with increasing content of
CNC. This result was related to the CNC interaction
with the polymer as well as role of filler that occupied
void space within the polymer network, which in
return led to a more compact gel and hindered the
swelling process. To further demonstrate the effect of
osmotic pressure on the hydrogels, the swelling
measurements in aqueous NaCl solutions were per-
formed as a function of NaCl concentration (Fig. 3c).
It was noted that the swelling ratio decreased with
increasing salt concentration in the external solution

Fig. 2 TEM observation of microstructure for 1 % CNC
nanocomposite hydrogels. The sample exhibited highly inter-
connected porous structures (bar 500 nm)
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due to the decrease in the difference of counterions
concentration between inside and outside of networks,
which was usually observed in other hydrogels (Li
et al. 2009; Nykénen et al. 2011).

Elastomeric and tough nanocomposite hydrogels

The mechanical properties of CNC-PAM nanocom-
posite hydrogels were evaluated by uniaxial tensile
measurements (Fig. 4a) and the typical stress—strain
curves were shown in Fig. 4b. It was impressive to
find that the hydrogels with 0.5-3 wt% of CNC would
lead to a 5-12-fold and 5-7-fold increase in tough-
ness and in elongation ratio, respectively, when
compared with the chemically cross-linked counter-
parts. In our CNC-PAM hydrogels, both covalent
bonds and physical interactions between CNC and
PAM chains affected the tensile strength, and this
unique enhancement mechanism in mechanical behav-
iors would be related to the ability of CNC to change
energy dissipation process. Besides, the addition of a
small fraction of CNC led to a significant increase in
Young’s modulus. The summary of mechanical prop-
erties of a series of hydrogels, including Young’s
modulus, fracture strain, and elongation ratio at break,

with different CNC contents were demonstrated in
Fig. 4c. It was noted that the tensile strength and
modulus increased pronouncedly as the content of
CNC increased from 0.5 to 3 wt%, and this result was
attributed to the presence of rigid CNC within the
polymer matrix and role of cross-links. In contrast to
the toughness of CNC-PAM hydrogels, PAM hydro-
gels that tested as controls were more brittle with
elongation at break and tensile strength being less than
150 % and 18 KPa, respectively.

Under the cyclic tensile measurements, an elastic
network is fully recoverable to its original dimension,
and a viscoelastic network may exhibit some certain of
permanent deformation (Cui et al. 2012). The area
between the loading and unloading curves was used to
evaluate the energy lost during the deformation. The
typical loading and unloading cycle of the hydrogel
with 3 wt% CNC and the effect of CNC content on
energy lost were plotted in Fig. 4d, e. There had not
apparent hysteresis during consecutive loading and
unloading cycles at low deformations, indicating that
there was no permanent damage to the network and the
hydrogels kept almost elastic. This result indicated that
the addition of CNC to the polymer matrix induced
viscoelastic properties to the network. Compared with
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Fig. 3 Swelling behaviors of nanocomposite hydrogels. a The
hydrogels swell and keep their structural integrity. b Swelling
kinetics of the hydrogels in water plotted against the CNC
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concentrations. ¢ Equilibrium swelling ratio of the hydrogel
with 1 wt% CNC shown as a function of NaCl concentration
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Fig. 4 Mechanical properties of CNC-PAM nanocomposite
hydrogels. a The rubbery-like CNC-PAM nanocomposite
hydrogels exhibited excellent flexibility. b Typical stress—strain
curves of hydrogels. The incorporation of CNC significantly
reinforced the network and increased the tensile strength and
modulus of hydrogels. ¢ Summary of hydrogels mechanical
parameters. The addition of CNC to polymer matrix signifi-
cantly enhanced tensile strength and modulus without sacrifice

other hydrogels where exhibited apparent hysteresis in
the loading cycle and showed poor resilience, suggest-
ing some permanent damage at strains due to the
existence of covalent bonds in the randomly cross-
linked network (Gaharwar et al. 2011; Webber et al.
2007). Whereas with an increase of CNC content from
0.5 to 3 wt%, it led to a pronounced increase in energy
lost during the cycle. Wang et al. also reported a similar
dependency of the elongation hysteresis where the
hydrogels cannot recover their size simultaneously
after the stress released at a high Laponite content
(Wang et al. 2012).

