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1
General Introduction

This thesis presents the preparation and physical properties of magnetically remanent 
hydrogels that are crosslinked with colloidal nanoparticles. This chapter gives an 
introduction to the properties and applications of magnetic nanoparticles, hydrogels, 
and a combination of both types of materials: ferrogels. Moreover, the aim and structure 
of the thesis are indicated.
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1.1 Magnetic materials

Magnetism
Magnetic fields are mainly generated by electrons in motion, in electromagnets or 

in permanent magnets. In the latter case, orbital motions and spins of electrons lead to 
magnetization of the material and a magnetic field that extends outside the material. [1] 
Differences in magnetic properties of materials are due to the orientation of the atomic 
magnetic moments, and magnetic materials are classified according to their response 
to an external magnetic field, the magnetic susceptibility, χ. In mathematical terms, the 
susceptibility χ connects M and H in M = χH, where M is the magnetization of the sample 
and H is the external field [1], and the initial susceptibility, χ0, can be obtained from the 
slope in the linear regime of the magnetization curve, see Figure 1. The most common type 
of magnetism is diamagnetism. Diamagnetic materials show a small negative response to 
an external field, χ ≈ -10−5, and examples of these materials are water, hydrocarbons, and 
gold. Paramagnetic materials show a weak enhancement of the external magnetic field, 
χ ≈ 10−5 – 10−3. This type of magnetism is more common for salts and ions from elements 
found in metals, where the atomic magnetic moment is caused by an unpaired electron 
spin due to an odd number of electrons of the atom or molecule. The strongest magnetic 
materials are ferro- or ferrimagnetic, with a high positive magnetic susceptibility, χ ≈ 50 
– 10000. Examples of ferromagnetic elements are iron, nickel, and cobalt; examples of 
ferrimagnetic materials are ferrites, such as magnetite, maghemite, and cobalt ferrite. 

Strongly magnetic materials show long-range order of the orientation of the atomic 
magnetic moments. For ferromagnetic materials, the atomic magnetic moments are equal 
and aligned, whereas for ferrimagnetic materials, they are unequal and in alternating 
directions. Long-range order of the atomic magnetic moments in bulk materials does 
not extend over the whole sample: magnetic domains are formed in bulk materials, 
where each domain consists of aligned spins, and the magnetization vectors are aligned 
along the crystallographic easy axis of the domain. [2] When a sufficiently high magnetic 
field is applied to the material, the magnetization vectors of the domains all point in the 
direction of the applied magnetic field. Without an external field, magnetic domains are 
spontaneously formed in order to minimize the magnetostatic energy, as long as the 
particles are sufficiently large. 

Below a critical size, depending on the material [3], the formation of magnetic 
domains becomes energetically unfavorable. Magnetic alignment of a particle occurs 
through the rotation of the atomic magnetic moments. Magnetic nanoparticles, MNPs, 
just below the critical size for a single domain, have a high coercive field, HC (see Figure 
1). [4] The coercive field decreases for smaller nanoparticles and is absent for sufficiently 
small particles, whose magnetic moment can easily change orientation within the crystal 
due to thermal motion: Néel relaxation. [5] This behavior is called superparamagnetism, 
as it is now the nanoparticle dipoles that align with an external magnetic field, compared 
to the much weaker alignment of individual atomic magnetic moments of paramagnetic 
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materials. The size range in which superparamagnetism can occur, depending on the 
material and shape of the particle, is typically below 50 – 100 nm. [4,6] 

M
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Figure 1. Magnetization as a function of magnetic field strength for (a) a sample of 
dry superparamagnetic nanoparticles, and (b) a sample of dry magnetic nanoparti-
cles too large for superparamagnetic properties, resulting in remanence, MR, and a 
coercive field, HC. The initial magnetic susceptibility can be obtained from the slope 
in the linear regime of the magnetization curve as shown in (a). 

Magnetite nanoparticles
Chemical preparation of MNPs has been studied extensively. For the use of MNPs 

in several biomedical applications it is important to have low polydispersity in size and 
magnetic properties. [7] 

In our laboratory, we have considerable experience with the preparation of 
magnetite nanoparticles in apolar media [8,9] and the study of magnetic interactions of 
MNPs as model systems. [10,11] Preparation of MNPs in apolar media provides control 
over the characteristics of the MNPs, as one can tune the shape and interactions through 
the choice of the surfactants and solvent in the synthesis. [12] Park et al. [13] showed 
that one can easily prepare large amounts of monodisperse magnetite nanoparticles 
through the decomposition of an iron oleate complex at high temperatures. Increasing 
the concentration of oleic acid and increasing the reaction time both increase the average 
size of the nanoparticles. However, Bronstein et al. [14] showed that the post-synthesis 
treatment is crucial for the structure of the oleate complex and its decomposition during 
synthesis, and therefore it strongly influences the nanoparticle size and its polydispersity. 
This one pot synthesis was also investigated by Luigjes et al. [9] but proved not optimal 
since the magnetic properties varied greatly due to crystallographic imperfections. A 
better controlled, but much more labor-intensive synthesis method was first described 
by Sun and coworkers, [15] which comprises multiple seeded growth steps involving the 
thermal decomposition of iron acetyl acetonate at high temperature in the presence of a 
mixture of surfactants. This method was adjusted in our laboratory by Mark Klokkenburg 
and yielded monodisperse magnetite nanoparticles up to 20 nm. [8] 

In order to obtain single-domain particles that are practically without Néel relaxation, 
particles with higher shape anisotropy should be prepared. In the literature, several 



10     General Introduction

synthesis methods also using iron acetyl acetonate are reported, although preparation 
of anisotropic nanoparticles is not straightforward. Guardia and coworkers prepared 
solid samples of cubic-like magnetite nanoparticles that did not show any significant 
magnetic remanence. [16,17] Synthesis of cubic, pyramidal, and truncated octahedral 
nanoparticles was reported by Zhang et al., yet, only pyramidal nanoparticles resulted in 
magnetic remanence of 10%. [18] Well defined cubic nanoparticles were described by 
Kim et al. whose coercive field increased to approximately 9 kA/m for nanoparticles of 
160 nm. [19] 

Refined synthesis methods in apolar media are able to yield well defined model 
systems of magnetite nanoparticles, but they are very sensitive to reaction conditions and 
produce low yields. Therefore, for commercial purposes, preparation in aqueous media 
is more attractive as these methods are generally faster, cheaper, and straightforward. 
Massart et al. reported in 1981 a facile method to prepare magnetite nanoparticles from 
coprecipitation of iron(II) and iron(III) salts in basic environment. [20] This method proved 
also suitable for other metal(II) ions, such as cobalt [21], but with little control over the size 
and shape of the MNPs: in the case of magnetite, well crystallized and strongly magnetic 
nanoparticles were obtained, with 7 nm average size and 35% polydispersity. To obtain 
anisotropic magnetite nanoparticles resulting in magnetic remanence, precipitation of 
only iron(II) salts and partial oxidation of Fe(II) ions has been studied. [22-26] Sugimoto 
et al. [24] reported the precipitation of ferrous hydroxide from iron(II) sulfate in alkaline 
solutions and subsequent ageing at elevated temperature. Size control can be achieved 
by changing the concentration of iron(II) ions and through addition of ethanol as a 
solvent, and coercive fields up to 8 kA/m were obtained. [23] 

Applications of magnetic nanoparticles
Magnetic nanoparticles have a wide variety of applications in diverse areas. Liquid 

dispersions of magnetic nanoparticles at nearly maximum concentration, also called 
ferrofluids, are already for decades used as liquid seal, for instance, in loudspeakers 
where the MNPs keep the fluid in place, while the dispersant cools the loudspeaker. [2] 
Recent work by Galland et al. [27] shows that introducing MNPs to cellulose nanofibers 
serves as a new composite material for loudspeaker applications where magnetic and 
mechanical properties can be tuned easily by controlling the concentration of MNPs. 

MNPs are also used in water purification processes as they have a large surface area 
and can be easily separated from the liquid by magnetic extraction. Heavy metal ions can 
adsorb onto the surface through combined electrostatic interactions and ion exchange 
[28], but MNPs can also be functionalized with heavy metal chelating agents to remove 
ions from waste water. [29] 

Magnetic nanoparticles are promising materials for various biomedical applications. 
[30-33] Superparamagnetic nanoparticles are extensively used in magnetic resonance 
imaging, MRI, where the particles serve as contrast enhancement agents. In hyperthermia 
research for cancer treatment, the particles are guided to the tumor and subjected to 
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a high frequency AC magnetic field causing magnetically induced heating. The increase 
of temperature is very local; therefore, only the tumor tissue is killed by increased 
temperature and the surrounding tissue remains intact. [31,34]

Functionalization of MNPs creates another wide variety of applications, such as 
drug targeting [32,34,35], and immunoassay applications. [33] For example, drug mole-
cules can be bound to functionalized nanoparticles and after injection and guiding the 
nanoparticles to the area of interest using a magnetic field, the drug molecule is released 
through changes in the environment or enzymatic cleavage. [32] Also, the presence of 
specific molecules can be revealed through the interaction with functional groups on 
magnetic nanoparticles that aggregate upon binding of the molecule. Clusters of MNPs 
can then be detected using AC magnetic susceptibility measurements. [33] 

1.2 Hydrogels 

General introduction
A hydrogel is a polymer network that can absorb large amounts of water, up to 

multiple times its own polymer weight, while retaining its shape and structure. [36] 
Crosslinks in the hydrogel network prevent the hydrogel from dissolving upon addition of 
solvent as in the case of regular polymer gels. Functional groups attached to the backbone 
of the polymer network provide the basis for the responsiveness of a hydrogel to external 
factors, such as temperature, pH, ionic strength or even specific molecules, like glucose. 
[36] Well known examples of functional groups are amides for temperature sensitive 
hydrogels [37,38] and acid groups for pH sensitivity. [39-41] Hydrogels can be prepared 
from monofunctional monomers in combination with multifunctional monomers to form 
crosslinks upon polymerization, but they can also be prepared from polymers that are 
linked together through their backbones or pendant functional groups. [42]

Hydrogel functionality 
Hydrogels are considered smart materials as they are responsive to external stimuli. 

Functional groups attached to the backbone provide the basis for this responsiveness. 
Changes in the surroundings, for example increase in temperature, pH or ionic strength, 
cause chemical changes and force the hydrogel out of its previous equilibrium. Interactions 
between the functional groups change so that the volume of the hydrogel increases or 
decreases. A well-known example of a responsive hydrogel system is based on poly(N-
isopropylacrylamide) (PNIPAM), where a temperature increase causes shrinking of 
the hydrogel due to decreased hydrophilicity of the polymer network. [37,38,43] The 
hydrogel system investigated in this thesis is a poly(acrylic acid) based polymer network 
whose size depends on the pH of the surroundings. The acid groups on the backbone of 
the polymer dissociate as a function of pH and the resulting H+ ions are exchanged with 
counterions from the surroundings. This creates an osmotic pressure difference and in 
order to return to equilibrium, the hydrogel swells through a large water uptake, until the 
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osmotic force and the elastic forces of the hydrogel are balanced. [43]
The extent to which a hydrogel can swell and the stimuli to which the hydrogel is 

responsive depend on the concentration and the characteristics of the functional groups 
of the polymer, but also on the crosslink density of the hydrogel, and the properties of 
the swelling medium. [36] For example, the ionic strength of the swelling medium has a 
large influence on the swelling degree of a hydrogel: at low ionic strength, no counterions 
can be provided by the swelling medium, so that dissociation of the acid groups does not 
take place, and swelling is limited. [43]

Applications
Hydrogels have been used for many years in several daily products, such as diapers 

and contact lenses, as they can take up to 100 times their own weight of water. [36] 
Yet, hydrogels are currently also used in more refined applications: hydrogels resemble 
the structure and composition of human tissue and are non-toxic, making them highly 
suitable for biomedical applications, such as tissue engineering [44,45] and drug delivery. 
[46,47] Hydrogels can be prepared from synthetic polymers, so that chemical and 
mechanical properties can be controlled and are reproducible, or from naturally derived 
materials, which have the advantage of being similar to human tissue. [44] 

Swelling or shrinking of a hydrogel results in changes in volume and in mechanical, 
optical, or chemical properties of the hydrogel which can be employed. Hydrogels also 
find applications in drug delivery: swelling of a hydrogel enlarges the pore size, enabling 
drug molecules to diffuse out of the hydrogel. However, this is not the only mechanism 
for drug delivery: drugs can be encapsulated by a hydrogel and released by simple 
diffusion; the hydrogel may be degradable so that drugs are released upon degradation 
of the hydrogel. [46] Release of drugs from the hydrogels may be diffusion limited, or 
it can be manipulated by changing the interactions between an ionic polymer and an 
electrically charged drug. [47] 

Changes in optical and mechanical properties of hydrogels provide the basis for 
sensing applications. [40,43,48] Inverse opal hydrogels can be used as humidity sensors 
through a shift in the refractive index upon adsorption of water. [49] Photolithography 
and micromolding are well known procedures to create patterns in thin hydrogel layers 
which can be used to manipulate the wettability of a surface or to create gates for volu-
metric control in microfluidics. [50] Application of a patterned hydrogel onto a microcan-
tilever enables asymmetric swelling, which causes the microcantilever to bend, so that 
minor changes in pH or temperature can be measured. [51] 

1.3 Ferrogels 
Ferrogels are composite materials where magnetic nanoparticles or microparticles 

are dispersed in an elastic network. This thesis focuses on hydrogels with embedded 
MNPs. There are two general methods to incorporate magnetic particles into hydrogels: 
mixing of MNPs with hydrogel monomers prior to polymerization, or in situ preparation of 
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MNPs in a hydrogel. [52] The first is a common method in which one can first control the 
preparation and stabilization of the MNPs. Upon polymerization of the monomers, the 
MNPs can be simply encapsulated by the hydrogel [52-55], but functionalization of the 
surface of the MNPs can also be used to bind the MNPs to the hydrogel network, in order 
to function as a crosslinker. [56-58] The second method, in situ preparation, provides 
little control over the preparation of the MNPs but more control of the preparation of 
the hydrogel. The hydrogel is swollen with concentrated solutions of metal salts and 
subsequently is placed in an alkaline solution for MNP precipitation. [59,60] 

Incorporation of MNPs in a hydrogel matrix gives many new applications due to 
different mechanical properties caused by the presence of MNPs [61], but also the 
possibility to manipulate the ferrogel shape [62] and porosity using a magnetic field. 
Incorporation of MNPs into a hydrogel leads to new possibilities to manipulate a hydrogel 
for drug delivery applications. In drug delivery, for example, the porosity of the hydrogel 
can be controlled by a magnetic field due to formation of MNP aggregates, in order to 
prohibit drug release. [63] Another example of drug delivery with ferrogels is reported 
by Zhao et al. [64] where they made use of macroporous ferrogels as active scaffolds. In 
comparison with regular nanoporous ferrogels, macroporous ferrogels can be deformed 
more easily due to a decreased stiffness and even molecules with high molecular weight 
can be released due to interconnected pores. 

Pluronic based ferrogels can be used as injectable drug delivery systems; aqueous 
solutions of Pluronics remain liquid at low temperature, but rapid gelation occurs 
at elevated temperatures, for instance when injected to human tissue. Qin et al. [54] 
describe the encapsulation of MNPs and drugs during gelation of Pluronic F127. In this 
case, the MNPs are used to control the drug release by reversibly breaking up micelles 
by an external magnetic field.  

Thermosensitive polymers, such as gelatin, are also widely used in drug delivery 
applications, as they unfold at elevated temperatures, leading to less dense gels so that 
drugs diffuse out of a gel. [65] MNPs incorporated in a thermosensitive gel can cause 
such a temperature increase when subjected to an alternating magnetic field. Thermo-
sensitive ferrogels also provide a new basis for cancer therapy: subjecting the ferrogel 
to an alternating magnetic field does not only raise the temperature, it also enables an 
additional local drug delivery route. [66] 

As stated in section 1.3, magnetic nanoparticles are suitable materials for water 
purification applications. Moreover, hydrogels can also serve as a matrix for the nanopar-
ticles. A macroporous gel can be prepared through cryogelation so that large intercon-
nected pores are formed to enhance the water flow. [67] Such a material can be made 
in any size and shape and is therefore considered as a convenient material for water 
purification purposes. In addition, not only the magnetic nanoparticles can be used for 
the adsorption of heavy metal ions, but also functional groups of the polymer backbone 
can bind such ions through ion-ion interactions. [60] 
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1.4 Aim of this thesis
In 2010, van Bruggen and van Zon theoretically described a novel type of in vivo 

biosensor making use of superparamagnetic nanoparticles embedded in a hydrogel 
placed on a GMR sensor. [68] Through the magnetic signal, one would be able to 
determine the average distance from the nanoparticles to the sensor. However, this 
approach was not tested with ferrogels but only with concentrated ferrofluids. In 
addition, to align superparamagnetic nanoparticles magnetically at high frequency and 
to detect the resulting magnetization of the gel, complicated electronics was needed, 
including a lock-in amplifier.

In this thesis, we explore the feasibility of using a magnetically remanent ferrogel 
instead of a superparamagnetic one. Thanks to the magnetic remanence, the ferrogel 
would only need a premagnetization treatment without the need of high frequency elec-
tronics.

