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Embedding magnetic nanoparticles into soft host media offers the opportunity to externally control
material properties via a magnetic field. Choosing a hydrogel as the host medium allows modification
of not only the elastic properties, but also the degree of swelling of the gel and the shape changes of
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the sample. Hydrogels where magnetic nanoparticles serve as the only crosslinking reagent of the

network are a promising new class of such stimuli-responsive gels. The well-defined magneto-
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Introduction

Stimuli-responsive soft matter systems constitute a fascinating
class of materials with promising applications in various fields.
Soft magnetic materials like magneto-rheological fluids provide
an example of materials in which the mechanical yield stress
can be tuned by varying an external magnetic field.* In the last
few years, magnetic gels have been synthesized*® where
magnetic particles are embedded into an elastic matrix. In these
materials, the degree of elasticity changes with external
magnetic field strength.® In order to achieve significant changes
in elastic moduli, the host medium should be rather soft which,
however, often allows nanoparticles to diffuse out of the gel.
Recent advances in synthesis have shown that a good solution
to this problem can be found, with a strong hardening of the
material in the presence of a magnetic field.”® For a recent
review, see ref. 9.

In the last few years, these more traditional magnetic gels
and elastomers have been complemented by hydrogels

ETH Ziirich, Department of Materials, Polymer Physics, HCI H529, CH-8093 Ziirich,
Switzerland

Patrick Ilg received his Master's degree in Physics from the
University of Gottingen, Germany, in 1997. He obtained his Ph.D.
degree in Physics from the ETH Ziirich, Switzerland, in 2001. After
working as a post-doc at the Technical University Berlin, Germany,
and the Universite Claude Bernard in Lyon, France, he received his
habilitation in Theoretical Physics from the TU Berlin in 2006. Also
since 2006, he has been a senior researcher at the Department of
Materials at ETH Ziirich, Switzerland. His research interest
comprises the structure and dynamics of soft and amorphous
matter as well as systematic scale-bridging methods.

This journal is © The Royal Society of Chemistry 2013

mechanical coupling present in these materials should allow for a better understanding and
optimization of field-induced changes.

containing magnetic nanoparticles. Hydrogels are cross-linked
networks formed by hydrophilic polymers. A characteristic
feature of hydrogels is their enormous swelling in aqueous
media. Contrary to elastomers, hydrogels are very soft mate-
rials. Their mechanical properties, however, can be changed by
incorporating nanoparticles into the gel.’* Magnetic hydrogels,
where magnetic nanoparticles are incorporated into the
hydrogel, could provide a fascinating opportunity to reversibly
change their mechanical properties by an external magnetic
field. For the corresponding case of magnetic nanoparticles in
a non-polar solvent (“ferrofluid”), the field-dependence of the
effective viscosity is well-established." In hydrogels with
micron-sized magnetic particles, strong field-dependent
changes of the shear modulus* and sample shape*® have been
observed. Due to their small size, magnetic nanoparticles have
a permanent dipole moment and tend to diffuse much faster
compared to their micro-sized counterparts.’* When sus-
pended in a non-polar solvent, magnetic nanoparticles typi-
cally show superparamagnetic behavior. In hydrogels,
magnetic nanoparticles are prone to show magnetic hyster-
esis® since particle rotation is severely hindered in the poly-
mer matrix and Néel relaxation within the particles is slow.
Also the interesting phenomenon of self-healing has been
observed in a hydrogel doped with magnetic nanoparticles.*
In addition, thermoreversible ferrohydrogels are available now,
where the type and strength of the gel can be modified by
temperature changes.'” Strong but reversible shape changes of
a magnetic hydrogel observed upon changing the external
magnetic field strength have been found in ref. 18. Such an
effect can be very useful not only for artificial muscles but also
for several other applications such as microfluidic valves,*
actuators,” contrast agents in magnetic resonance,”* hyper-
thermia® or controlled drug delivery.*** For a recent review on
diverse biomedical applications of magnetic hydrogels see
ref. 25.
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Magnetically linked hydrogels