Rheological measurements and viscoelastic
properties

After formation of stable CNC-AM suspension, the
initiator was added into the solution and the polymer-
ization was started at 25 °C. The polymerization

(b)
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much elongation ratio. d Loading and unloading cycle of
hydrogels. They were highly elastic and recovered their original
shape after the remove of stress (strain less than 250 %).
e Energy lost during the cycle plotted against CNC content. The
hydrogels had negligible hysteresis at low CNC contents. With
increasing in CNC content from 0.5 to 3 wt%, there showed a
nearly 12-fold increase in energy lost

reactions of AM in the CNC aqueous suspension and
the formation of nanocomposite hydrogels were mon-
itored by rheometry. The elastic moduli (G’) and
viscous moduli (G”) monitored at frequency of 1 Hz as
a function of the reaction time were shown in Fig. 5a.It
can be noted that both moduli increased rapidly in the
initial 50 min and then approached plateau values after
200 min. The modulus rapid increase corresponds to
the region of sol—gel transition and the gel growth,
whereas the plateau regime corresponds to the post
cross-linking reaction (Carlsson et al. 2010).

The gelation process is viewed to be complete when
G’ and G” approach a plateau value with time, and the
estimated equilibrium modulus of the gels, G’e, and loss
factor tan o (tan 6 = G”/G’) at the reaction of 4 h are
shown in Fig. 5b, c that plotted against the CNC
content. Several interesting features can be seen from
Fig. 5b, c. Firstly, the increase of CNC content from
0.2 to 3 wt% leads to a 2-order of magnitude increase

@ Springer



234

Cellulose (2013) 20:227-237

v " T T T v T v
0 50 100 150 200 250 300

Time/min
b
®) . .
-
=
-
| B
. 10' 4 {
(U] u/
10° .
T T T T T T
0.0 05 1.0 1.5 20 25 30
Ceopc/Wt%
() R
10" 4 M
o = -
% 107 4 - - -
107
—r 17—
00 05 10 15 20 25 30
o
Cenc/Wt%

Fig. 5 Oscillatory shear measurements on CNC-PAM hydro-
gels. a Elastic moduli (G') and viscous moduli (G”) as a function
of reaction time (measured at 1 Hz) for 1 % CNC. b
Equilibrium modulus G, and ¢ loss factor tan J as a function
of CNC content

in elastic modulus of the hydrogel. This pronounced
increase in G/, with CNC content indicates that there
exist strong interactions between PAM and CNC
where the polymer chains are anchored on the surface
of CNC and their free motion is restricted. Thus, the
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cross-linked CNC-PAM hydrogels with a Young’s
modulus of 21.5 KPa is possible by using CNCs as
multi-functional cross-links. Secondly, as mentioned
above, the value of tan O represents the ratio of
dissipated energy to stored energy, the hydrogels show
a gel-like behavior even at a low CNC content of
0.2 wt%. With increasing of CNC content, tan ¢
decreases and approaches 0.01 at high CNC contents
(>3 wt%). Due to tan J also represents the ratio of
CNC-PAM chains adhesive bonds being broken down
and reformed during dynamic strains to those remain-
ing intact and unchanged, it suggests there has an
efficient energy dissipation mechanism within the
hydrogel networks (Wu et al. 2011).

At the beginning of reaction, the monomers were
bound to the surface of CNC due to the hydrogen bonds,
and the initiators were also linked to the surface of CNC
by ionic interaction [CNC yielded a charged surface after
acid hydrolysis (Habibi et al. 2010)]. After decomposi-
tion of the initiator and formation of primary macrorad-
icals, the PAM chains began to grow on the surface of the
CNC until they terminated by recombination with other
radicals. The formed polymer chains led to the cross-
linked network structures and bridged the neighboring
CNCs as integrity. That is, the pendant vinyl groups with
growing radicals reacted with monomers and led to the
formation of CNC-PAM clusters, as basic unit of
macroscopic network structures. One can speculate that
if energetically favorable interactions exist between
neighboring CNC-PAM particles, then the polymer
chains can be bridged between the adjacent particles and
further increase the cross-linking density, which lead to a
stable network structure with a repeat distance of a few
hundred nanometers (Joly et al. 2002). As seen in
Fig. 4b, the elastic modulus of hydrogels is highly
depended on the CNC content and hydrogels exhibit
efficient energy dissipation process. This phenomenon is
the result of orientation of the CNCs and relaxation of the
grafted chains between different CNC-PAM clusters
during the deformation process, where the reversible
movement of polymer chains and cluster conformational
rearrangements may be responsible for the rubbery
elasticity and high toughness of the nanocomposite
hydrogels.