Chapter 2 describes the preparation and surface modification of the magnetic 
nanoparticles, both magnetite and cobalt ferrite. A method to crosslink the particles to 
the hydrogel network is introduced. In order to confirm whether the MNPs are bound 
to the hydrogel network, AC susceptibility measurements were performed to investigate 
the rotational dynamics of magnetic nanoparticles in the hydrogel. In Chapter 3, the 
demagnetization of magnetic composite microparticles is discussed and demonstrates 
the difference between demagnetization on a microscopic and macroscopic scale. 
Magnetic detection of a ferrogel disk is discussed in Chapter 3, and the influence of the 
ferrogel and measurement geometry is investigated. Furthermore, experimental results 
are compared with our theoretical expectations. Finally, in Chapter 4 the influence of 
the magnetic nanoparticles on the mechanical properties of the ferrogel is examined, 
and magnetic detection of swelling and shrinking of thin ferrogel layers is examined. In 
addition, a comparison is made between experimental results and numerical simulations 
for the swelling and shrinking dynamics of thin ferrogel layers. 
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Ferrogels are prepared by incorporation of magnetic nanoparticles in a hydrogel 
network. In order to prevent loss of nanoparticles upon repeated swelling and shrinking 
of the ferrogel, the nanoparticles are irreversibly linked to the polymer network. This is 
achieved by adsorption of acrylic acid monomers onto the positively charged surface 
of the nanoparticles and subsequent copolymerization so that the nanoparticles also 
function as a crosslinker. To demonstrate the fixation of the nanoparticles to the polymer 
network, low-field AC magnetic susceptibility spectra in the 0.1 Hz to 1 MHz range are 
measured. In order to show differences in magnetization dynamics, three different types 
of magnetic nanoparticles are used: small superparamagnetic magnetite nanoparticles, 
large magnetite nanoparticles, and cobalt ferrite nanoparticles. The frequency-
dependent magnetic susceptibility measurements show that the magnetization 
dynamics of small iron oxide nanoparticles are comparable to those of the particles 
dispersed in a liquid, due to fast Néel relaxation inside the particles. Ferrogels holding 
thermally blocked iron oxide or cobalt ferrite nanoparticles show significant decrease of 
the magnetic susceptibility resulting from a frozen magnetic structure. This confirms that 
the nanoparticles are unable to rotate thermally inside the hydrogel, in agreement with 
their irreversible fixation to the polymer network.

2
Frequency-Dependent Magnetic 

Susceptibility of Ferrite Nanoparticles 
Embedded in PAA Hydrogel
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2.1 Introduction 
Hydrogels are highly crosslinked networks of polymer strands that can increase 

their volume by uptake of water without changing their shape or structure. [1] Hydrogels 
that have acidic groups as functional groups, like poly(acrylic acid) (PAA), can swell with 
increasing pH due to increasing repulsive forces of ionized groups. [2] They may also 
respond to other factors, such as changes in temperature, ionic strength or other stimuli 
[1], making them interesting for biosensor applications. In 2010, van Bruggen and van 
Zon [3] reported on the feasibility of an in vivo biosensor composed of a pH responsive 
hydrogel containing superparamagnetic nanoparticles on top of a GMR (giant magneto-
resistive) sensor. Nanoparticles were magnetically aligned by a high frequency field 
generated by excitation wires and the field of the nanoparticles was measured by the 
GMR sensor using a lock-in amplifier. Although the authors were not able to prepare 
a suitable ferrogel and tested their prototype sensor with a ferrofluid, in principle, the 
functionality of the sensor is based on the swelling and shrinking of the hydrogel in which 
the nanoparticles are dispersed. Upon swelling due to an increase of pH, the field of the 
nanoparticles at the GMR sensor decreases, whereas it increases upon shrinking. In this 
way, change in pH is indirectly measured by a change in magnetic signal. In this chapter, 
we investigate the preparation of hydrogels with embedded  magnetic nanoparticles and 
we demonstrate chemical fixation to the polymer network by measuring the frequency-
dependent AC magnetic susceptibility. 

Chemical binding of nanoparticles to a hydrogel is achieved by adsorbing 
polymerizable molecules on the surface of the nanoparticles such that the nanoparticles 
are not only incorporated in the hydrogel but also become part of the polymer network. 
[4] Messing et al. [5] reported on the transfer of CoFe2O4 nanoparticles from nonpolar 
to aqueous media, while at the same time, the surface was functionalized so that the 
nanoparticles functioned as crosslinkers in a poly(acryl amide) gel. Establishing the 
function of the nanoparticles as crosslinkers was demonstrated by leakage experiments 
and by dissolution of the particles upon which the hydrogel fully disintegrated. A similar 
transfer was described by Vo et al. [6] by exchanging oleic acid molecules on the surface 
of TiO2 nanoparticles with acrylic acid. In our case we use adsorbed acrylic acid, to 
fix nanoparticles to a PAA network. We first positively charge the nanoparticles via a 
treatment with nitric acid. The first reason for this is to prevent incorporation of large 
aggregates of particles into the polymer network: positively and negatively charged 
particles remain well dispersed in aqueous dispersions for long times, but nanoparticles 
with a negative charge at neutral or high pH immediately form large aggregates upon 
mixing with the acidic monomer solution, whereas positively charged particles do 
not. The second reason for giving our nanoparticles initially a positive charge is that 
spontaneous adsorption of the carboxylic acid group of acrylic acid to the surface of 
the nanoparticles is facilitated. The end result is that the double bond of the adsorbed 
acrylic acid points outwards so that it can participate in polymerization, yielding a visually 
homogeneous gel, see Figure 1.



 Introduction     21

Figure 1. (left) Schematic illustration of the surface treatments of our nanoparti-
cles, (right) a magnetite (S) dispersion and a hydrogel with incorporated magnetite 
(S).

To investigate whether the particles coated with acrylic acid are bound to the 
hydrogel, our original approach is to examine rotational diffusion by measuring 
frequency-dependent AC  susceptibility spectra in the low-field limit. This technique is 
known for instance from bio-essays that have been developed to detect magnetically 
the slowdown of rotational diffusion when molecules absorb to the particle surface, 
enlarging the hydrodynamic radius [7-11]; it has also been used to monitor the gelation 
of aqueous gelatin at the scale of magnetic probe nanoparticles. [12] The dimensionless 
magnetic susceptibility χ gives the magnetization (M) in A/m per applied external 
field (H) in A/m. When the external magnetic field alternates, the particle magnetic 
moments of nanoparticles dispersed in a carrier liquid can reorient through two different 
mechanisms: Brownian relaxation and Néel relaxation. [13,14] Brownian relaxation is the 
only option for nanoparticles whose magnetic moment is blocked inside the particle: 
they must physically rotate in the solvent. The characteristic frequency of Brownian 
relaxation is given by 

2 2 4 3π ω πη f D k T aB B r B h= = = / ( ) (1)

where fB is the Brownian relaxation frequency in Hz, ωB the radial frequency in s-1, Dr the 
rotational diffusion coefficient in radians2/s, kBT the thermal energy, η the viscosity of the 
solvent in Pa s, and ah the hydrodynamic radius of the nanoparticles in m. For smaller 
magnetic nanoparticles, the magnetic moment can rotate fast within the particle, with a 
characteristic frequency of Néel relaxation given by the following expression, 
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where fN is the Néel relaxation frequency in Hz, ωN the radial frequency in s-1, f0 the Larmor 
frequency in radians/s, K the magnetic anisotropy constant in J/m3, and V the magnetic 
core volume in m3. The frequency dependent magnetic susceptibility has a real and an 
imaginary part: χ = χ’ – iχ”. The real part χ’ has a plateau in the low frequency regime and 
equals the initial magnetic susceptibility from a magnetization curve without hysteresis 
(M versus H). As the frequency of the alternating field increases, the magnetization of 
the particles is not able to keep up with the alternating field and the χ’ decreases. The 
imaginary part χ” of the magnetic susceptibility shows a maximum at the characteristic 
relaxation frequency. 

The biosensor concept of van Bruggen and van Zon [3] requires a superparamag-
netic gel, with magnetic particles that can respond to high operational frequency. Here, 
we will prepare ferrogels using not only magnetic nanoparticles with fast Néel relaxation, 
but also with particles having thermally blocked particle magnetic moments. In the latter 
case, any magnetic susceptibility signal indicates that the particles are physically moving 
and not well fixed inside the hydrogel, see Figure 2. Three types of nanoparticles will be 
incorporated into gels: superparamagnetic iron oxide nanoparticles (S), larger iron oxide 
nanoparticles (L) with the same surface chemistry but much longer Néel relaxation, and 
cobalt ferrite nanoparticles with even longer Néel relaxation due to their high magnetic 
anisotropy. [15] 

In the following section we describe the preparation of the magnetic nanoparticles 
and their surface modification. Next, we discuss the influence of the surface modification 
on the nanoparticle stability and we investigate the fixation of the nanoparticles in the 
hydrogels by their frequency-dependent AC magnetic susceptibility. 

2.2 Experimental methods 

Materials
Iron (II) chloride tetrahydrate (FeCl2 ∙ 4H2O, >98%), iron (II) chloride hexahydrate 

(FeCl3 ∙ 6H2O, 97%), and iron sulfate heptahydrate (FeSO4 ∙ 7H2O, 99%) were purchased 
from Sigma. Acrylic acid (AA, 99% anhydrous), diethyleneglycol diacrylate (DEGDA, 75%), 
and oleic acid (OA, techn. 90%) were obtained from Aldrich. Cobalt (II) chloride hexahy-
drate (CoCl2 ∙ 6 H2O, >98%) was purchased from Fluka. Ethanol (EtOH, p.a.), n-hexane 
(p.a.), hydrochloric acid (HCl, p.a.), potassium nitrate (KNO3, 99%), and sodium hydrox-
ide (NaOH, 99%) were purchased from Merck. Ammonia solution (NH4OH, 28-30 wt% 
in water), sulfuric acid (H2SO4, 96%), hydroxylethyl acrylate (HEA, 97% stabilized), and 
2,2’-azobis(2-methylpropionamidine) dihydrochloride (V-50, 98%) were obtained from 
Acros Organics. Toluene (techn.) was purchased from Interchema. All chemicals were 
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used as received.  Deionized water purified by a Millipore purification system (MILLIPORE 
Synergy 185) was used in all syntheses and washing steps.

Preparation of magnetic nanoparticles
Magnetite (S) nanoparticles – Relatively small magnetite nanoparticles were 

prepared following the method reported by Massart et al. [16]: 3.93 g (20 mmol) FeCl2 
∙ 4 H2O was dissolved in 10 mL of 2M HCl and added to 10.89 g (40 mmol) FeCl3 ∙ 6 H2O 
dissolved in 40 mL of water. The mixed solution was added rapidly to 500 mL of 0.7 M 
ammonia solution under vigorous stirring to form a black precipitate. The mixture was 
stirred vigorously for another 25 minutes and subsequently sonicated for 5 minutes. The 
particles were washed three times by magnetic sedimentation and redispersion in water. 
The particles were finally redispersed in water. 

Magnetite (L) nanoparticles – Relatively large magnetite nanoparticles were pre-
pared as described by Andres Vergés et al. [17]: 0.56 g NaOH (0.072 M) and 1.05 g KNO3  
(0.052 M) were dissolved in 80 mL of water and 100 mL of ethanol, forming solution A. 

Brownian Néel 

No Brownian 

Figure 2. Schematic representation of nanoparticles with different relaxation 
mechanisms. Particles that are not part of the hydrogel network should be able to 
rotate whereas particles that are bound to the hydrogel network will not show any 
magnetic relaxation when the particle magnetic moment is blocked.



24  Frequency-Dependent Magnetic Susceptibility of Ferrite Nanoparticles Embedded in PAA Hydrogel

For solution B, 56.4 µL of concentrated H2SO4 was diluted in 100 mL of water. From this 
dilution, 20 mL was used to dissolve 1.39 g FeSO4 ∙ 7 H2O (0.025 M). Both solutions were 
degassed with N2 for two hours, while solution A was also stirred. After degassing, solu-
tion B was quickly added to solution A while stirring vigorously. After 10 minutes, stirring 
was stopped and the flask was placed in an oil bath that was preheated to 90°C and left 
for 24 hours under nitrogen. After heating, the oil bath was removed and the flask was 
left to cool down to room temperature. The nanoparticles were separated by magnetic 
decanting and washed until a stable dispersion was obtained, typically after 7 washing 
steps. The nanoparticles were finally dispersed in water. 

Cobalt ferrite nanoparticles  – The cobalt ferrite nanoparticles were prepared by the 
method reported by Tourinho et al. [18]: 2.39 g (10 mmol) CoCl2 ∙ 6 H2O was dissolved 
in 5 mL of 2 M HCl and added to 5.48 g FeCl3∙ 6 H2O (20 mmol) dissolved in 40 mL of 
water. This mixture was briefly stirred and added to a boiling solution of 1 M NaOH (200 
mL) under vigorous stirring. Immediately a black/brown precipitate was formed and the 
mixture was heated to reflux for one hour. When cooled down to room temperature, the 
particles were magnetically sedimented and washed three times with 70 of mL water. 
The particles were redispersed in 50 mL of water and 30 mL of 2 M HNO3 was added. The 
mixture was vigorously stirred and 30 mL of 0.35 M Fe(NO3)3 ∙ 9 H2O was added. Then 
the mixture was heated to reflux for one hour and cooled down to room temperature. 
The particles were magnetically sedimented, washed once with water, and subsequently 
redispersed in Millipore water.

Surface modification of magnetic nanoparticles
For nanoparticle fixation to the hydrogel network, we found that the particles must 

be positively charged in order to facilitate spontaneous adsorption of acrylic acid. For this, 
approximately 200 mg of nanoparticles of the original dispersion was taken. The particles 
were diluted with 500 mL of 2 M HNO3 and stirred for 30 minutes. Subsequently, the 
nanoparticles were washed several times until a stable dispersion in water was obtained. 
For magnetite (L) also ultrasonication was used to break up large aggregates present in 
the dispersion. 

For some dissolution experiments, magnetite (S) nanoparticles were coated with 
oleic acid. In a typical experiment, approximately 200 mg of charge stabilized magnetite 
nanoparticles was diluted with 250 mL of water. This dispersion was stirred vigorously 
while oleic acid was added. When stirring was stopped, oleic acid formed a thick liquid 
phase on top of the water phase. If the water phase still contained nanoparticles, more 
oleic acid was added and the mixture was stirred again. This process was repeated until 
the water phase was white and turbid, typically after addition of 15 mL of oleic acid. The 
black top phase was washed with ethanol using a separation funnel, and the particles 
were finally dispersed in toluene or hexane.
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Preparation of hydrogel and fluid samples for magnetic susceptibility measurements
For magnetic susceptibility measurements, two types of samples were used: a 

liquid dispersion of magnetic nanoparticles and magnetic nanoparticles incorporated in 
a hydrogel. For both types of sample an equal amount of magnetic material was used. 
As initiator, V-50 was selected as there was no visible aggregation of the nanoparticles 
upon mixing with the monomers, in contrast to preliminary experiments with free radical 
polymerization using ammonium persulfate and N,N,N´,N´-tetramethylethylenediamine 
(TEMED). The monomer mixture composition was as follows: 0.33 mL of acrylic acid, 
5.00 mL of hydroxyethyl acrylate, and 0.59 mL of diethylene glycol diacrylate. For the 
magnetite (S) dispersion sample, 0.8 mL of 20 mg/mL dispersion was diluted with 0.2 
mL of water to obtain a 16 mg/mL dispersion. For the hydrogel sample, 0.8 mL of 20 
mg/mL dispersion was diluted with 0.05 mL of water, 0.1 mL of monomer mixture, and 
0.05 mL of initiator solution (V-50, 12 mg/mL). The mixture was shaken and transferred 
to a measurement tube. The tube was put in an oven at 70°C for polymerization for 15 
minutes. The sample preparation and total sample volume were similar for magnetite (L) 
and cobalt ferrite. For magnetite (L), 0.63 mL of a 32 mg/mL stock dispersion was used 
and for cobalt ferrite 0.5 mL of a 40 mg/mL stock dispersion was used. 

Characterization
Transmission electron microscopy images were obtained from a Philips Tecnai 12 

microscope operating at 120 kV. The particle size was determined by measuring at least 
300 particles individually by hand using iTEM software (Olympus, Münster, Germany).

Infrared spectra were recorded on a Frontier FT-NIR/MIR Spectrometer from Perkin 
Elmer. Samples of positively charged particles for IR were prepared by adding a small 
amount of dispersion to 250 mg KBr, with approximately 1 mg of magnetic nanoparticles. 
The KBr samples were dried overnight at 80°C, ground to fine powder and pressed into 
pellets. Before measuring, the pellets were dried for 4 hours at 80°C to remove water 
that was incorporated during preparation of the pellets. Samples of particles coated with 
acrylic acid were prepared by exposing the particles to a 1:1 mixture of acrylic acid and 
water for a few minutes. The particles were magnetically sedimented and washed three 
times with acetone. The particles dispersed in acetone were put on an ATR crystal and a 
measurement could be done when all acetone had evaporated. 

Magnetization curves were measured at room temperature on a Micromag 2900 
alternating gradient magnetometer from Princeton Measurement Corporation. 

Frequency dependent magnetic susceptibility measurements were performed at 
22°C in the low-field limit (H < 170 A/m) on a homebuilt setup described by Kuipers et al. 
[19,20], whose 0.1 Hz – 1 kHz frequency range was extended to 1 MHz using 7280 DSP 
lock-in amplifiers. 
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2.3 Results and Discussion 

Characterization of the magnetic nanoparticles
TEM pictures of the three types of synthesized magnetic nanoparticles are shown in 

Figure 3 together with corresponding size distributions. Due to the aqueous precipitation 
methods, the size distributions are relatively broad, with polydispersities on the order 
of 30%. From the black color of the iron oxide synthesis products, it was concluded that 
they were mainly magnetite as expected from the synthesis methods. 

Figure 3. Transmission electron microscopy images of the synthesized nanoparti-
cles with corresponding size distributions: (a) magnetite (S), d ~ 9 nm, (b) magnet-
ite (L), d ~ 23 nm, (c) cobalt ferrite, d ~ 22 nm.

Differences in magnetization dynamics are already visible in the magnetization 
curves of the dry particles in Figure 4. The slower the magnetic relaxation, the higher 
the ratio between the remanent magnetization, MR, and the saturation magnetization, 
MS. The magnetic properties are summarized in Table 1. The values for MS are lower than 
those of bulk magnetite, 92 emu/g [21], which is ascribed to nanoparticle surface effects. 
[22-27] These effects also occur for the cobalt ferrite nanoparticles, whose saturation 
magnetization is also lower than the bulk value of ~ 80 emu/g. The magnetization curve 
in Figure 4a shows that the sample with magnetite (S) has no remanent magnetization, 
due to rapid Néel relaxation. The magnetite (L) and cobalt ferrite samples, however, 
show MR/MS values of 0.19 and 0.34 respectively, compared to MR/MS = 0.5 for com-
pletely blocked non-interacting nanoparticles with random orientation of the easy axis. 
The last column of Table 1 gives an estimate of the absolute dipolar contact interaction 
of the nanoparticles,
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λ
µ µ
π 

= 0
2

34 k TdB

(3)

where μ0 is the permeability of vacuum, μ is the magnetic dipole moment of a nanopar-
ticle (μ = (π d3MS) / 6), and d is the particle diameter. 