A new type of hydrogel with magnetic nanoparticles as the
crosslinking reagent has been presented in ref. 26-28. In these
works, the innovative method of producing a magnetic hydrogel
is to avoid the use of additional cross-linkers in the polymeri-
zation step and to use instead the nanoparticles themselves as
the only crosslinking reagents. In order to achieve this, the
surfaces of the nanoparticles have to be functionalized appro-
priately. The same magnetic material (CoFe,0,) with a compa-
rable size of the individual nanoparticles of around 10 nm has
been used in all three studies.***® CoFe,0, nanoparticles of this
size are large enough that the magnetic moment is effectively
blocked within the particle. Yet the nanoparticles are still small
enough so that they can be considered a magnetic mono-
domain. The magnetic nanoparticles are combined with
different polymers and correspondingly different functional
groups on their surfaces. The hydrogels are based on poly-
ethylene glycol (PEG) and acrylamide,* poly(acrylamide)
(PAAmM),*” and polysaccharide,* respectively. In either case, the
functionalized magnetic nanoparticles form covalent bonds
with the polymer network.

The advantage of such an approach is that the magnetic
nanoparticles are permanently linked to the network which
prevents them from diffusing out of the gel. A loss of magnetic
material would degrade the properties of the hydrogel or even
lead to toxic effects in biomedical applications. Using the
magnetic nanoparticles as crosslinking reagents instead of
attaching them somewhere on the strands of the network opens
the possibility to study the magneto-mechanical coupling in
more detail. While clustering or some sort of structure forma-
tion is considered to be essential for significant field-induced
changes in other systems,*” these gels in principle allow trans-
mission of torques due to an external magnetic field onto the
polymer network via the rotation of individual magnetic nano-
particles. Such a well-defined magneto-mechanical coupling
could allow for more refined theoretical approaches, leading to a
better understanding of these systems and consequently an
improved control of field-induced changes in material proper-
ties. To this end, the ferrohydrogels need to be well-character-
ized. A number of their properties have been established by now.
First, the magnetic gels show the characteristic equilibrium
swelling behavior of hydrogels.>” Next, the hydrogels are found
to remain stable even after many swelling/washing cycles,
indicating a chemically cross-linked network.””*®* Also, since no
magnetic material was detected during the washing step, it is
safe to assume that the magnetic nanoparticles are indeed
permanently linked to the polymer network. Fig. 1 shows that
the magnetic hydrogel*” remains stable even after the magnetic
cores of the nanoparticles have been dissolved, as long as the
functionalized shell remains intact.

The detailed internal organization of these magnetic
hydrogels, however, has not been fully clarified yet. Rheological
tests show a noticeable change of the yield stress with waiting
time after preparation, indicating the presence of slow relaxa-
tion or reorganization processes in these hydrogels.”® SEM and
AFM measurements show that the nanoparticles lead to an
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Fig. 1 (a) Photograph of the swollen magnetic hydrogel. (b) Hydrogel after the
magnetic cores have been dissolved. (c) Polymer solution after the hydrogel has
been degraded. Reprinted with permission from [27]. Copyright 2011 American
Chemical Society.

increased surface roughness on the order of 50 nm.*® From
comparisons of TEM image analysis, X-ray diffraction experi-
ments and additional magnetization measurements of water-
based dispersions of the nanoparticles, a comparable mean
core diameter can be determined, suggesting that no significant
particle agglomeration occurs.” Furthermore, TEM image
analysis and X-ray tomography show that the magnetic nano-
particles are well-dispersed and that the hydrogel obtained in
ref. 27 is spatially homogeneous. A very rough estimate of the
typical mesh size of the swollen hydrogel from TEM image

J_i‘_‘L

Fig. 2 TEM images of the magnetic hydrogel at low (left) and high (right)
resolution. Reprinted with permission from [27]. Copyright 2011 American
Chemical Society.
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analysis (see Fig. 2) gives a value of the order 150 nm, in good
agreement with the mean distance between nanoparticles.””
The mesh size is a very important parameter of hydrogels in
general as it controls, e.g., the degree of swelling. The mesh size
itself is controlled by the density of crosslinking reagents which
in this case are the magnetic nanoparticles. Indeed, the
concentration of magnetic nanoparticles is found to control the
degree of swelling: with increasing nanoparticle concentration
the mean distance between the network nodes shrinks and the
hydrogel is less able to swell.””