CNC-PAM interactions and elastomeric network

One can note from the results of strain—stress curves in
Fig. 4b, the conventional PAM hydrogels can only be
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reversibly deformed within the constraints of the
covalently cross-linked polymer junctions, and the
higher extensions would lead to the fracture of covalent
bonds. As a contrast, the CNC-PAM nanocomposite
hydrogels exhibit mechanically robust behaviors,
which are attributed to the combination of covalent
bonds between CNCs and polymer chains via silane
bridges (lead to elastic properties) and polymer chains
relaxation and nanoparticle physical interactions (con-
tribute to the viscoelasticity). Although the crystal
underlying reasons for the extraordinary strength of
these synthetic nanocomposite hydrogels are compli-
cated (including polymer—polymer, hydrogen bond-
ing, polymer-cellulose interactions) and will require
further investigation, some answers could be found in
the proposed network structures (Fig. 6). The current
design strategy is based on the fundamental network
elements of cellulose—polymer chain interactions that
result in unique elastic properties. When dispersed into
the host matrix at the nanoscale level (producing a very
large polymer/filler interface), the CNC may exhibit
pronounced enhancements in various properties even
at a very low clay content (>0.5 wt%). In fact, the
interactions between the nanoparticles and polymer
chains always lead to unique mechanical properties as
observed in a variety of hydrogel systems (Wu et al.

Stress

2011). The high concentration of AM in excess of what
is required to encapsulate the surface of CNC would
lead to a stable network if the polymer chains are long
enough to bridge neighboring CNCs, even without
chemical cross-links. As the reaction proceeds to a high
conversion ratio, the initial isolated CNC-PAM clus-
ters transfer to a continuous phase and interpenetrate
into a cross-linked network. For the nanocomposite
hydrogels in this study, although they do not possess a
permanent network structure, they do exhibit elasticity
if the relaxation time of the network is much longer
than the application time of stress. Then, a physical gel
may be indistinguishable from a covalent gel from the
mechanical behaviors and appears to be permanent
(Hao and Weiss 2011).

During the free radical polymerization, the reactive
double bonding groups on the surface of CNC form
highly branched polymer networks, which lead to
CNC:s act as multifunctional cross-links and bridge the
adjacent CNCs. Under low deformations, the nano-
composite network can be viewed as near elastic one
and this rubber elasticity originates from the entropy
change of the polymer chains cross-linked by CNCs,
whereas at high deformations, the network intercon-
nects the physically entangled flexible chains and the
viscoelastic properties exhibit. Except for the covalent

Cellulose * Covalent bond

PAM
nanocrystal

= Hydrogen bond

Fig. 6 Schematic illustration of structural changes during
network deformation in CNC-PAM hydrogels. Covalent bonds
between CNC and PAM via silane bridges induce the formation
of an elastic network, whereas polymer chains dynamic
relaxation and CNC orientation process leads to viscoelastic

properties. Before deformation, the PAM chains are attached to
the surface of CNC preferentially via covalent bonds and
hydrogen bonds. During deformation, the initial coiled chains
present stretched and unfolded conformations, which are related
to the unique energy release process
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bonds between CNC and PAM, there may also exist
noncovalent interactions between CNC and PAM,
which are ascribed to hydrogen bonds between amide
side groups ((CONH) of PAM and the surface C-OH
groups of the CNC. The factors that both hydrogen
bonds rupture and reveal hidden lengths of highly
coiled polymer chains contribute to the energy dissi-
pative process. That is, the cross-linked polymer chains
adopt a randomly coiled conformation at free-standing
state, whereas they slide against each other during the
dynamic deformation stage. Thus, the presence of
covalent bonds and noncovalent interactions within
networks jointly promote the enhancement of flexibil-
ity and toughness of the nanocomposite hydrogels.
Besides, the dynamic polymer chains relaxation pro-
cess within network is sensitive to applied stress, a
partial of the energy accumulated in hydrogels would
be efficiently released by this micro-Brownian motion.
Thus, the above energy release mechanism during
hydrogel deformation contributes to the excellent
mechanical properties, especially when compare to
the covalently cross-linked counterparts.

Conclusions

The core/shell nanocomposite hydrogels with unique
network structures have been successfully fabricated
by combination of a simple free radical polymeriza-
tion and CNC-polymer particles self assemble. The
resulting hydrogels had greater flexibility and tough-
ness compared to their chemically cross-linked coun-
terparts. The increase of CNC content from 0.2 to
3 wt% led to a 2-order of magnitude increase of the
hydrogels elastic modulus, indicating that CNC
mainly determined the rubbery elasticity of the
systems. The covalent bonds at the interface between
polymer chains and CNCs resulted in the formation of
an elastic network, whereas physical interactions
among PAM chains conformational rearrangements
led to viscoelastic properties. The combined elastic
and viscoelastic features contributed to strong
mechanical properties, and it was believed that the
low density of cross-links, homogeneous network
structure, and multi-functionality of CNC within the
primary chains promoted the remarkable strength of
hydrogels. These findings provide new perspectives
for understanding the relations between network
structures and mechanical properties, and create

@ Springer

another facile way for preparation of high-perfor-
mance hydrogels, such as artificial muscles, sensors,
and other environmentally friendly materials.
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