Figure 4. Magnetization curves of the dry nanoparticles at room temperature: (a) 
magnetite (S), (b) magnetite (L), and (c) cobalt ferrite.

Table 1. Magnetic properties of the nanoparticles. The standard deviations given in 
parentheses are from performing triplicate analyses.

MS (emu/g) MR/MS HC (kA/m) λ (kBT)

Magnetite (S) 54.8 (1.2) 0.007 (0.001) - 0.4
Magnetite (L) 67.5 (0.3) 0.187 (0.003) 5.09 (0.05) 10
Cobalt ferrite 38 (4) 0.343 (0.013) 34 (4) 3

         
Surface modification of magnetite nanoparticles using acrylic acid

The infrared spectrum of nitric acid-treated magnetite (S) shows a strong peak of 
asymmetric stretch of NO3

− at 1384 cm−1, see Figure 5. Magnetite (L) and cobalt ferrite 
do not show such a strong peak due to their lower surface-to-volume ratio. The spectra 
of magnetite (S) and cobalt ferrite both show the presence of water by a broad band 
around 3400 cm−1 and a peak at 1600 cm−1. Magnetite (S) shows maghemite features 
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at 630 cm−1 [28] caused by the heat treatment during KBr sample preparation. Similar 
features are also observed for magnetite (L) but due to the larger size of the particles, 
oxidation only affects the surface of the particles and magnetite dominates with its ab-
sorbance at 560 cm−1. The spectrum for cobalt ferrite displays stretching vibrations of 
Fe3+– O2− in the tetrahedral sites at 574 cm−1. [29] The band around 870 cm−1 does not 
originate from cobalt ferrite [29] or cobalt oxide [30], but we suspect it corresponds to 
an iron hydroxide phase. [31]

Figure 5. IR spectra of the positively charged nanoparticles with a bare surface: (a) 
magnetite (S), (b) magnetite (L), and (c) cobalt ferrite.

To fix the nanoparticles to the hydrogel network, surface modification with acrylic 
acid [6] was performed next. Figure 6 shows the infrared spectra of nanoparticles that 
were mixed for two minutes with an acrylic acid/water mixture and for comparison the 
spectrum of acrylic acid. The latter shows characteristic features of acrylic acid: a C=O 
stretch at 1695 cm−1, an C=C stretch at 1634 cm−1, an asymmetric stretch of CO2

− at 1614 
cm−1, and a symmetric stretch of CO2

- at 1431 cm−1. [32,33] The peaks between 1200 
- 1300 cm−1 can be ascribed to C–OH stretch and the weak absorbances between 800 
- 1050 cm−1 originate from CH out of plane bending. [34] The peak for the C=C stretch 
at 1634 cm−1 slightly shifts to 1639 cm−1 when adsorbed onto the nanoparticles surface. 
The sharp peak at 1695 cm−1 disappears for acrylic acid adsorbed onto nanoparticles, 
whereas the symmetric stretch of CO2

− is enhanced and shifts to 1438 cm−1, pertaining 
to an adsorbed carboxylate group. [33] This is valid for both magnetite (S) and cobalt 
ferrite. The surface group bands for magnetite (L) are much weaker due to the lower 
surface-to-volume ratio of the larger particles. 

We discovered that treatment time of the acrylic acid surface modification method 
must be kept limited to prevent dissolution of the particles, especially when they are not 
initially covered with other adsorbed molecules. When the procedure was performed 
with bare particles overnight as was done with oleic acid coated particles by Vo et al. [6], 
the color of the dispersion changed orange and the magnetic susceptibility decreased 
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dramatically. Magnetic susceptibility measurements at 1 Hz show that the magnetic sus-
ceptibility for positively charged iron oxide nanoparticles decreased to the noise level 
within 40 minutes, see Figure 7. Oleic acid coated nanoparticles, however, required 10 
hours for a similar decrease, indicating that dissolution is slowed down because ligand 
exchange must occur. Figure 7 demonstrates that spontaneous adsorption of acrylic acid 
onto the surface of iron oxide NPs is rapid; therefore mixing of positively charged iron 
oxide NPs with the monomer mixture for two minutes should be sufficient for adsorption 
of acrylic acid.

Figure 6. IR spectra of (a) pure acrylic acid and acrylic acid coated nanoparticles: 
(b) magnetite (S), (c) magnetite (L), and (d) cobalt ferrite.
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Figure 7. Low-field magnetic susceptibility (real susceptibility at 1 Hz) of magnet-
ite (S) with a positively charged bare surface and oleic acid coated magnetite (S) 
dispersed in 90 vol% solution of acrylic acid in water, normalized to their initial 
value χmax at 1 Hz. Positively charged magnetite (S) shows an immediate decrease 
of magnetic susceptibility due to dissolution of the particles, whereas the decrease 
of the magnetic susceptibility of oleic acid coated nanoparticles is slowed down by 
ligand exchange.
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Magnetic relaxation of ferrogels
For the hydrogels with embedded nanoparticles, magnetization curves are shown 

in Figure 8. The magnetic properties are summarized in Table 2. The saturation magne-
tization of each sample is of the same order as expected from the volume fraction of 
magnetic material present. Striking is that the relative remanence MR/MS and coercive 
field of magnetite (L) are increased by 27% and 95% respectively compared to the values 
in Table 1. This effect is ascribed to changes in the magnetic interactions between the 
nanoparticles within the gel. Dipolar structures are formed when the contact interaction 
of magnetic nanoparticles is sufficiently high compared to the thermal energy kBT [35,36] 
which is the case for magnetite (L) and cobalt ferrite, see Table 1, where the λ is the 
highest for magnetite (L) due to its large particle size. Introducing magnetic interactions 
locks the orientation of the magnetic dipoles inside the structures, which slows down the 
magnetization dynamics. [37] Evidence for particle interactions is given by the character-
istic relaxation frequency of magnetite (L) and cobalt ferrite in dispersion shown in Figure 
9, which reveals the presence of clusters, confirming that the particles are close enough 
for particle-particle interaction. For cobalt ferrite nanoparticles, a similar increase in MR/
MS is observed, although the coercive field has decreased slightly. 

Figure 8. Magnetization curves of (a) magnetite (S), (b) magnetite (L), and (c) 
cobalt ferrite nanoparticles embedded in a hydrogel.
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Table 2. Magnetic properties of the ferrogels. The standard deviations are given in 
parentheses from performing triplicate analyses.

MS (emu/g) MR/MS HC (kA/m)

Magnetite (S) 1.20 (0.06) 0.009 (0.000) -
Magnetite (L) 1.63 (0.04) 0.238 (0.006) 9.91 (0.15)
Cobalt ferrite 0.95 (0.10) 0.375 (0.012) 26.8 (0.4)

 
Figure 9 shows magnetic susceptibility spectra for all three types of magnetic 

nanoparticles used in this study. The nanoparticles were measured both in dispersion 
and in hydrogel to investigate the difference in magnetic susceptibility between bound 
particles and particles which have a positively charged surface that are free to rotate in 
dispersion. 

The characteristic relaxation frequency for magnetite (S) differs when the particles 
are free in dispersion or embedded in a hydrogel. This can be explained by the wide size 
distribution and the effective relaxation time, τeff, 

1 1 1
τ τ τeff N B

= + (4)

where τN is the Néel relaxation time and τB is the Brownian relaxation time. The magnetic 
moments of the particles in dispersion are all free to rotate by a combination of both 
mechanisms, whereas this is not the case for particles in a hydrogel, for which Néel re-
laxation is the only remaining option. This is clearly the case in Figure 9 (a): in liquid dis-
persion, the magnetic moments of the particles are all free to rotate and τeff results from 
both relaxation mechanisms, whereas in the hydrogel network, Brownian relaxation is 
excluded; about 10% of the magnetic moments can no longer rotate since the particles 
are so large that their Néel relaxation is too slow. This leads to a shift in the characteristic 
relaxation frequency, since the effective relaxation time is now a result of only the small 
particles with fast Néel relaxation. 

The imaginary part of the spectrum of the magnetite (L) nanoparticles in dispersion 
has a maximum at 8 Hz in Figure 9b, corresponding to clusters of about 400 nm. This is 
in good agreement with the observation that the sample showed sediment after one 
day. The characteristic relaxation frequency of the cobalt ferrite nanoparticles is 800 Hz 
in liquid dispersion in Figure 9c, corresponding to clusters of about 80 nm. In a carrier 
liquid the thermally blocked magnetite (L) and cobalt ferrite nanoparticles will relax by 
the Brownian mechanism [13,35-37], resulting in a strong decrease in magnetic suscep-
tibility signal for nanoparticles immobilized in the hydrogel network, comparable to what 
happens when a ferrofluid is frozen. [38] The large decrease in magnetic susceptibility of 
the nanoparticles when incorporated in hydrogel means that the particles are no longer 
able to rotate.

The irreversible fixation of the nanoparticles to the polymer network was expected 
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from the followed chemical methods, where the nanoparticles acted as crosslinkers 
(Figure 1). Contrary to [4,5] the nanoparticles in our case were not the sole crosslinkers, 
but by measuring the magnetic susceptibility, we could single out the motion of the 

Figuur 9. Frequency-dependent AC susceptibility spectra of liquid dispersions (‘liq-
uid’) and poly(acrylic acid) hydrogels (‘gel’) incorporating: (a) 1.6 wt% magnetite (S) 
nanoparticles, (b) 2 wt% of magnetite (L) nanoparticles, and (c) 2 wt% cobalt ferrite 
nanoparticles. After immobilization of the nanoparticles in a gel, the rapid Néel 
relaxation of the small particles continues (a), except for a small fraction of larger 
particles. The magnetic relaxation of the larger magnetite particles (b) and cobalt 
ferrite (c) is almost fully quenched after incorporation in hydrogel because no Néel 
relaxation occurs and the particles are immobilized inside the polymer network.
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nanoparticles and conclude that they were fixed in the gels. No leakage of nanoparticles 
was observed by us upon swelling and shrinking of the ferrogels, in contrast to studies 
on ferrogels in which part of the particles was still free to rotate. [39,40] For application 
in biosensors of the type described by van Bruggen en van Zon [3], our ferrogel with 
small magnetite particles (S) seems highly suitable: the particles are fixed to the polymer 
network and they respond strongly to alternating magnetic fields, at least up to an oper-
ational frequency of 50 kHz.

2.4 Conclusion
Ferrogels were prepared in which magnetic nanoparticles act effectively as 

crosslinkers. To examine the rotational mobility of the particles, our approach was to 
measure the low-field AC magnetic susceptibility in a frequency range that corresponds 
to Brownian rotation of single nanoparticles. The large decrease of the AC susceptibility 
of hydrogels with cobalt ferrite compared to the dispersion is due to its high magnetic 
anisotropy and the prohibition of Brownian relaxation in the hydrogel. The same is 
observed for iron oxide particles with a diameter of 23 nm, whose magnetic particle 
moment is thermally  blocked. Smaller iron oxide particles with a diameter around 9 nm 
exhibit fast Néel relaxation at frequencies of 1 MHz and below, so that it does not matter 
whether the nanoparticles are fixed inside a hydrogel or dispersed in a liquid. However, 
the chemistry of the small iron oxide particles is the same as that of the larger ones, and 
we conclude that they also were irreversibly bound to the polymer network. This was 
expected a priori from our use of nanoparticles with adsorbed polymerizable surface 
species but now has been demonstrated by characterizing the rotational diffusion of 
the larger particles. The ferrogel with magnetite (S) nanoparticles and frequency-
independent response up to at least 1 MHz appears suitable for in vivo biosensors of the 
type proposed by van Bruggen and van Zon, which was previously tested at 50 kHz. [3] 
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The magnetic remanence of silica microspheres with a low concentration of embedded 
cobalt ferrite nanoparticles is studied after demagnetization and remagnetization 
treatments. When the microspheres are dispersed in a liquid, AC magnetic susceptibility 
spectra reveal a constant characteristic frequency, corresponding to the rotational 
diffusion of the microparticles; this depends only on particle size and liquid viscosity. On 
the macroscopic scale, a sample with the dry microparticles is magnetically remanent 
after treatment in a saturating field, and after a demagnetization treatment, the 
remanence goes down to zero. The AC susceptibility of a liquid dispersion, however, 
characterizes the remanence on the scale of the individual microparticles, which does 
not become zero after demagnetization. The reason is that an individual microparticle 
contains only a relatively small number of magnetic units, so that even if they can be 
reoriented magnetically at random, the average vector sum of the nanoparticle dipoles 
is not negligible on the scale of the microparticle. In contrast, on the macroscopic scale, 
the demagnetization procedure randomizes the orientations of a macroscopic number 
of magnetic units, resulting in a remanent magnetization that is negligible compared to 
the saturation magnetization of the entire sample.

3
Demagnetization Treatment of 

Remanent Composite Microspheres
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3.1 Introduction
In this chapter, to improve our insight into the magnetics of composite materials 

with embedded nanoparticles, we deviate from macroscopic ferrogels to magnetic 
microspheres. Such particles are increasingly important in biomedicine. Well-known 
examples include particles used as contrast agents for MRI and particles with a chemically 
functionalized surface for the magnetic separation of specific biological molecules. [1,2] 
The magnetic properties of the composite particles result from the type of embedded 
nanoparticles. Magnetic nanoparticles usually have a single permanent magnetic 
domain and the magnetic anisotropy determines whether thermal reorientation of the 
dipole moment by the Néel mechanism is rapid or slow. Whether or not the composite 
microparticles have a permanent magnetic dipole moment depends on the orientations 
of the nanoparticle dipoles and the rate of Néel relaxation.

In most commercial applications, it is preferred to have magnetic microparticles 
without a permanent dipole moment. The advantage is that field-induced dipolar struc-
tures start to disappear as soon as the field is switched off.  For magnetic separation 
applications, this means that the particles can be dispersed as single particles in their 
non-magnetized state and separated as large magnetic aggregates in their magnetized 
state. The disappearance rate of dipolar structures prepared in field is even at the basis 
of sensitive bio-assays that detect chemical interactions between the particles from a 
slowdown of the disaggregation rate. [3] Here, however, we choose to focus on micro-
particles with a permanent magnetic dipole moment, which have magnetic functional 
properties that are still relatively unexplored.

Microparticles with a permanent dipole moment have the advantage that their 
orientation can be detected magnetically. In principle, this makes them suitable as a 
rheological probe on the microparticle scale, which can also be used in environments 
that are not accessible optically. As long as the microparticles do not interact with each 
other, their rotational diffusion occurs on a time scale that is determined by the size of 
the particles and the viscosity of the medium:

2 2 4 3π ω πη f D k T aB B r B h= = = / ( ) (1)

where fB is the Brownian relaxation frequency in Hz, ωB is the radial frequency in s−1, 
Dr is the rotational diffusion coefficient, kBT is the thermal energy, η is the viscosity of 
the solvent, and ah is the hydrodynamic radius of the microparticles. With magnetic 
particles, bio-assays have been developed that magnetically detect the slowdown of 
rotational diffusion that occurs when molecules adsorb to the particle surface, enlarging 
the hydrodynamic radius. [4-8] Moreover, cobalt ferrite nanoparticles have been used as 
rheological probes on the nanoscale [9] for instance to monitor the gelation of gelatin 
solutions [10] and to characterize the mechanical properties of ferrogels. [11]

The  remanent microparticles that we study here consist of monodisperse silica 
microparticles with a diameter of 380 nm and an embedded shell of cobalt ferrite 
nanoparticles with a diameter of 14 nm (Figure 1), particles developed by Claesson and 
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Philipse. [12] An outer layer of silica weakens the dipolar interactions and prevents the 
formation of dipolar structures of the microparticles in an external magnetic field. [13] 
Their Brownian rotational motion was previously studied using frequency-dependent 
magnetic susceptibility measurements while the particles were dispersed in ethanol. 
[14] The weak interparticle interactions were shown to result in only a modest slowdown 
of rotational diffusion, up to concentrations where the microparticles self-assembled 
into colloidal crystals. [14] The weakness of the interparticle interactions, despite the 
permanent magnetic moment, in principle allows the microparticles to act as individual 
rheological probes. 

a b

500 nm

Our objective here is to study the magnetic remanence of such microparticles in 
relation to their magnetic field history, by examining the effects of demagnetizing and 
remagnetizing the particles. Demagnetization procedures are well-known when it comes 
to bulk objects such as electromotors and magnetic data carriers. [15] Thermal demag-
netization cannot be used in the case of colloidal dispersions of microparticles, because 
the solvent boils well before the Curie temperature of the magnetic material is reached 
and because the surface groups of the microparticles have a limited thermal stability. 
The particles might be demagnetized thermally in the dry state, but redispersing the 
particles in a solvent afterwards would be a challenge. To demagnetize our composite 
microparticles while in colloidal dispersion, we freeze the liquid and expose the sample 
to a magnetic field whose orientation alternates compared to that of the particles and 
whose magnitude is gradually decreased. [15]

The following section describes the preparation of the composite microparticles 
and the demagnetization procedure. In the Results and Discussion session, we first 
present our theoretical expectations on the basis of monodisperse embedded magnetic 
nanoparticles with fully blocked orientations of the magnetic dipole moments. This 

Figure 1. Silica microparticles with an embedded shell of cobalt ferrite nanopar-
ticles: (a) TEM picture of the composite microspheres, and (b) schematic rep-
resentation of the composite microspheres denoting the initial random orientation 
of the magnetic dipole moments. [12] 
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provides a framework to interpret the experimental results, which are complicated by 
polydispersity and Néel relaxation. Presentation of the experimental results starts with 
magnetization curves of the dry composite microparticles and of a dilute liquid dispersion 
of the separate nanoparticles, to determine the magnetic content per microparticle 
and the polydispersity of the nanoparticles. Next, magnetic remanence and its time 
dependence are characterized on the macroscopic scale, and the effect of carrying out 
a demagnetization procedure is demonstrated as well on the macroscopic scale. Finally, 
the AC magnetic susceptibility of liquid colloidal dispersions is measured as a function 
of frequency and amplitude, to characterize the magnetic remanence before and after 
demagnetization, now on the scale of the microparticles.