The successful preparation of a related but more compli-
cated magnetic hydrogel has been reported in ref. 29. A TEM
image of this hydrogel is shown in Fig. 3. In this hierarchically
structured gel, not only the magnetic nanoparticles but also
liquid-crystalline domains that are formed by amphiphilic
block-copolymers serve as crosslinking reagents. This hydrogel
is physically cross-linked by noncovalent bonds. Nevertheless,
the resulting ferrogel shows good mechanical stability, similar
to that of chemically cross-linked hydrogels. Since the ferrogel
is free-standing and bending in an external field gradient, the
material could be used as a soft actuator or artificial muscle.

The details of the network architecture obtained in the
magnetic hydrogels**>® are not yet fully known. Also, the
magnetic field-dependence of this new type of ferrohydrogels
has not been carefully explored to date. Since the crosslinking
density in these hydrogels is related to the concentration of
magnetic nanoparticles, varying the latter not only changes the
mechanical properties, mesh size, biodegradation, etc. but also
the magnetic properties. These interesting aspects certainly
deserve further studies. Theoretical works on the field-induced
deformation of ferrogels and ferroelastomers (magnetostric-
tion) are available in the literature, predicting elongation or

Fig. 3 TEM image of the hierarchically structured hydrogel containing magnetic
nanoparticles as well as liquid-crystalline domains formed by block copolymers. A
few large-size clusters (around 200 nm) of magnetic nanoparticles are present.
Reprinted with permission from [29]. Copyright 2012 American Chemical Society.
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Fig. 4 Snapshot from computer simulations of a bead-spring network model
with embedded magnetic particles without (left) and with (right) an applied
magnetic field. From ref. 33.

contraction of the gel along the field direction depending on the
initial shape of the sample, field strength and particle concen-
tration.***> As macroscopic, continuum approaches, those
theories do not take into account that the magnetic nano-
particles also serve as crosslinking reagents in this new type of
hydrogel. A first simulation work of such a magnetic gel has
already appeared.®® The model studied there considers an
idealized situation, where the polymer strands and magnetic
nanoparticles are linked by spring forces, initially forming a
regular array. For simplicity, the simulations are restricted to
two dimensions. A snapshot of the simulations is shown in
Fig. 4. The dipole moments of the magnetic particles experience
a torque due to an external field. In the model, this torque is
transmitted to the network via the spring forces that are
attached to the magnetic particles. This model indeed shows a
certain degree of magnetic field-induced shape change. Further
analysis of the deformations and comparisons with the corre-
sponding ones in more traditional hydrogels** would certainly
be interesting.

Conclusions

Magnetic gels are a fascinating class of stimuli responsive
materials. How their properties change in a magnetic field and
how to control and optimize those effects are important ques-
tions to address before such materials can be used in practical
applications. So far, however, these questions were very difficult
to answer and progress was slow, since the precise coupling of
the magnetic nanoparticles to the gel matrix was not well-
known.

The situation has changed substantially with the new class of
magnetic hydrogels presented in ref. 26-28. Since magnetic
nanoparticles form the nodes of the polymer network, torques
on the particles due to a magnetic field are transmitted to the
connected polymer strands. Such a well-defined coupling opens
the way for a better understanding of the magneto-mechanical
properties and subsequent synthesis of magnetic hydrogels
with improved properties. Having identified the physical
mechanism of torque transmission from the magnetic field to
the gel, theory and simulation are in a good position to
contribute to the optimization and improved control of such
magnetic gels. First simulation work in this direction has
already appeared where a simplified bead-spring network
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model was studied.*® There will hopefully be a number of
subsequent studies that explore the field-dependent properties
and deformations of such hydrogels.
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