3.2 Experimental Methods

Magnetically Remanent Silica Microspheres  
The experiments were performed on silica microspheres containing an embedded 

monolayer shell of cobalt ferrite nanoparticles. The synthesis of the particles is briefly 
summarized here and was described in detail by Claesson and Philipse. [13] Cobalt ferrite 
nanoparticles were prepared separately by aqueous coprecipitation [16], treated with 
HNO3 and Fe(NO3)3 ∙ 9H2O solutions, and  washed with water. In parallel, silica micropar-
ticles were prepared by the Stöber method [17], from tetraethyoxysilane in a mixture 
of ethanol, water, and ammonia. The silica particles were grafted with mercaptopro-
pyl(trimethoxy)silane (MPTMS) to ensure that the subsequent adsorption of a mono-
layer of cobalt ferrite particles was irreversible. Finally, a shell of silica was added using 
the Stöber method, resulting in the particles characterized as “Sample 1” in Ref. 12. [12] 
They were surface-coated with 3-(trimethoxysilyl)propyl methacrylate for steric colloidal 
stabilization and dispersed in ethanol at a concentration of 3.0·1017 particles per m3 (0.86 
volume %). 

Demagnetization of Liquid Dispersions 
Samples with 3 mL of colloidal dispersion in a glass sample tube with an internal 

diameter of 6 mm were demagnetized as follows (Figure 2).  
The sample tubes were immersed in liquid nitrogen while being rotated at 400 rpm 

between the poles of a Bruker BE 25v electromagnet (pole caps of 11 cm by 22 cm, 4 cm 
apart). The sample was held vertically by a rotating holder that is connected via a rubber 
transmission band to an electromotor situated 30 cm from the pole caps, where it is not 
disrupted by the magnetic field.  The sample hung inside one end of a vertical U-tube 
prepared from flexible thermal insulating tubing that could be rapidly filled with liquid 
nitrogen by pouring it into the other end. The field was increased to 1.5 MA/m (1.9 T) 
in 10 seconds at room temperature, 240 seconds were taken to add liquid nitrogen to 
freeze the sample, after which rotation was started and the field was linearly decreased 
to zero in 150 seconds. Remagnetization was also done cryogenically, without sample 
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Magnetic Measurements
Frequency-dependent measurements of the complex magnetic susceptibility were 

measured on 3 mL samples of the colloidal dispersion using a homebuilt setup. [18] 
Measurements were done at 295 K, from 0.1 to 500 Hz using a sinusoidal magnetic field 
of 170 A/m in amplitude, and at 1 Hz as a function of the magnetic field amplitude from 
6 to 600 A/m.

Smaller scale experiments were conducted on dry samples (8 mg of microparticles) 
using a Micromag 2900 alternating gradient magnetometer at room temperature. Mag-
netization curves were obtained at room temperature at a scanning rate of 25 kA/m per 
s. Also with this apparatus, samples can be demagnetized by an automatic procedure or 
manually, by setting different positive or negative field values in any desired sequence. 
The equipment was also used to measure how fast the remanent magnetization of the 
particles decreased on time scales of 1 to 1000 minutes. Time-dependent remanence 
measurements on time scales of 30 minutes to several weeks were measured using the 
homebuilt complex magnetic susceptibility meter. 

Figure 2.  Schematic illustration of the setup used to demagnetize the microparti-
cles while dispersed in ethanol.

400 rpm

1.5     0  T

liquid nitrogen

rotation. Caution should be taken when applying this procedure to aqueous samples, 
since in contrast to ethanol, water expands upon freezing.
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3.3 Results and Discussion

Theory
The magnetic remanence of composite microspheres with embedded hard-mag-

netic nanoparticles depends on their magnetization history. This is discussed here theo-
retically, on the basis of embedded magnetic nanoparticles that are monodisperse and 
exhibit no Néel relaxation.

After treatment in a saturating magnetic field, the maximum remanence of com-
posite microparticles is limited by the orientations and magnetic anisotropy energy 
of the embedded nanoparticles. In theory, full remanence could be attained if all the 
nanocrystals were identically oriented and if the anisotropy energy were sufficiently high 
compared to the thermal energy, so that it would prevent any orientational relaxation of 
the dipole moments in zero field. In that case, all the nanoparticle dipoles would point in 
the same direction along the same crystalline easy axis of magnetization. The microparti-
cle dipole moment μ would then be equal to the number N of embedded nanoparticles 
times the dipole moment μ1 of a single nanoparticle: μ = Nμ1 (Figure 3a).
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Figure 3. Schematic of the average net permanent dipole moment of remanent 
composite microparticles in three different magnetization states: (a) saturation 
magnetization; (b) maximum magnetization in zero field after saturation magnet-
ization treatment; a distinction exists between the average magnetization in the 
direction of the previously applied field (½ Nμ1) and that in the direction of the net 
magnetic dipole of the microparticle (typically ⅔ Nμ1); (c) minimum magnetization 
after randomization of the nanoparticle dipole orientations.
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A more realistic case is that the magnetic nanocrystals inside a microparticle are 
physically oriented at random. In zero field, the magnetization is then the vector sum of 
the nanoparticle dipoles with their various directions. Assuming that the easy axes of the 
nanoparticles are randomly oriented and that the dipoles have relaxed to the direction 
that is the closest to the previously applied field direction, the theoretical remanence in 
the field direction should on average be ½ of saturation magnetization (Figure 3b). Taking 
the magnetic field treatment to be along the x-axis, ½ is the average x-component when 
the x-components of randomly oriented unit vectors are suddenly all given a positive 
sign.  Note that the direction of the net dipole of the microparticle in zero field does not 
have to be along the x-axis.  When the frame of reference is taken to be the direction of 
the net dipole of each microparticle (Figure 3b), the average remanence typically tends 
to ⅔ (which we calculated by numerical simulation of the average vector sum of N ran-
domly oriented unit vectors with a positive x-coordinate).

After a successful demagnetization treatment, the magnetization of the 
macroscopic sample as a whole should be completely negligible. On the scale of the 
individual microparticles, however, the situation is expected to be different. Even when 
all the nanoparticle dipoles inside one microparticle have random orientations, their 
vector sum is nonzero (Figure 3c). Mathematically, the sum of N randomly oriented unit 
vectors has a magnitude that is on average equal to the square root of N.  In other words, 
the ensemble of nanoparticle dipole vectors describes a random walk. Therefore, the 
minimal remanence is nonzero. The same effect applies to the individual microparticles 
and to the entire macroscopic sample, but the scales are different. Relative to the total 
number N of nanoparticles present, the square root of N is much, much smaller in the 
case of the macroscopic sample (with its 1012 microparticles per 3 mL) than in the case 
of an individual microparticle (with only a few hundred nanoparticles). In this theory, the 
relative effect of demagnetization is inversely proportional to the square root of N.

Magnetic Content of the Composite Microspheres and Remanence on the Macroscopic 
Scale

The magnetic moment MV as a function of the applied magnetic field H was 
measured for cobalt ferrite nanoparticles in dilute dispersion and for dry composite 
microparticles made from such cobalt ferrite nanoparticles where V is the sample volume 
(Figure 4).

The average dipole moment and polydispersity of the nanoparticles can be 
calculated from the magnetization curve of the nanoparticles in dilute dispersion. The 
measured curve does not show hysteresis, allowing a polydisperse fit on the basis of the 
Langevin equation and a lognormal distribution. [19] The Langevin equation describes 
how the magnetization M depends on the magnetic field: 
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where Ms is the saturation magnetization, 

α
µ µ 

= 0 H
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and µ0 is the magnetic permeability of vacuum, µ is the magnetic dipole moment of the 
nanoparticle, H is the magnetic field, and kBT is the thermal energy. For nanoparticles 
with a lognormal distribution and where interactions are negligible, the magnetization 
M at field H is given by
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where P(μ) is the probability density function for μ. Equation 4 was used for a theoretical 
fit of the magnetization curve in Figure 4a to obtain the magnetic dipole moment of the 
individual nanoparticles. The magnetic dipole moment can be converted into an effective 
magnetic diameter dm via

µ
π

=
6

3d mm s (5)

where ms is the material-dependent saturation magnetization, 240 kA/m for cobalt fer-
rite which was obtained from the magnetization curve in Figure 4a. This value for ms is 
much lower than 425 kA/m as reported in literature, but is probably due to the prepa-
ration where the coprecipitation could lead to a non-magnetic iron oxide layer. [20] We 
assume that both the magnetic dipole moment and the magnetic diameter have a log-
normal distribution:

Figure 4. (a) Magnetization curve of cobalt ferrite nanoparticles in dispersion. 
The measured curve was fitted with equation 4 to obtain the magnetic moment 
distribution of the nanoparticles; the measurements are in the open symbols and 
the fit is in red. (b) Magnetization curve of a macroscopic sample of dry composite 
microparticles (0.52 mg), characterizing the magnetic content and indicating a 
remanence of about 30% for the macroscopic sample. [12]
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where P is the probability density function, µ* and dm
* are respectively the dipole 

moment and magnetic diameter at the maximum of the distribution, and the width 
of the distribution is described by σµ=3σd. A fit of the data in Figure 4a yields a mean 
magnetic dipole moment μ = 1.61·10−19 Am2 and σμ = 1.53, corresponding to dm = 11 
nm and σd = 0.51. The positions of the maxima of the distributions are calculated using      
<μ> = μ* exp[σμ

2/2] : μm
* = 5.0·10-20 Am2 and dm

* = 9.7 nm. The lognormal distributions 
of the magnetic diameter and the probability density function of the magnetic moment 
are plotted in Figure 5.

The magnetic content of the microspheres was estimated from the magnetization 
curve of the dry microspheres (Figure 4b) and the bulk magnetization of cobalt 
ferrite: 42.1 mg of cobalt ferrite per gram of microspheres. Per silica microsphere, this 
corresponds to about 440 cobalt ferrite nanoparticles with a dipole moment of 1.61·10−19 
Am2. The likelihood that the nanoparticles are present in small clusters due to magnetic 
interactions can be estimated from the distribution in Figure 5. The dimensionless dipolar 
contact interaction is given by 

λ
µ µ
π 

= 0
2

34 k TdB

(8)

where μ0 is the permeability of vacuum, μ is the magnetic dipole moment of a nanopar-
ticle (equation 5), and d is the particle diameter. About 13% of the nanoparticles is larger 
than 17 nm, corresponding to λ = 2, which is sufficient for nanoparticle aggregation. 
[21,22] This agrees with the presence of clusters in aqueous dispersions of cobalt ferrite 
nanoparticles of the type studied here as revealed by AC magnetic susceptibility mea-
surements. [23]

Figure 4b indicates that the magnetic remanence of a bulk dry sample of our 
microparticles is on the order of 30% after saturation magnetization treatment. This is 
significantly lower than the theoretically expected value of 50% (Figure 3b). The reason 
is that part of the embedded nanoparticles shows relatively rapid Néel relaxation of the 
dipolar orientation inside the nanoparticles. An indication for the Néel relaxation rate of 
the nanoparticles is given by:



46  Demagnetization Treatment of Remanent Composite Microspheres 

τ τN
m

B

KV
k T

=








0 exp (9)

where τ0 is on the order of 10−9 s, K is the anisotropy constant, and Vm is the magnetic 
volume of the nanoparticles. The precise value of the anisotropy constant K for cobalt 
ferrite is not well known, with values of 120 kJ/m3 [24], 200 kJ/m3 [13,25], 180 – 300 kJ/m3 
[26] and 3150 kJ/m3  [25,27] being quoted by different authors. For K = 120 kJ/m3, cobalt 
ferrite particles smaller than 9.5 nm exhibit Néel relaxation with τN < 100 s (see Figure 6), 
so that they do not contribute to the remanence on the time scale of our measurements 
of the magnetization curves. Comparing this to the magnetic size distribution in Figure 
5 indicates that only about 60% of nanoparticles should contribute to the magnetic 
remanence in the magnetization curves of dry particles, in good agreement with 50% 
remanence expected without Néel relaxation and 30% remanence actually observed.

Demagnetization Treatment: Effect on the Macroscopic Scale
Figure 7 illustrates how a demagnetization treatment affects our dry particles on 

the macroscopic scale. In each nanoparticle in zero field, the magnetic dipole prefers to 
be oriented along a crystallographically determined easy axis, and the nanocrystals are 
randomly oriented. The dipolar orientation can be reoriented using a magnetic field, but 
the strength of the required field depends on the orientations of the nanoparticles with 
respect of the field and on the volume of the nanoparticles. The nanoparticle dipoles 
are first all aligned in a strong field in a first direction, then a slightly weaker field is 
applied in the opposite direction, and so on (Figure 7a). When the field amplitude has 
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Figure 5. Distribution curves of the magnetic moment and the effective magnetic 
diameter of the cobalt ferrite nanoparticles, assuming lognormal distributions, cal-
culated using equation 6 and 7. P is scaled to the maximum of the distribution, Pmax.
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dropped below about 400 kA/m (Figure 7b), most but not all the nanoparticle dipoles 
are reoriented at each field switch, and as the field direction continues to alternate and 
to weaken, fewer and fewer nanoparticle dipoles are reoriented by the alternating field 
(Figure 7c). The end effect is that the nanoparticle dipoles are left behind in random 
orientations, resulting in zero remanent magnetization.

Figure 8 illustrates in another way that a sample of immobile microparticles could 
be demagnetized fully on the macroscopic scale. After demagnetization of a sample, 
the initial magnetization curve starts at the origin, that is, with zero magnetization in 
zero external field. The hysteresis loop indicates how strong the field must be to affect 
the orientations of the dipoles inside the immobilized nanoparticles. In the –400 kA/m 
to +400 kA/m range, the forward and backward scans are not exactly alike, in line with 
Figure 7 and the high coercivity of the cobalt ferrite particles. [15] 

AC Susceptibility Measurements
To study the magnetic remanence on the scale of the microparticles, the AC mag-

netic susceptibility was measured as a function of frequency while the particles were dis-
persed in ethanol. The susceptibility χ = χ’ -iχ” consists of an in-phase “real” component 
χ’ and an out-of-phase “imaginary” component χ”, both of which are plotted in Figure 9. 
Their dependence on the frequency f is given by 

′ =
+

χ χ0

2

2 2

f
f f

char

char

(10)

′′ =
+

χ χ0 2 2

f f
f f

char

char
(11)

where χ0 is the low-frequency limit and fchar is the characteristic frequency [28]. Both 
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Figure 6. Characteristic Néel relaxation time τN as a function of the effective mag-
netic diameter dm of cobalt ferrite nanoparticles (equation 9).
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Figure 7. Demagnetization of a macroscopic sample of dry cobalt ferrite-embed-
ded silica spheres: (a) stepwise switching of the magnetic field H from positive to 
negative values of decreasing magnitude, (b) absolute value of the applied field 
on a logarithmic scale, and (c) magnetic remanence MR scaled to the saturation 
magnetization MS.
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Figure 8. Magnetization curve of demagnetized composite microparticles. The in-
itial loop (in grey) begins at zero magnetization, indicating full demagnetization of 
the sample.
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components were numerically fitted jointly as a function of f, assuming a lognormal 
distribution of fchar. [12,14]. The average characteristic frequency of 2.5 Hz is of the order 
expected for the Brwnian rotation of particles with a diameter of 380 nm in ethanol (see 
equation 1, with η = 1.074 mPa s, the viscosity of ethanol at 25°C [12]). This indicates that 
magnetic relaxation of the sample requires rotation of the entire microparticles. In other 
words, the magnetic susceptibility is determined by the number of microparticles and 
their net permanent dipole moments, as opposed to being due to the Néel relaxation 
of the dipoles inside individual embedded nanoparticles. [12] From the polydispersity 
of fchar, a polydispersity of about 15% was calculated for the hydrodynamic radius, in 
agreement with a polydispersity of 18% from electron microscopy. [12] The different 
spectra were obtained by magnetizing the same particles at different fields after an initial 
demagnetization treatment. The characteristic frequency is practically the same in all the 
spectra, indicating that the rotation remains that of single microparticles, as opposed 
to magnetic assemblies of particles, which would relax at much lower frequencies. [29]
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To demagnetize the magnetic microparticles in colloidal dispersion, we froze 
the solvent of the dispersion using liquid nitrogen and rotated the frozen dispersion 
with respect to a magnetic field of fixed orientation but decreasing magnitude (see 
Experimental Methods). During the demagnetization treatment, the nanoparticles 
respond individually to the magnetic field whereas the microparticles are unable to 
physically rotate in the frozen solvent. Whether or not the nanoparticles are present in 
microparticles does not affect the response of the nanoparticles. The susceptibility at 1 
Hz after consecutive demagnetization or remagnetization treatments is shown in Figure 

Figure 9. Frequency dependence of the real and imaginary components of the 
complex magnetic susceptibility of cobalt ferrite-embedded silica spheres with a 
diameter d = 380 nm in ethanol at room temperature (170 A/m field amplitude). 
The same particles were magnetized to different extents after an initial demagnet-
ization treatment; dependence of χ’ at 1 Hz on the magnetizing fields is shown in 
Figure 10b. The relaxation at fchar = 2.5 Hz corresponds to the rotational diffusion 
rate of the microparticles.
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10. The maximum susceptibility after magnetization treatment was a factor 7 higher than 
the minimum after demagnetization treatment, meaning that the dipole moment was 
higher by a factor of 2.7, since magnetic susceptibility scales with the square of dipole 
moment. Intermediate values were obtained by magnetizing in fields lower than 400 
kA/m, when the in-field magnetization does not yet saturate the sample at 77 K.
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Figure 10. Real component of the magnetic susceptibility at 1 Hz for the remanent 
microsphere dispersions in ethanol: (a) after alternating treatments to magnetize 
at 1.5 MA/m or to demagnetize; (b) after demagnetization and remagnetization as 
a function of the remagnetization field strength. The demagnetization and remag-
netization treatments were at 77 K, whereas the susceptibility was measured at 
room temperature.

In principle, the microparticle dipole moment μ can be calculated from the low-fre-
quency limit of the magnetic susceptibility, χ0, and the number N of microparticles pres-
ent per unit volume V, because

χ
µ µ

0
0

2

03
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(12)

where μ0 = 4π·10−7 J A−2m−1.  However, the dipole moment can be determined more 
reliably from the low-frequency limit of the magnetic susceptibility as a function of the 
amplitude H of the applied alternating magnetic field, since this does not require precise 
knowledge of the concentration N/V [12]:  
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where L(α) and α are given by equations 2 and 3. Such data is presented in Figure 11. The 
observation that the susceptibility does not increase but only decreases at increasing 
field amplitude is direct evidence of a permanent rather than an induced dipole moment 
of the microparticles. [12,30] The fits and the calculated dipole moments assume that the 
average alignment of the microparticle dipoles in an external magnetic field is given by 
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the Langevin function. [12] Assuming a lognormal distribution, the fitted polydispersity 
of the dipole moment was on the order of 30% after saturation magnetization treatment. 
This agrees with the 15% polydispersity in the microparticle radius and the fact that the 
nanoparticles are located in a spherical monolayer shell.
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Figure 11. Field amplitude dependence of the real component of the magnetic 
susceptibility at 1 Hz (same samples as in Figure 9). The fitted values of the average 
magnetic dipole moment per microparticle, from top to bottom, were 3.01, 2.41, 
2.21, 1.64, and 1.32 in units of 10−17 Am2. This corresponds to 175, 138, 126, 96, 
and 75 times 1.6·10−19 Am2, the average dipole moment of the embedded nano-
particles.

The AC susceptibility measurements are relatively insensitive to nanoparticles with 
rapid Néel relaxation, since χ depends on the square of the dipole moment (equation 
12). The contribution due to Brownian rotation of a microparticle with a dipole moment 
µ = Nµ1 is proportional to N2, whereas the contribution of N nanoparticles with a dipole 
moment µ1 that respond individually by Néel relaxation is proportional to N. Nevertheless, 
the AC susceptibility measurements do show evidence of Néel relaxation, be it on time 
scales of minutes to weeks: a slow decrease of the remanent magnetization (Figure 12). 
The decrease in remanence with the logarithm of time is as expected for frozen ferrofluid 
spin glasses. [31,32] Two factors that affect the rate of decrease are the polydispersity in 
the nanoparticle dipole moments and the interactions between the dipoles.

3.4 General Discussion
The dipole moments of our composite microparticles can now be compared to the 

theory (Figure 3). From the saturation magnetization of the microparticles (Figure 4), it 
was concluded that a microparticle contains about 440 nanoparticles. After treatment 
in a saturating magnetic field, the dipole moment from AC susceptibility measurements 
was found to be 175µ1 (Figure 11), with µ1 = 1.6·10−19 Am2 being the average dipole mo-



52  Demagnetization Treatment of Remanent Composite Microspheres 

ment of a single nanoparticle. This is a remanence of 40%, compared to 30% remanence 
indicated by the magnetization curve of dry particles (Figure 4). However, the remanence 
of 30% was measured in the direction of the previously applied field, whereas the rema-
nence of 40% is the average per particle along the direction of magnetization of each 
microparticle in zero external field. From theory, the remanence in the direction of the 
net microparticle dipole (⅔Nµ1) is higher than in the direction of the initially applied field 
(½ Nµ1) by a factor ⅓, which agrees with our experimental data.

Theoretical agreement with the magnetic moment after demagnetization treat-
ment is not as clear. The theoretical prediction is √N�µ1, and probably the 40% of parti-
cles with rapid Néel relaxation should not be included in N. This leads to N = 264 and a 
predicted remanence of 21µ1, compared to 75µ1 from AC susceptibility measurements. 
A possible explanation for this discrepancy is the presence of clusters in which magnetic 
nanoparticles are in the head-to-tail configuration rather than in a flux closure configura-
tion, which would suppress the remanence. In that way, the randomly oriented magnetic 
units that have to be taken into account have a larger dipole moment, for instance 10µ1, 
and there are fewer of such units, for instance N/10 = 26. This will then lead to a higher 
remanence of order √26�10µ1= 51µ1.

The theoretical predictions clearly give an oversimplified picture, and experimental 
agreement is not quantitative. Nevertheless, two general predictions seem to be con-
firmed by our data: (1) the average remanence after treatment in a saturating field is 
higher along the direction of each microparticle dipole than in the direction of the initial-
ly applied field, and (2) a demagnetization treatment does not lead to the full demagne-
tization of the individual microparticles, even though the sample appears to fully lose its 
remanence on the macroscopic scale. From theory, the relative effect of demagnetiza-
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tion is inversely proportional to the square root of the number N of nanoparticles, where 
N is huge for macroscopic samples (here per 3 mL there are typically 1012 microparticles 
with each about 440 nanoparticles) and much smaller for a single microparticle (here 
about 440). In practice, the difference in magnetic remanence between the lowest and 
the highest magnetization states in zero field should increase as the number of nanopar-
ticles embedded per microparticle increases, and it should decrease when the nanopar-
ticles interact with each other magnetically.

The maximum extent to which remanent composite microspheres can be 
demagnetized may not only be of fundamental but also of practical interest. Remanent 
microparticles with stronger magnetic interactions than in our work can self-assemble 
into dipolar structures in zero field, in a similar way as has been observed with single-
domain magnetic nanoparticles. [21,22,33] Since the microparticles can be magnetized or 
demagnetized by magnetic treatment, this can lead to the appearance or disappearance 
of zero-field dipolar structures, as was recently shown by Smoukov et al. [34]. In the 
low-magnetization state, the particles do not interact strongly with each other and can 
be dispersed in a liquid as single particles, resulting in a stable colloidal dispersion that is 
convenient to handle. In the high-magnetization state, dipolar structures grow that are 
likely to settle much more rapidly to the bottom of the dispersion.

3.5 Conclusion
The remanence of our microparticles with embedded cobalt ferrite nanoparticles 

does not become zero after a demagnetization treatment. The macroscopic sample 
appears fully demagnetized, but on the scale of individual microparticles, the number 
of randomly oriented magnetic clusters of nanoparticles is so small that the vector sum 
of their magnetic dipoles is not negligible. This illustrates a key difference between 
magnetization curves and AC susceptibility as a way to characterize the magnetic 
remanence of microspheres. Whereas magnetization curves give an average over all 
magnetic particle dipoles in the macroscopic sample, magnetic susceptibility spectra 
of liquid dispersions give an average magnetic dipole moment on the scale of the 
microspheres.
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4
Magnetic Detection of PAA Hydrogels with 

Ferrite Nanoparticle Crosslinkers

A novel way to detect the swelling of a hydrogel in a biosensor would be to measure 
the magnetic field generated by embedded nanoparticles. As a first step to explore the 
feasibility of this approach, we studied the magnetic field of magnetically remanent 
hydrogels prepared by crosslinking poly(acrylic acid) with cobalt ferrite nanoparticles. The 
measured external magnetic field generated by the ferrogels depends on the distance 
from the gel,  the dimensions of the gel, and on its internal magnetic field, in agreement 
with theory that is presented in this chapter. This allows us to give recommendations 
for the optimal measurement geometry, in which the field measured from a ferrogel is 
maximal. 
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4.1 Introduction
Hydrogels are interesting materials for biomedical applications, such as drug delivery 

[1-3], tissue engineering [4], and biosensors. [5,6] An important feature of hydrogels 
is their responsiveness to the environment via a corresponding volume change. The 
response to external stimuli is caused by functional chemical groups, such as carboxylic 
acid or amide, present on the backbone of the polymer chains. Possible stimuli include 
changes in temperature, ionic strength, pH, and concentrations of biological molecules. 
[1] An essential question is what the transducer should be: how to detect the hydrogel 
volume and its changes? Optical and mechanical properties change for swelling 
hydrogels and provide the basis for well investigated transducer principles. [7,8] Lee et 
al.[9] reported on inverse opal hydrogels, where polystyrene colloids serve as a template 
for a macroporous network. Boronic acid functionalized copolymers were incorporated 
in the hydrogel network to have glucose sensitivity such that the presence of glucose 
induces swelling of the hydrogel and the changing periodicity causes a diffraction shift. 
[9] A comparable system is described by Barry et al. [10], who used a hydrogel based on 
poly(acryl amide) as a humidity sensor. Changing mechanical properties of a hydrogel 
attached to a substrate can also be used to detect environmental changes. Hilt et al. [11] 
described a hydrogel secured on a microcantilever, where increasing pH caused bending 
of the microcantilever as a result of swelling of the hydrogel.

In 2010, van Bruggen and van Zon [12] proposed the theoretical concept of a sensor 
based on a magnetic hydrogel where chemical changes are detected magnetically. They 
showed that for an increasing distance between the embedded magnetic nanoparticles 
and the sensor, the strength of the detected magnetic signal decreases. For instance, 
in the case of a gel with acidic functional groups, an increase in pH causes the gel to 
become charged, attracting counterions inside the gel, causing an increase of the osmotic 
pressure, resulting in swelling of the gel and a larger distance from the embedded 
magnetic nanoparticles to the field sensor. If the magnetic nanoparticle dipoles are 
aligned in the same direction as the swelling of the ferrogel, the swelling should lead to a 
decrease of the magnetic field generated at the field sensor. Our objective here is to test 
the proposed concept experimentally, which has not been done before. As a feasibility 
test, we prepare magnetically remanent hydrogels whose field can be detected using a 
Hall effect sensor. In the present chapter, we investigate how the magnetic field depends 
on measurement geometry. The following chapter will focus on the effects of time-
dependent hydrogel swelling and shrinking. 

To prepare hydrogels with a remanent magnetic field, we use nanoparticles with 
an internally blocked magnetic dipole moment rather than superparamagnetic particles. 
The latter are more commonly used in biomedical applications, such as magnetic 
separation, where it is convenient that the composite system is magnetized only in the 
presence of an external field. [3] Our nanoparticles have a high magnetic anisotropy, 
leading to slow Néel relaxation of the magnetic moment in the nanoparticle. Rather 
than preparing our particles in apolar media, which would enable better size and shape 
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control,[13] we make our cobalt ferrite nanoparticles in aqueous medium. This makes it 
more convenient to synthesize relatively large quantities and prevents having to transfer 
the particles to water before incorporating them inside a hydrogel. The particles are 
formed by coprecipitation of Co2+ and Fe3+ in alkaline solution, yielding ferrimagnetic 
nanoparticles with slow Néel relaxation. In principle, similar magnetic properties could 
be obtained with iron oxide nanoparticles of sufficient size, which can also be prepared 
in aqueous media. [14]

This chapter is organized as follows. First, we present theory for the magnetic field 
from magnetically remanent hydrogel disks, detected by a point sensor and by a square 
sensor with finite dimensions. The preparation of pH-dependent hydrogels that are 
magnetically remanent is described in the Experimental section, along with the geometry 
of our measurements. The Results section gives the results of theoretical calculations 
and experimental determination of the magnetic field from ferrogel disks with different 
dimensions. Finally, we discuss what might be the optimal measurement geometry to 
implement the concept of ferrogel sensors in practice.

4.2 Theory 
In this section, mathematical formulas are derived for the external magnetic field of 

ferrogel disks detected with two different types of field detectors: a point sensor and a 
finite sized square sensor. To facilitate comparisons, all calculated and measured fields in 
this paper are reported as H-fields in A/m rather than as B-fields in T. The two are related 
via

B H= µ0 (1)

where μ0 is the permeability of vacuum, equal to 4π·10−7 T·m/A.

Axial magnetic field of a ferrogel disk
Before the effects of sensor size are taken into account, an expression is derived for 

the magnetic field of a ferrogel disk at an external point sensor. Let’s consider the magnetic 
field of a disk-shaped ferrogel with homogeneously dispersed magnetic nanoparticles, all 
magnetically aligned in the vertical direction (Figure 1a). The field equals that of two 
plates with opposite virtual magnetic charges, as shown in Figure 1b; using formulas from 
electrostatics to calculate the field of magnets is a well-known theoretical approach [15]. 
The magnetic field inside the ferrogel is clearly vertical and its magnitude, Hin, depends 
on nanoparticle concentration. The axial field at a distance z from the ferrogel, Hout, also 
depends on the dimensions: thickness t and radius R (Figure 1c). Swelling decreases the 
nanoparticle concentration in the gel and therefore also decreases the internal field Hin; 
at the same time, the distance t between the two charged plates increases. Conversely, 
shrinking of the ferrogel increases the concentration of the nanoparticles, increasing the 
internal magnetic field and reducing the distance between the charged plates. 
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The magnetic field of a virtual magnetic charge is given by

H r
m
r

r
r





( ) =
*

4 2π
(2)

where H is the magnetic field in A/m, m* is the virtual magnetic charge in Am, and r is the 
distance in m. The total magnetic charge on a planar circular ring of radius R and width 
dR is given by

m H R Rin* = 2π  d (3)

where Hin is the magnetic charge density in Am/m2 = A/m, corresponding to a magnetic 
field. The z-component Hz of the magnetic field at a point at distance z from the center 
of the ring is found by inserting equation 2 in equation 3 and by multiplying with the 
ratio z/√(z2+R2) of the displacement in the z-direction to the total distance from the ring:
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To obtain the total magnetic field from a charged plate, one has to integrate over the full 
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Figure 1. (a) Schematic representation of a ferrogel disk with embedded magnetic 
nanoparticles aligned in the vertical direction. (b) Ferrogel disk represented as two 
charged plates resulting in a magnetic field Hin in the vertical direction inside the 
ferrogel and a magnetic field Hout outside the ferrogel. (c) Radius R and thickness t 
of the disk at a distance z from the field detection point.
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This expression gives the contribution of a single charged plate at distance z. The total 
magnetic field as a result of a ferrogel disk at distance z is the net result of the contribu-
tion of the lower charged plate at z and the contribution of the upper charged plate at 
z + t: 
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where Hout is the magnetic field along the central axis of the disk, at a distance z from 
the ferrogel, Hin is the magnetic field inside the ferrogel, t is the thickness of the ferrogel, 
and R is the radius of the ferrogel. In equation 6, the two main terms between the outer 
brackets represent the contributions of, respectively, the lower charged plate at distance 
z and the upper charged plate at distance z + t. A shorter way to write equation 6 is:
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External field from a ferrogel disk at a finite sized square sensor
Equation 7 assumes a point sensor, which is not the case in our experiments. To 

examine the quality of the point sensor approximation, the external field is calculated 
while taking into account the finite dimensions of the sensor. Figure 2a shows a schematic 
picture of the situation in our experiments, with a square sensor centered along the axis 
of the ferrogel disk. Similar to the point sensor scenario, the square sensor detects a 
perpendicular magnetic field, but the magnitude of this field is smaller than for the point 
sensor. This is due to the fact that center of the sensor is on average closer to all points 
on the disks than the other (x,y) positions on the sensor. 

Calculation of the average magnetic field on the sensor starts with considering one 
of the two plates with virtual magnetic charges at the top or bottom of the ferrogel, for 
instance that at a distance z from the sensor. The magnetic field at every (x,y) position on 
the sensor is calculated by integrating over rings of radius r1 and width dr1 that constitute 
the disk, see Figure 2b and c. The vertical component of the magnetic field at a sensor 
point (x,y) due to a surface element of area r1dθdr1 on disk 1 is
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Figure 2. Schematic of a square sensor with edges D at a distance z from a ferrogel 
disk of radius R and thickness t: (a) the sensor with the entire ferrogel, and (b,c) 
the sensor with the bottom plate of the gel, (b) viewed from the top and (c) viewed 
from the side. The average field at the sensor is obtained by integration over all 
(x,y) positions on the sensor and all rings of radius r1, which must be done for both 
oppositely charged plates. To calculate the distance Q from a point x,y at a distance 
r2 from the center of the sensor to an arc of length r1dθ at an angle θ on the ring 
of radius r1, first the distance P is determined to the point on the disk that has the 
same x,y position as on the sensor.
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where the distance Q from sensor point to disk element is given by 

Q z P= +2 2 (9)

and P is given by (Figure 2b):
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The field at an (x,y) position on the sensor due to a whole ring of radius r1 and width dr1 
on disk 1 is obtained by integrating over all angles θ:
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where Q follows from 9 and 10. The field at an (x,y) position from a disk at a distance z is 
given by integrating over r1
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and the field of a disk at distance z + t is likewise given by 
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Combining 12 and 13, integrated over all (x,y) positions on the square sensor, leads to 
the following expression for the average field measured at the square sensor, 
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where the total average field is calculated from the two magnetically charged disks sepa-
rated by a thickness t. These calculations must be performed numerically. In the limit of 
D → 0, the point sensor result, equation 7, is retrieved. 

4.3 Experimental Methods

Preparation of thin ferrogel layers
Masks were prepared by piercing circular holes of different diameters into a num-

ber of layers of Scotch® Crystal Clear Tape using pliers, where a single layer of tape has a 
thickness of 45 µm. The masks were carefully placed onto 150 μm thick glass slides such 
that the center of the mask would be positioned on top of the center of the Hall sensor 
probe. Thin layer samples were obtained by applying an excess of hydrogel mixture in the 
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mask and carefully placing a cover glass slide on top of the mask such that the excess of 
the monomer mixture was expelled. Subsequently, the samples were placed in an oven 
and polymerized at 80°C for one hour, see also section 2.2. 

The monomer mixture composition was as follows: 0.33 mL of AA, 5.00 mL of HEA, 
and 0.14 mL of DEGDA. A typical ferrogel mixture was prepared as follows: 0.25 mL of 56 
mg/mL dispersion was diluted with 0.15 mL of water, 0.05 mL of monomer mixture, and 
0.05 mL of initiator solution (V-50, 6 mg/mL). The ferrogel mixture was preheated in an 
oven at 80°C for five minutes to start decomposition of the V-50 initiator and to minimize 
bubble formation in the ferrogel layer. After five minutes, the ferrogel mixture was re-
moved from the oven, and the Eppendorf vial opened for a short moment before mixing 
with the Vortex for a minute. Subsequently the preheated ferrogel mixture was gently 
added to the hole in the mask. The mask was made from a number of layers of Scotch® 
Crystal Clear Tape into which a hole was pierced using pliers. Each mask was carefully 
positioned on a glass slide and after addition of the ferrogel mixture to the mask, a thick 
glass slide was pushed onto the mask to remove the excess of ferrogel mixture. The 
samples were then put in the oven at 80°C for 20 minutes to complete polymerization.

Magnetic remanence measurements
To measure remanent magnetic fields of thin ferrogel layers, a homebuilt setup was 

used. A transverse Hall sensor probe, an HMMT-6J04-VR probe from Lake Shore Cryo-
tronics, Inc., was placed in a fixed position, and thin hydrogel layers on a glass substrate 
could be placed on the Hall sensor probe in a reproducible way, as depicted in Figures 
3a-3c. In a typical measurement, the signals of the background and the sample were 
measured alternately as shown in Figure 3d, to measure accurately the remanent field of 
the sample. To exclude the contribution of particles with fast Néel relaxation, the ferrogel 
samples were measured at least 1000 seconds after magnetization with a neodymium 
magnet. The background signal was measured before and after the experiment in a room 
with an approximately constant temperature of 21°C. The Hall sensor probe has a known 
temperature coefficient of 0.09 Gauss/°C; therefore, the signals were corrected to ac-
count for any recorded temperature changes. 

Magnetic characterization of the ferrogels
The magnetic field generated by the ferrogel disk, Hin, was determined by measur-

ing the magnetic remanence in time using a Micromag 2900 alternating gradient mag-
netometer (AGM) from Princeton Measurement Corporation. For such a measurement, 
a magnetic field of 1.2 MA/m was first applied to the sample for 20 seconds. After the 
magnetic field had been switched off, the magnetic remanence was followed in time and 
the value of the magnetic field after 1000 s was used to calculated Hin. The drop in the 
magnetic remanence in the first ten minutes was ascribed to fast Néel relaxation of the 
smallest nanoparticles in the size distribution. [16] Samples were prepared from bulk 
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Figure 3. (a) Top view of the setup used to measure the remanent magnetic field 
of ferromagnetic hydrogel disks: here, the substrate with the ferrogel disk is placed 
far away from the sensor to measure the background. (b) Measurement of the ex-
ternal field of the ferrogel; the substrate is now positioned such that the ferrogel is 
directly on top of the sensor. (c) Side view of the setup; the minimal distance from 
gel to sensor is 780 µm. (d) Typical data output; the sample and the background 
are measured alternately. To avoid a correction for the rapid initial decrease in 
signal due to for Néel relaxation, data collection is started 1000 s after the magnet-
ization procedure. 
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ferrogels: small pieces were cut off and placed on a piece of Scotch tape and weighed, 
allowing calculation of the volume of the ferrogel. The samples were left to dry to reduce 
the sample size, and completely covered in Scotch tape. All experiments were executed 
in triplicate. 

4.4 Results 

Theoretical calculations
In order to study the effects of sample dimensions and distance to the field de-

tector, we first calculated the external field assuming a point sensor. Figure 4 shows 
predicted values of Hout as a function of internal field Hin, radius R, thickness t, and the 
distance z from sensor to ferrogel disk. The measured magnetic field increases linearly 
with increasing Hin, and it decreases with increasing z. For t << z, the two terms that are 
subtracted from each other in equation 2 are equal and Hout is zero, whereas for larger 
t, the measured magnetic field increases with increasing t. The ratio between R and t is 
also important, as the maximum of Hout shifts to larger R for smaller R/t ratio. 

Finite dimensions of the sensor are taken into account in Figure 5. For a sensor of 
edge D = 0.5 mm at a distance z = 0.78 mm from the gel, Hout is in good agreement with 
a point sensor for a wide range of R. For larger sensors, the maximum of the measured 
field decreases and shifts to larger radii. This effect is as predicted in the theory section, 
as the (x,y) positions of the square sensor are now on average further away from the 
magnetic charges on the ferrogel plates. In our experiments, the active part of the Hall 
sensor has an edge of D = 1 mm, a value obtained from a specifications sheet provided 
by the manufacturer. 

Experimental dependence on measurement geometry 
The magnetic remanent field created by the ferrogel was determined by measuring 

the magnetic field remanence in time using the AGM. For such a measurement, the sam-
ple was magnetized in an external field of 1.2 MA/m for 20 seconds and subsequently 
the field was turned off. Instantly a strong decrease in magnetic remanence was ob-
served which levelled off to approximately 75% of the original remanent signal. 

The experimental external field of ferrogel disks is presented as a function of differ-
ent geometrical parameters in Figure 6. For the dependence on ferrogel radius (Figure 
6a), the size of the sensor is important; the curve calculated for a point sensor does 
not correspond exactly to that calculated for the experimental sensor size. The curve 
that takes the finite dimension of the sensor into account is in slightly better agreement 
with the experiments. Experiments as a function of thickness t and distance z, Figures 
6b and 6c, were performed with relatively wide ferrogel disks (R = 2 mm), resulting in 
close agreement between the calculations for a square sensor and a point sensor. In-
creasing thickness of the ferrogel at constant nanoparticle concentration leads to an 
increase in Hout, whereas an increased distance between sensor and ferrogel results in a 
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decrease of Hout. Finally, Figure 6d shows experiments as a function of Hin, varied through 
the nanoparticle concentration, showing a linear increase in Hout for increasing Hin. It 
should be noted that, in spite of the stronger magnetic field as a result of increased 
nanoparticle concentration, one should be careful as nanoparticle aggregation and in-
homogeneous polymerization become important for higher concentrations. In conclu-
sion, the experimental results are in fairly good quantitative agreement with theory. 

4.5 Discussion
At first sight, the measured external magnetic field, Hout, seems very small com-

pared to the internal magnetic field, Hin = 460 A/m (Figure 6d). The measured field is 
close to the earth magnetic field, which is typically 40 A/m. From equation 7, it follows 
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Figure 5. Dependence of the maximum measured field as a function of the size of 
the square sensor. For increasing size of the sensor, the maximum decreases and 
shifts to larger radii. These calculations were done for t = 0.28 mm, z = 0.78 mm, 
Hin = 560 A/m. 
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that the maximum field that can be detected is Hin/2, but only for R << t. The detected 
magnetic field is strongly dependent on the measurement geometry. Important param-
eters are Hin, z, and the R/t ratio. Increasing Hin increases Hout. For a strong external field, 
the distance between the sensor and the ferrogel disk should be minimized; however, 
this is not directly observed in Figure 6c, due to a non-optimal R/t ratio for the current 
distance z. Figure 7 shows Hout as a function of t for several radii, where Hin = 560 A/m and 
z = 0.01 mm, significantly smaller than the value in our present experiments, namely z = 
0.78 mm. One can clearly see that for decreasing R/t ratio, thus increasing thickness of 
the ferrogel, the magnetic field at point z increases and approaches Hin/2, in this case 280 
A/m. Unfortunately, a thicker ferrogel also increases the diffusion-controlled response 
time of the sensor, which scales with t2. Therefore, for sufficient magnetic signal and 
fast detection in sensor applications, a possible optimal geometry could for instance be 
a ferrogel with a 100 µm radius and a thickness of 50 μm at a maximum distance of 10 
μm from the field detector. The sensor should then not be much larger than 200 μm, to 
avoid decrease in the average signal at the sensor as a result of the finite sensor effect. 
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Figure 7. Theoretical calculations of the dependence of Hout on the R/t ratio, given 
an internal field Hin = 560 A/m and a distance z = 0.01 mm. For increasing R/t ratio, 
Hout  approaches Hin /2  .

4.6 Conclusion 
Theory has been presented to calculate the magnetic field measured at a distance z 

from a ferrogel disk, both at a point sensor and at a square sensor with finite dimensions. 
The measured magnetic field is at most half the field inside the gel and strongly depends 
on the measurement geometry. As expected, the measured field decreases with increas-
ing distance to the sensor. At small distances, the ratio of radius to thickness of the gel 
becomes important. The experimental results are in fairly good agreement with theory 
and show that the dependence of the measured field on the geometry is well under-
stood. In order to render practical application of the ferrogel sensor concept feasible, the 
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distance between the sensor and the ferrogel must be minimized and the ferrogel radius 
to thickness ratio must be carefully chosen such that the external field is sufficiently 
strong at the sensor. The sensor itself should not be much wider than the gel, to avoid 
the finite sensor effect. The absolute thickness of the ferrogel is also crucial for response 
time of the sensor, as the equilibration time is diffusion-controlled. This will be examined 
more closely in the next chapter.

Acknowledgments
We thank Hans van Zon, Michel van Bruggen, prof. Dick Broer and Axel Bartos for 

helpful discussions, Bonny Kuipers for designing the Hall probe setup, and Emile Bakelaar 
and Stephan Zevenhuizen for interfacing the setup with a computer. 

Bibliography
1. Gupta, P.; Vermani, K.; Garg, S. Hydrogels: From Controlled Release to pH-Responsive Drug 

Delivery. Drug Discov. Today 2002, 7, 569-579.
2. Qin, J.; Asempah, I.; Laurent, S.; Fornara, A.; Muller, R.N.; Muhammed, M. Injectable Super-

paramagnetic Ferrogels for Controlled Release of Hydrophobic Drugs. Adv.  Mater. 2009, 21, 
1354-1357.

3. Pankhurst, Q.; Connolly, J.; Jones, S.; Dobson, J. Applications of Magnetic Nanoparticles in 
Biomedicine. J. Phys. D-Appl. Phys. 2003, 36, R167-R181.

4. Lee, K.; Mooney, D. Hydrogels for Tissue Engineering. Chem. Rev. 2001, 101, 1869-1879.
5. Urban, G.A.; Weiss, T. Hydrogels for Biosensors. Hydrogel Sensors and Actuators: Engineering 

and Technology 2009, 6, 197-220.
6. Han, I.; Han, M.; Kim, J.; Lew, S.; Lee, Y.; Horkay, F.; Magda, J. Constant-Volume Hydrogel 

Osmometer: A New Device Concept for Miniature Biosensors. Biomacromolecules 2002, 3, 
1271-1275.WW

7. Holtz, J.; Asher, S. Polymerized Colloidal Crystal Hydrogel Films as Intelligent Chemical Sensing 
Materials. Nature 1997, 389, 829-832.

8. Richter, A.; Paschew, G.; Klatt, S.; Lienig, J.; Arndt, K.; Adler, H.P. Review on Hydrogel-Based pH 
Sensors and Microsensors. Sensors 2008, 8, 561-581.

9. Lee, Y.; Pruzinsky, S.; Braun, P. Glucose-Sensitive Inverse Opal Hydrogels: Analysis of Optical 
Diffraction Response. Langmuir 2004, 20, 3096-3106.

10. Barry, R.; Wiltzius, P. Humidity-Sensing Inverse Opal Hydrogels. Langmuir 2006, 22, 1369-
1374.

11. Hilt, J.; Gupta, A.; Bashir, R.; Peppas, N. Ultrasensitive Biomems Sensors Based on Microcan-
tilevers Patterned with Environmentally Responsive Hydrogels. Biomed. Microdevices 2003, 
5, 177-184.

12. van Bruggen, M.P.B.; van Zon, J.B.A. Theoretical Description of a Responsive Magneto-Hydro-
gel Transduction Principle. Sens. Actuator A-Phys. 2010, 158, 240-248.

13. Kim, D.; Lee, N.; Park, M.; Kim, B.H.; An, K.; Hyeon, T. Synthesis of Uniform Ferrimagnetic 
Magnetite Nanocubes. J. Am. Chem. Soc. 2009, 131, 454-455.

14. Gonzalez-Fernandez, M.A.; Torres, T.E.; Andres-Verges, M.; Costo, R.; de la Presa, P.; Serna, 
C.J.; Morales, M.R.; Marquina, C.; Ibarra, M.R.; Goya, G.F. Magnetic Nanoparticles for Power 
Absorption: Optimizing Size, Shape and Magnetic Properties. J. Solid State Chem. 2009, 182, 
2779-2784.



Bibliography     71         

15. Chikazumi, S.; Charap, S.H. Physics of Magnetism, 1st ed. ed.; John Wiley & Sons, Inc: New 
York, 1964; pp. 554.

16. van Berkum, S.; Erné, B.H. Demagnetization Treatment of Remanent Composite Microspheres 
Studied by Alternating Current Susceptibility Measurements. Int. J. Mol. Sci. 2013, 14, 18093-
18109.



72     Magnetic Detection of PAA Hydrogels with Ferrite Nanoparticle Crosslinkers



5
Ferrogels with Swelling Induced 

Magnetism

The swelling of the magnetic hydrogels developed in this thesis is examined in experiment 
and theory. The pH dependence of the equilibrium thickness is relatively well understood 
in terms of the polyelectrolyte charge, the background salt concentration, and the elastic 
modulus of the gels. The time dependence of the thickness during swelling and shrinking 
can be accounted for on the basis of decelerated diffusion, due to the slowness of ionic 
diffusion inside charged nanoconfined networks. The time dependence of the magnetic 
field is highly surprising, with during swelling a rapid initial rise followed by a slow 
decrease, in sharp contrast with much weaker time dependent changes during shrinking. 
We argue that this complicated behavior follows from a swelling-induced alignment of 
anisotropic magnetic dipolar structures and from the intricate time dependence of the 
spatial pH profile, which is completely different during swelling and shrinking.
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5.1 Introduction
Hydrogels that are responsive to external stimuli are interesting for sensor applica-

tions. Changes in the surroundings, such as an increase of pH [1-3] or temperature [4,5] 
or concentration of glucose [6,7], change the interactions between the functional groups 
of the polymer and induce an increase or decrease of the volume of the hydrogel. How-
ever, almost no sensor applications of hydrogels with embedded magnetic nanoparticles 
are reported in the literature. 

Magnetic nanoparticles are widely used in biomedical application, for example as 
contrast agents for magnetic resonance imaging (MRI). [8,9] The transverse relaxation 
time, T2, can be altered through change of the aggregation state of magnetic nanoparti-
cles. In the work of Colomb et al. [10] this is achieved by loading a hydrogel with super-
paramagnetic nanoparticles that are functionalized to bind with the polymer network. In 
their work, the hydrogel is made sensitive to an enzyme that degrades the hydrogel net-
work and changes the aggregation state of the magnetic nanoparticles and thus changes 
the transverse relaxivity. 

Song et al. [11] describe a wireless pH sensitive hydrogel with embedded magnetic 
composite microparticles; the changes in its volume are detected through a change in 
the inductance and a shift in the self-resonant frequency of the sensor. This sensor type 
showed relative fast detection of small changes in pH, reversilibity, and reproducibility. 
Still, complicated electronics were needed for detection. 

This thesis is based on the theoretical description of a biosensor by van Bruggen 
and van Zon [12] where superparamagnetic nanoparticles are embedded in a hydro-
gel that is placed on a GMR sensor. In this case, the average distance of the magnetic 
nanoparticles to the sensor informs about the volume of the hydrogel. To circumvent 
the use of complicated electronics required to magnetize a superparamagnetic hydrogel 
for detection, our approach is to use a magnetically remanent ferrogel. In the previous 
chapter, it was demonstrated that the field from our magnetically remanent hydrogels 
is quite weak but that it can nevertheless be measured. Moreover, it was shown that 
the dependence of the measured field on the geometry and magnetic concentration of 
the gels is quantitatively well understood. In this final chapter, our ferrogels are made to 
swell and to shrink, and the resulting thicknesses and magnetic fields are studied both at 
equilibrium and as a function of time.

The Theory section presents the theory on which we will base the discussion of 
our observations. The pH dependent thickness of hydrogels is well known from the lit-
erature, and to model the time dependent thickness during swelling and shrinking, we 
adapt an existing numerical model. Theory detailed in the previous chapter is used to 
translate the variations in thickness of the gel into measured magnetic fields. To account 
for an unexpected result, the surprising initial increase rather than decrease of the mag-
netic field during swelling, we introduce theory for the swelling-induced alignment of 
anisotropic magnetic dipolar structures. The Experimental section includes details about 
the time dependent measurement of thickness and magnetic field of the ferrogels. The 
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Results and Discussion section ends with a General Discussion, followed by Conclusions 
drawn from the results presented in this chapter.

5.2 Theory
A hydrogel is a crosslinked polymer network with functional groups attached to the 

backbone of the polymer. These functional groups may respond to changes in pH, tem-
perature, or other external stimuli. In the case of acidic functional groups, an increase in 
pH causes them to dissociate, leading to an increase of the osmotic pressure inside the 
gel and a driving force for swelling. This is balanced by the elastic forces resulting from 
the crosslinking of the polymer network, which can be described by a mechanical spring 
constant. 

Here, we first present our theoretical approach to account for the pH-dependence 
of the osmotic pressure and its effect on the equilibrium volume. Next, we describe the 
main effect that we initially expected of swelling on the magnetic field of a ferrogel: a de-
crease in the internal and external fields, due to dilution of the nanoparticles dispersion. 
An additional effect for which we will present experimental evidence in the Results and 
Discussion section is a swelling-induced increase of the magnetic field due to the align-
ment of anisotropic magnetic structures. Finally, we explain our numerical simulations 
of the dynamics of pH-dependent swelling and corresponding changes of the magnetic 
field of our ferrogels.

Equilibrium volume of hydrogels as a function of pH
Our description of the pH-dependence of hydrogel volume is inspired from De et 

al. [13]. The volume of a hydrogel depends on the amount of water that it has absorbed, 
which can be described by a hydration Hy: the ratio between the thickness dgel of the 
hydrated hydrogel and the polymer thickness ddry that remains after drying of the gel

Hy
d

d
gel

dry

= (1)

At low pH, when the hydrogel is uncharged and has a minimum thickness; the hydrogel 
then has an initial hydration Hy0. This depends on the chemical affinity of the polymers 
in the network for water. At high pH, the ionizable groups are fully dissociated and the 
volume of the hydrogel has increased: counterions of the charged polymer groups create 
an additional osmotic pressure, attracting water into the gel. To calculate the osmotic 
pressure, we assume a Donnan equilibrium and the presence of Na+ and Cl− ions as the 
main free ions inside and outside the gel. The cation concentration times the anion con-
centration should then be equal inside and outside the hydrogel:

Na Cl Na Cl+ − + −  ×   =   ×  in in out out
(2)

where [Na+] is the concentration of Na+ ions, and [Cl−] is the concentration of Cl− ions, 
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inside (in) and outside (out) the hydrogel. Upon swelling of the hydrogel, the concen-
tration of Na+ ions increases to preserve electroneutrality. The concentration of charged 
polymer groups can be obtained from 

AA
AA

H
−

+
  =

[ ]
+  ( )

K

Hy K
dry

(3)

where K is the dissociation constant of the acidic groups on the polymer, [AA]dry is the 
concentration of acidic groups in the dry polymer, Hy is the hydration, and [H+] is the 
concentration of free H+ in the hydrogel. This can be used to calculate the concentration 
of the Na+ ions in the hydrogel 
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2
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From the Donnan equilibrium (2) it follows that

Cl
Na Cl
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in
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(5)

The additional osmotic pressure inside the gel compared to outside the gel is then given 
by 

∆P RTosmotic in in out out
=   +   −   −  ( )+ − + −Na Cl Na Cl (6)

where R is the gas constant and T is the absolute temperature. The pH-dependent addi-
tional swelling due to the increased osmotic pressure from Na+ and Cl− ions is limited by 
the spring constant of the hydrogel and can be described as

∆
∆

Hy pH
P
k
osmotic

spring

( ) = (7)

where kspring is the spring constant of the hydrogel in units of Pa. The hydration is then 
given by

Hy Hy Hy pH= + ( )0 ∆ (8)

where Hy0 is the hydration of the uncharged hydrogel at low pH. The hydration Hy is ob-
tained from equations 3-8, but its value must also be known from the start in equation 3. 
Therefore, in our calculations, the value of Hy is adjusted iteratively until a self-consistent 
value is obtained.

Swelling-induced dilution of ferrogels and its effect on the magnetic field
The external field from a vertically magnetized ferrogel disk with homogeneous-

ly distributed magnetic nanoparticles can be described on the basis of two oppositely 
charged plates separated by a distance t (see Chapter 4). When the gel swells beyond the 
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initial thickness that it has when it is magnetized in a strong external field, the field inside 
the gel decreases and the distance between the two plates increases, causing a decrease 
in the external field of the gel: 

H
H t
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z

z R
out
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(9)

where Hin(t0) is the magnetic field inside the ferrogel disk in A/m at the initial thickness of 
the gel,  f = t/t0 is the swelling factor, t is the thickness of the ferrogel and t0 is the initial 
thickness, both in mm, z is the distance from the ferrogel to the sensor in mm, and R is 
the radius in mm, as depicted in Figure 1a. For simplicity, equation 9 assumes a point 
sensor, a good approximation of our measurement geometry, as shown in Chapter 4. 
Swelling of the ferrogel gives an approximately linear decrease of the magnetic field with 
increasing swelling factor. In Figure 1b, for instance, doubling the volume of the ferrogel 
due to swelling leads to a decrease of 8% of the original signal. 

Swelling-induced magnetic alignment effect
Swelling causes dilution, including a decreased concentration of embedded mag-

netic nanoparticles  in the ferrogel. However, this is not the only effect that we observe 
in our experiments. Swelling initially causes an unexpected increase of the external mag-
netic field. We propose that stretching of the hydrogel network can cause a change in 
the orientation of magnetic dipolar structures, an effect that can result in enhancement 
of the magnetic field. 
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Figure 1.  (a) Schematic representation of the measurement geometry of a ferrogel 
disk placed with its center positioned above the center of the sensor, and (b) the 
normalized measured field as a function of the swelling factor f. Here, only the 
swelling-induced dilution effect is taken into account, see equation 9. 
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Our explanation starts much like that of the magnetic remanence of composite 
ferromagnetic microbeads in Chapter 3. We assume that all the nanocrystals are 
randomly oriented inside the gel and that each nanocrystal has a single easy axis along 
which the magnetic dipole of the crystal is oriented in either direction. Before the ferrogel 
is magnetized in a saturating external magnetic field, all the nanoparticle dipoles are 
oriented at random and the net magnetic remanence of the macroscopic ferrogel is zero 
(Figure 2a). While the ferrogel is in a saturating magnetic field, all nanoparticle dipoles are 
aligned in the direction of the external field (Figure 2b), but as soon as the external field 
is removed, the orientations of the nanoparticle dipoles relax along the nanocrystalline 
easy axis, but now in the direction closest to that of the previously applied external 
field (Figure 2c). As a result, the ferrogel now has a net magnetic moment, since the 
z-components of the nanoparticle dipole vectors now all have the same sign, a positive 
sign if one takes the applied field as being in the positive z-direction. 

Figure 2.  Nanoparticle dipole orientations in different situations: (a) random ori-
entation, generating no net field by the gel, (b) nanoparticles dipoles all aligned in 
the direction of the applied field, generating maximum field, and (c) nanoparticle 
dipoles align along their easy axis in the positive direction, generating a small pos-
itive field.

In an oversimplified schematic representation (Figure 3), each nanoparticle is ef-
fectively anchored to the gel along an arbitrary axis of the particle. Except when that 
axis is horizontal or vertical, the anchor axis will turn once the gel expands, since our 
thin ferrogel layers mainly swell in z-direction but not in x- or y-direction. In the case of 
a spherical particle, turning it will cause the z-component of the nanoparticle dipole to 
increase or to decrease, depending on where the anchor points of the gel are situated 
on the particle (Figure 3a). As a result, the swelling of a ferrogel with embedded spherical 
nanoparticles will cause the dipoles to turn randomly towards or away from the z-axis, 
and on average, the net magnetic moment of the ferrogel will not be affected.

However, the dipole moment of our cobalt ferrite nanoparticles is sufficiently 
strong that part of them are aligned in dipolar structures, see Chapter 2 and 3. Such 
structures are anisotropic, for instance consisting of small linear chains of particles as 
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observed by Klokkenburg et al. [14-16] by cryogenic electron microscopy. Upon swelling, 
the elongated objects will tend to align in the swelling direction (Figure 3b), in principle 
becoming parallel with it if the gel could be stretched out infinitely. Thanks to the dipolar 
interactions, the nanoparticle dipoles have the same orientation as the linear cluster, and 
the z-components of the nanoparticle dipole vectors are positive after treatment in a 
saturating magnetic field. In conclusion, swelling causes the dipolar chains to align in the 
swelling direction, not only physically, but also magnetically. This results in an enhance-
ment of the remanent magnetic field of the gel.

Mathematically, we describe the behavior as follows. The orientation of the easy 
axis of the nanocrystals is random, but the z-component of the nanoparticle dipoles is 
positive due to the magnetization treatment. The nanoparticle dipole is at an angle θ 
with the z-axis, Figure 4a:

0
2

≤ ≤θ
π

(10)

The z-component of the nanoparticle dipole is thus r cosθ , where r is the magnitude of 
the magnetic nanoparticle dipole, and the average remanence can be obtained by an 
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Figure 3.  Schematic representations of nanoparticle dipole orientations before 
and after swelling: (a) nonaggregated particles: swelling does not result of a change 
in the net magnetic moment; (b) dipolar structures: the increasing z-component 
leads to an increased net magnetic moment of the gel.



80     Ferrogels with Swelling Induced Magnetism

integration of the z-components over all θ and all directions in the plane perpendicular 
to z, 
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This yields a maximum magnetic remanence of 50%. Swelling of a ferrogel by a swelling 
factor f changes the z-component of every point in the ferrogel by a factor f. A line seg-
ment that is not vertical nor horizontal but at an angle 0 < θ < π/2  changes its orientation 
because the z-displacement due to swelling is higher for the high-z extremity than for the 
low-z extremity of the dipole (Figure 3). 

However, even though the orientation of a dipole aligned with the segment chang-
es, its magnitude does not. Consequently, after swelling of the gel by a factor f, the ori-
entation of the dipole has gone from θ to θnew, and the z-component of the nanoparticle 
dipole is given by (see Figure 4b)

r r
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+ ( )
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+1 12 2 2 (12)

This expression can be inserted into equation 11 to obtain the new average z-compo-
nent, yielding
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From this equation, an enhancement factor can be extracted that accounts for the addi-
tional alignment of nanoparticle dipoles caused by hydrogel swelling, 
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Figure 4. (a) Description of angle θ of an anchor segment using x,z coordinates 1 
and z, in which case cotθ = z, and (b) angle θnew after swelling of the z-component 

by a factor f; the angle now corresponds to cosθnew
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In equation 14, the swelling factor is by definition equal to f=1 just after treatment in a 
saturating magnetic field, regardless of the hydration of the gel. Shrinking of the gel leads 
to a decrease in f and a corresponding decrease of the alignment effect. Swelling of the 
gel leads to an increase in f and a corresponding increase of the alignment effect. Equa-
tion 14 assumes that all particles are part of a dipolar chain, but this is not the case in our 
experiments. To take into account that not all particles are in such chains and therefore 
not all contribute to the induced alignment, a factor α is introduced, the effective frac-
tion of nanoparticles present in anisotropic clusters:

F
f
fenhancement = −( ) +

+
1

2
1

α α (15)

From this expression, the enhancement effect is at most about 30% when the volume of 
the gel is doubled, see Figure 5. 

Figure 5.  Field enhancement factor as a function of the swelling factor f  for various 
values of α, the fraction of particles contributing to the swelling-induced magnetic 
field enhancement, see equation 15. No dilution effects of a swelling ferrogel are 
included in these calculations. For f < 1, the ferrogel shrinks.

Time-dependent calculations
Our numerical simulations of the time-dependent thickness of our hydrogels are 

also inspired from the work of De and coworkers [13], with a few differences. Firstly, 
in their geometry, the hydrogel is confined between two parallel plates and can only 
expand laterally. Our own thin hydrogel layers are bound to a substrate and only swell 
perpendicular to it. Secondly, at low pH, the hydrogels of De et al. are completely col-
lapsed, in other words, the hydration goes down to Hy=0, whereas our hydrogels re-
main hydrated to a relatively large extent, on the order of Hy=10. Thirdly, De et al. are 
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able to account for their results on the basis of effective diffusion coefficients that 
only take into account the volume fraction of liquid inside their polymer networks, via 
Deff = D (Hy/(2+Hy))2. Our gels are so dilute that the slow ionic diffusion must be account-
ed for in another way. We do this via an empirical diffusion rate reduction factor FR, so 
that the effect diffusion coefficient is Deff = D/FR , where D is the literature value of the 
diffusion coefficient in the limit of high dilution. Probably, the factor FR not only origi-
nates from the tortuisity of the porous network but also from the electrical charge at the 
surfaces of the pores. Romero et al. [17] have demonstrated experimentally that ionic 
diffusion inside charged nanopores can be much slower than inside uncharged pores. 

In our numerical simulations of the time dependent thickness of our hydrogels, 
space is divided into 100 bins that are of equal size only when the entire gel is at equi-
librium with the external ionic solution. Once the external pH is changed, the ionic con-
centration changes inside the gel are calculated along the same lines as De et al. [13] 
In each time step of the simulation, the pH changes in each bin due to ionic diffusion 
and dissociation equlibria of the buffer and polyelectrolyte. The ionic concentrations and 
osmotic pressures are calculated, corresponding to local swelling or shrinking in each 
individual bin depending on the mechanical spring constant of the gel via equation 7. We 
use the same continuity equation for hydrogen ions as De et al. to calculate the changes 
in hydrogen ion concentration:
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where KB is the dissociation constant of the buffer, [buffer] is the total buffer concentra-
tion inside the hydrogel in mol/L, DHB  is the diffusion coefficient of the buffer in m2/s, 
and DH  is the diffusion coefficient of the H+ ions inside the hydrogel in m2/s. In this way, 
a different pH profile and hydration profile is calculated at each time step as long as equi-
librium has not yet been reached. 

Finally, in order to calculate the time-dependent magnetic field from the remanent 
ferrogel measured at the sensor, the contributions of all ferrogel bins are added together. 
Each bin has the same radius R but is located at its own distance z from the sensor and 
has its own local hydration Hy and thickness t, which are used to calculate the bin’s 
contribution to the external field via equation 9. The locally different hydration values 
also result in locally different degrees of alignment of the dipolar structures, described 
by the swelling factor f, which depends on the hydration state in which the gel has been 
treated in a saturating magnetic field. This leads to different local swelling-induced field 
enhancement factors Fenhancement via equation 15.
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5.3 Experimental methods

Materials 
Acetic acid acid (100% p.a.), sodium chloride (NaCl, p.a.), and potassium hydroxide 

(KOH, p.a.) were purchased from Merck (Darmstadt, Germany), (3-trimethoxysilyl) pro-
pyl methacrylate (TPM, 98%) was obtained from Aldrich. Phosphoric acid (85 wt%, p.a.) 
was purchased from Acros Organics, monosodium phosphate (99%) was obtained from 
Sigma Aldrich. All chemicals were used as received. 

Preparation of thin ferrogel layers 
The ferrogels were prepared as described in Chapter 2 and 4.
Thin ferrogel layers for swelling experiments were prepared on glass slides coated 

with TPM to ensure fixation of the hydrogel to the glass slide. [18] The glass slides were 
etched with a 2 M KOH solution overnight and extensively rinsed with water. Subse-
quently, the glass slides were placed in a 17 mM TPM solution in water, acidified with a 
few drops of acetic acid, again overnight. Finally, the glass slides were extensively rinsed 
with water and dried in an oven at 80°C. 

To use the thin layers for swelling experiments, the cover slide was carefully taken 
off, and the mask was removed. In order to immerse the ferrogel layer in a buffer, a glass 
cylinder was positioned around the ferrogel layer, with silicone vacuum grease ensuring 
a hermetic seal, and an appropriate buffer was added into the cylinder, see Figure 6b. To 
prevent evaporation during long measurements, a Teflon watch glass was used to cover 
the glass cylinder. 

Preparation of buffers
For swelling experiments, buffers of different pH but similar ionic strength were 

prepared. For example, for a buffer with pH 3, 0.49 g of phosphoric acid was diluted with 
450 mL of Millipore water. To adjust the ionic strength, 2.79 g of NaCl was added and 
the pH was adjusted with small amounts of concentrated HCl and NaOH solutions after 
which the volume was completed to 500 mL with Millipore water. 

Swelling experiments for bulk ferrogels
Bulk ferrogels were prepared from preheated ferrogel mixtures similar to the thin 

ferrogel layer samples. The ferrogel mixtures were put in a small glass tube that was fixed 
to a glass slide using silicone vacuum grease. When put in the oven, the sample holders 
were covered with small Teflon watch glasses to prevent substantial evaporation of water 
from the ferrogel mixture. When polymerized, the bulk ferrogels were carefully removed 
from the glass tube and immersed in 10 mL of buffer solution with appropriate pH and 
ionic strength. The bulk samples were equilibrated for two weeks and weighed directly 
after preparation, after equilibration, and when completely dry. The samples were dried 
in the oven at 80°C for 6 hours.
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 Swelling experiments with optical microscopy
Ferrogel layers for swelling experiments with optical microscopy were prepared on 

thick TPM coated glass slides. These slides were marked with a breaking line, applied 
with a diamond pen, before the TPM coating treatment. The ferrogel layers were pre-
pared as described in section 4.3 and the cover slide was carefully taken off. Subsequent-
ly, the glass slide was carefully broken on the breaking line, such that the edge of the 
ferrogel layer was on the edge of the glass slide, so that the edge of the ferrogel layer 
could be placed directly onto the surface of the microscope slide of the sample holder. 
The sample holder was directly filled with approximately 2 mL of a buffer solution to 
prevent drying of the sample. 

 
Magnetic remanence swelling experiments

Ferrogels for swelling dependent magnetic remanence experiments were pre-
pared as described in section 4.3, and the setup was shown in Figure 3 of Chapter 4. The 
samples were magnetized by placing the sample for several seconds on the center of a 
square neodymium magnet and removing the sample in a perpendicular direction from 
the magnet surface to retain the orientation of the magnetic dipoles of the nanoparti-

Figure 6. Schematic representations of (a) the preparation of thin ferrogel layers, 
and (b) the sample setup for magnetic remanence measurements, where a glass 
cylinder is positioned around the thin ferrogel layer into which a buffer solution 
can be added. 

Table 1. Amounts of buffer species and additional salt used for the preparation of 
the buffers. 

pH Buffer type Amount of buffer (g) NaCl (g)

3 Phosphoric acid 0.49 2.79
4 Acetic acid 0.3 2.67
5 Acetic acid 0.3 2.89
6 Monosodium phosphate 0.6 2.7
7 Monosodium phosphate 0.6 2.39
8 Monosodium phosphate 0.6 2.06

a b
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cles in that direction. The samples were magnetized at least 12 hours prior to the mea-
surement to reduce the effect of Néel relaxation. The background signal was measured 
before and after the swelling experiment, to determine the background as well as the 
temperature correction factor. Buffers for corresponding swelling and shrinking experi-
ments were refreshed without removal of the sample from the setup. 

Dynamic Mechanical Analysis (DMA) measurements
For DMA measurements, the same samples were used as for the bulk swelling ex-

periments. Measurements were performed with a DMA 2980 Dynamic Mechanical Ana-
lyzer from TA Instruments, Newcastle, England. The diameter of the cylindrical hydrogels 
and ferrogels were measured with an electronic caliper. Samples in the range of 4-9 × 4-9 
mm (diameter × height) were placed between the parallel plates, and a force ramp was 
realized from 0.01 N to 1 N  at a rate of 0.005 N/min. 

5.4 Results and Discussion

Equilibrium thickness versus pH 
Swelling experiments were performed on thin hydrogel and ferrogel layers secured 

on TPM coated glass slides to prevent detaching of the ferrogel during swelling-shrinking 
cycles. The gels were equilibrated at pH 3 overnight and subsequently introduced to a 
fresh buffer with higher pH but similar ionic strength. Figure 8 shows the equilibrium 
thickness of hydrogel and ferrogel layers as a function of pH. From simulations, the ap-
parent pKa was obtained: 4.7 for ferrogels and 4.5 for hydrogels, both shifted to a higher 
value from the pKa value for acrylic acid monomers, pKa = 4.35, [19] due to a change 
of the chemical environment as a result of polymerization. [20] Even though the same 
amounts of molecular precursors were used, the pH response of a hydrogel is smaller 
than that of a ferrogel, indicating a more dense polymer network. Dynamic Mechanical 
Analysis (DMA) measurements indicate that, despite having a similar molecular composi-
tion, the ferrogels are softer than the hydrogel, as revealed by a lower Young’s modulus. 
Young’s moduli on the order of 5 kPa were obtained, about 50% higher for the hydrogels 
than for the ferrogels. More quantitative results of the DMA measurement are not re-
ported here, due to non-optimal measurement conditions: the gels underwent an initial 

Figure 7. Schematic representation of the sample holder used during swelling ex-
periments with optical microscopy. The glass slide is broken in half, so that the 
ferrogel layer is positioned on the edge of the glass slide. In this way, swelling of the 
thin ferrogel layer can be followed from the side.
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compression of about 25% before the force ramp coulb be started, so that the gels were 
much more dense than initially, yielding a higher Young’s modulus. Therefore the values 
of the Young’s modulus could not be used for our numerical simulations, although the 
measurements did show a similar trend as for the optical microscopy measurements: 
the hydrogels are more dense than the ferrogels. At first sight, a lower Young’s modu-
lus for ferrogels than for hydrogel seems counterintuitive, as nanoparticles function as 
crosslinkers in the hydrogel network and should make the hydrogel network more dense. 
However, the presence of nanoparticles can also increase the inhomogeneity, which is 
negligible for hydrogels but difficult to observe for the very dark ferrogels. Probably, as a 
consequence of increased inhomogeneity, the Young’s modulus, and therefore also the 
spring constant, decreases for ferrogels, and larger water uptake and volume increase 
are made possible. More parameters obtained from simulations are given in Table 2. 
For simulations, a non-charged hydrogel or ferrogel was assumed at pH 3, with an initial 
hydration of Hy0 = 12.26, both for hydrogels and ferrogels. The concentration of ionizable 
monomers was calculated from the initial monomer mixture, [AA] = 0.81 M. 

Time-dependent thickness during swelling and shrinking
Figure 9 shows a series of consecutive swelling and shrinking curves of the same 

thin ferrogel layer: the ferrogel was equilibrated at pH 3 overnight and the shrinking 
curve was recorded directly after the swelling curve. The swelling was slower than the 
shrinking; therefore, swelling curves were recorded for three hours, indicated by the 
dark grey areas, whereas shrinking curves were recorded for two hours, indicated by 
the light grey areas. It can be observed from Figure 9 that after one complete cycle, 
the ferrogel is close to its original thickness and this is valid even after three complete 
cycles, which shows that this process is reversible. The characteristic times of swelling 
and shrinking of a ferrogel can be obtained using the following equation: 

Figure 8. Equilibrium thickness of thin (a) hydrogel and (b) ferrogel layers as a func-
tion of pH, with a theoretical simulation indicated by the grey line, see Table 2.
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d t d t d t( ) = ( ) + − −( ) 0 1∆ exp / τ (17)

where d(t) is the thickness of the ferrogel layer at time t in μm, d(t0) is the thickness at 
the start of the measurement in μm, Δd is the difference in thickness between the start 
and the end of the swelling event in μm, t is the time in minutes, and τ is the charac-
teristic time for swelling or shrinking in minutes. Using equation 17 it follows that the 
characteristic time for swelling from pH 3 to pH 6 is 42 minutes for the ferrogel and 49 
minutes for the hydrogel. The characteristic time for shrinking is: 18 minutes for the fer-
rogel and 19 minutes for the hydrogel. For both the hydrogel and the ferrogel, the fit for 
the swelling curves is in close agreement with the experimental results, whereas the fit 
for the shrinking of both materials shows larger deviations with the experimental results, 
see Figure 10. The shrinking curves do not follow a simple exponential decay function.

The swelling and shrinking curves were reproduced in Figure 9 using simulations 
described in section 5.2 with equivalent parameters as for the fit of the pH dependency, 
see Figure 8. From the literature, diffusion coefficients for H+ and H2O are 10.89·10-8 and 
93.11·10-8 m2/s respectively. [21] However, diffusion of water molecules and ions is slower 
for diffusion through charged pores or channels due to sterical and electrical interactions. 
[17] In order to account for hindered diffusion of ions, a diffusion rate reducing factor 
is included in the simulation program, and the resulting diffusion coefficients are listed 
in Table 2. The diffusion rates are also a strong function of the concentration of buffer 
species: for a buffer concentration of 100 mM, the diffusion rates are 300 times slower 
than free diffusion of ions, whereas for a buffer concentration of 10 mM, the diffusion is 
7 times slower. The trends in these values are comparable to the values obtained from 
fits using equation 17: both hydrogels and ferrogels show faster shrinking than swelling. 

Table 2. Values obtained by simulations for the pKa, the spring constant, kspring, the 
thickness of the dry thin layer, ddry, and the diffusion rate reduction factor, FR with 
corresponding average diffusion coefficients of H+ ions for both the hydrogels and 
the ferrogels. DH  = 9.31∙10-9 m2/s for free diffusion of H+. [21]

Simulation parameters Hydrogel Ferrogel
pKa 4.5 4.7
Spring constant (Pa) 480 280
Thickness of dry hydrogel 
(µm)

26 26

Average swelling diffusion 
coefficient of H+ ions (m2/s)

2.33·10-10 3.10·10-10

FR, swelling 40 30
Average shrinking diffusion 
coefficient of H+ ions (m2/s)

1.41·10-9 1.33·10-9

FR, shrinking 6.6 7
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Figure 9. Three consecutive swelling and shrinking cycles on the same thin ferrogel 
layer. The swelling curves are indicated by the dark grey areas (pH 6 outside the 
gel). The shrinking curves are indicated by the light grey areas (pH 3 outside the 
gel).

Figure 10. Swelling (a, b) and shrinking (c, d) curves of thin ferrogel (a,c ) and 
hydrogel (b, d) layers. The theoretical fits from equation 17 are given by the solid 
red lines.
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Simulation of shrinking of a hydrogel layer as well as a ferrogel layer is not in good 
agreement with the experimental data shortly after the buffer with low pH is introduced. 
The simulated layers are initially much thicker than observed in experiments and this 
probably has no physical meaning, although it could also be caused by the sudden de-
crease of pH. To fit the simulation of the initial thickness of a swollen gel layer with ex-
perimental data, the thickness of the dry material can be set to a lower value; however, 
this results in a shrunken equilibrium thickness that is much smaller than observed in 
experiments, see Figure 11. An optimal simulation is a balance between the spring con-
stant, the thickness of a dry layer, and the diffusion constant. 
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Magnetic field changes during swelling and shrinking
Swelling and shrinking of a ferrogel layer were also followed with magnetic re-

manence measurements. Figure 12 shows three consecutive swelling-shrinking cycles 
where the dark grey areas correspond to the swelling events and the light grey areas 
correspond to the shrinking events. The ferrogel was magnetized approximately 15 hours 
before the swelling-shrinking cycles were started so that fast Néel relaxation would not 
show during the measurement; however, for such a long measurement, an overall de-

Figure 11. Swelling (a, b) and shrinking (c, d) curves for ferrogels  (a, c) and hydro-
gels (b, d). The fits obtained from simulation are indicated by the solid red lines.
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crease in the magnetic field could be observed due to slower Néel relaxation. When 
corrected for the Néel relaxation, the curves prove that the swelling and shrinking curves 
show a similar reproducibility and reversibility as the thickness of the ferrogel layers as a 
function of swelling and shrinking.
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Figure 12. Remanent magnetic field as a function of time during consecutive swell-
ing and shrinking cycles for (a) a ferrogel layer magnetized in the shrunken state, 
and (b) a ferrogel layer magnetized in the swollen state. The corresponding chang-
es in thickness are shown in Figure 7. Here not only dilution of the nanoparticles 
due to swelling has an influence on the magnetic field changes. Otherwise, the 
field would only decrease during swelling, as predicted by equation 9.
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The swelling events in Figure 12 show a sharp increase of the magnetic signal short-
ly after the swelling has started. This corresponds to the sharp increase of the thick-
ness shortly after a buffer with higher pH is introduced to the ferrogel. After a short 
period, approximately 15 minutes, a maximum remanent magnetic field is measured, 
after which the field decreases until the ferrogel layer is swollen to equilibrium. The 
resulting magnetic field is higher than its original value. The shrinking curve of a ferrogel 
layer shows similar features: at the beginning of the shrinking event, the magnetic field 
decreases, and subsequently it shows a sharp increase. Within 30 minutes, a maximum 
is reached and the magnetic field decreases to its value at the start of the swelling and 
shrinking cycle. 

As stated in the Theory section, changes of the magnetic field during swelling and 
shrinking cycles are apparently not solely due to a dilution effect of the nanoparticles. 
Swelling of a ferrogel stretches the polymer network, so that the orientation of the 
small nanoparticle clusters changes, which results in a larger contribution to the total 
magnetic field. However, such a swelling-induced alignment of nanoparticle clusters 
is finite as indicated by the maximum in the swelling curve and predicted by equation 
15. The previous section described the thickness as a function of time due to swelling, 
so now the remanent magnetic field can also be calculated from the local hydrations 
and its corresponding local alignments of the nanoparticle dipoles. Figure 13 shows the 
experimental remanent magnetic field of a swelling ferrogel disk with a radius R = 2 mm, 
initial thickness t0 = 0.28 mm at distance of z = 0.78 mm. The colored lines represent 
simulations with different values for α, the fraction of nanoparticles contributing to 
swelling-induced alignment. This curve shows an immediate increase of the remanent 
magnetic field up to 30% swelling, according to Figure 11a, and after 15 minutes the field 
decreases. From this curve one can understand that enhanced alignment initially has a 
much greater effect than swelling-induced dilution, and it is optimal at 30% swelling. 
After 15 minutes, the field decreases, which could mean that the nanoparticle dipoles 
are on average already aligned to a large extent, and that further swelling mainly causes 
dilution of the ferrogel. 

Figure 13a also shows simulations for different values of α, the fraction of nanopar-
ticle dipoles contributing to the swelling-induced alignment. For α = 0, thus no swell-
ing-induced alignment of nanoparticle dipoles, the remanent magnetic field only de-
creases due to swelling, and the field directly decreases as a function of time. In the 
case of  α = 1, thus swelling-induced alignment of all nanoparticle dipoles, the remanent 
magnetic field increases, so that swelling-induced alignment has a greater effect than 
swelling-induced dilution of the particles. To fit the shape of the experimental curve 
optimally, α = 0.2, but to meet the increase of the remanent magnetic field qualitatively, 
α = 0.65. It can be concluded from these simulations that the initial increase of the field 
is caused by swelling-induced alignment, after which the swelling-induced dilution effect 
becomes more important. However, the magnitude of the swelling-induced alignment 
effect is not yet well understood. 
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The subsequent shrinking curve is shown in Figure 13b. The overall effect of shrink-
ing is the decrease of the remanent magnetic field to its original value; however, differ-
ent effects are again observed in the curve. For shrinking of a ferrogel the concentration 
of the nanoparticle dipoles increases, which leads to an increasing remanent magnetic 
field. However, this is only observed for a short period during shrinking, at around 30 
minutes. This might mean that at that point in the shrinking event, the orientation of the 
nanoparticle dipoles hardly changes, whereas shrinking continues and the concentration 
of the nanoparticle dipoles increases, leading to a temporary increase of the remanent 
magnetic field. The other effect, shrinking-enhanced misalignment, should cause a de-
crease in the remanent magnetic field, which is actually observed. This means that for 
shrinking of a ferrogel, mainly misalignment of nanoparticle dipoles has an influence on 
the remanent magnetic field changes, which is supported by simulations. Figure 13b 
shows simulations for shrinking of a ferrogel for different values of α indicated by the 
colored lines. For α = 0, change of the nanoparticle dipole orientation has no influence 
on the magnetic field changes, and the curve shows an increase of the remanent mag-
netic field during shrinking. This is in good agreement with an expected increase of the 
remanent magnetic field for increasing nanoparticle dipole concentration. However, in 
the case of a contribution to the remanent magnetic field of all nanoparticle dipoles, in 
dipolar structures one would expect a decrease, since the orientation of the nanoparti-
cles changes in a negative way. This is actually the case for α = 1, where the field begins 
at a high value and shows no increase of the field in between. 

Although the simulations of the time-dependent remanent magnetic field during 
swelling is in reasonable agreement with experimental data, the simulations for the field 
of a shrinking ferrogel show poor resemblance with the experimental data. Neverthe-
less, the fact that the time-dependent fields during swelling are strongly different from 
those during shrinking is reproduced. 

It might have been argued that the state in which the ferrogel is magnetized could 
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be of influence and that the swelling-induced alignment could be even absent when 
magnetizing the ferrogel in the swollen state. However, this is not the case. Figure 12b 
shows the results of a ferrogel equilibrated in a buffer with pH 6, so that the ferrogel was 
fully swollen when magnetized. This series of consecutive swelling and shrinking cycles 
shows similar behavior as in Figure 12a, although there are some differences. The initial 
increase of the swelling curve is somewhat higher, approximately 15%, versus 12.5% for 
a ferrogel magnetized in the shrunken state. In addition, the subsequent decrease of the 
field is also smaller for a swollen magnetized ferrogel, approximately 3.4%, than for a 
shrunken magnetized ferrogel. Also, the increase for a shrinking curve of a ferrogel mag-
netized in the shrunken state reaches the level of its initial field, whereas there is only a 
minor increase of the field in the case of a ferrogel magnetized in the swollen state. Final-
ly, the remanent magnetic field of the swollen magnetized ferrogel disk in the shrunken 
state is ~3 A/m lower than that of the shrunken magnetized ferrogel disk. This effect can 
be fully ascribed to the dilution of the hydrogel dispersion of magnetic nanoparticles. 

5.5 General discussion
Figure 13 shows that the time scale and the extent of the swelling-induced align-

ment is not yet correct for simulations of the magnetic field as a function of time during 
swelling and shrinking. For these simulations, an average diffusion coefficient is used, 
which is different for the swelling and the shrinking process. As already stated, highly 
charged gels slow down the diffusion of ions compared to the diffusion of ions through a 
non-charged network. [17] Figure 14 shows the pH profile during swelling and shrinking 
of the ferrogel, based on simulations shown in Figure 11a and 11c. The pH profile during 
swelling shows a gradual change of pH: at first the pH increases slightly throughout the 
whole ferrogel and as swelling continues, the pH increases towards to bottom of the fer-
rogel and the ferrogel expands accordingly. Shrinking of a ferrogel shows a distinctively 
different pH profile; from the moment the ferrogel is exposed to a buffer with a lower pH, 
H+ ions diffuse into the gel, bind to the deprotonated acid groups and the ferrogel shrinks 
locally. As H+ ions diffuse further into the hydrogel and quickly bind to the deprotonated 
groups, a small region is formed with a very high H+ gradient. 

Due to the large deviation of the remanent magnetic field simulations compared to 
the experiments, we suspect that the pH profile of ferrogel swelling depicted in Figure 
14 is not in good agreement with the experimental results. This can be explained by the 
strong dependency of the diffusion coefficient on the charged state of the ferrogel. As 
soon as the acid groups dissociate, the polymer network becomes charged and diffusion 
is slowed down. However, shortly after the ferrogel is exposed to a buffer with higher 
pH, the pH inside the ferrogel slightly increases as well as the thickness (see Figure 8), 
but this does not lead to dissociation of the acid groups yet. In that case, diffusion of H+ 
ions is not yet slowed down, even though this is assumed in the current simulations. If a 
pH dependent diffusion coefficient would be incorporated in the simulation, we suspect 
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Figure 14. Calculations of pH profiles in the ferrogels during (a) swelling and (b) 
shrinking. Both processes show very different profiles: the pH changes gradually 
from low to high value for swelling of a ferrogel, whereas the shrinking of a ferrogel 
is shows a small area of constant thickness with a high H+ gradient moving towards 
the substrate until the ferrogel is fully shrunken.
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that areas with slightly higher pH than pH 3 are faster established and this could strongly 
influence the initial swelling induced alignment. 

5.6 Conclusion
The experiments have shown that swelling and shrinking of our ferrogels is revers-

ible and reproducible. Theory was presented to calculate the thickness of a thin ferrogel 
layer as a function of pH and time and the simulations are in fairly good agreement 
with experimental data. In addition, we have measured magnetic field changes during 
swelling-shrinking cycles, again showing reversibility and reproducibility. However, more 
processes than just diffusion-limited swelling are observed in the experimental data. We 
argue that swelling-induced alignment of anisotropic dipolar structures causes an initial 
increase of the remanent magnetic field shortly after the swelling process has started. A 
similar additional alignment is observed for the shrinking process, although to a lesser 
extent. The theory used to predict the thickness as a function of pH and time has been 
extended to predict magnetic field changes during swelling and shrinking, and it predicts 
the magnetic field changes for swelling in a qualitative way; however, this is not the case 
for shrinking of a ferrogel. 

In order to predict the magnetic field changes better, a pH-dependent diffusion 
coefficient should be introduced in the simulations. This should describe the pH profile 
throughout the thin ferrogel layer in a more accurate way and should have an influence 
on the initial magnetic field changes that are not well described in the current simula-
tions.

Finally, we have tested the feasibility of ferrogels for sensor applications. Unfortu-
nately, our results do not clearly confirm that the approach is suitable. The magnetic field 
Hin inside the ferrogel is of considerable magnitude, but outside the gel, even at close dis-
tance, the maximum remanent field that could be measured is less than Hin/2.  In our ex-
periments, the remanent magnetic field that was measured was merely on the order of 
the earth magnetic field. In addition, the pH and time dependent magnetic field changes 
have proven to be not straightforward and very small. To improve the magnitude of the 
measured magnetic field, we have provided guidelines for an optimal measurement ge-
ometry in Chapter 4, and the nanoparticle concentration could be further increased. 
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Summary
This thesis explores the feasibility of ferrogels for biosensor applications. In partic-

ular, magnetic hydrogels are developed in order to magnetically detect changes in pH.
Chapter 1 discusses the basic principles of magnetism and how these principles 

apply to nanoparticles. Several examples of preparation methods of magnetic nanopar-
ticles and hydrogels are given, and the combination of these two materials and main 
interest of this thesis, a ferrogel, is shortly reviewed. 

The preparation of ferrogels used throughout this thesis is discussed in Chapter 2. 
Different types of magnetic nanoparticles are incorporated and bound to the polymer 
network, so that they also function as a crosslinker. Fixation of the nanoparticles to the 
polymer network is confirmed by frequency-dependent AC magnetic susceptibility mea-
surements, and the difference between magnetic relaxation of superparamagnetic and 
thermally blocked nanoparticles is discussed.

In Chapter 3, a demagnetization method for composite microparticles is described. 
To measure the remanent magnetization before and after demagnetization, rotational 
diffusion of the microparticles is investigated using AC magnetic susceptibility measure-
ments. Demagnetization of the composite microparticles leads to randomization of the 
orientation of the nanoparticle dipoles, and a macroscopic sample appears fully demag-
netized. However, on the single microparticle scale, the sum of the randomized nanopar-
ticle dipoles is not negligible, leading to a nonzero magnetization after demagnetization 
for microscopic samples. 

To predict the magnetic field of a ferrogel disk, theory is presented in Chapter 4. 
The magnetic field dependence on ferrogel content and geometry is calculated and 
confirmed by experiments: the measured magnetic field increases as a function of 
nanoparticle concentration and increases for thicker ferrogels. However, the ratio of 
radius to thickness of the ferrogel should be taken into acount, as this becomes more 
important at small distances between the ferrogel and the sensor. For optimal results, 
recommendations for the measurement geometry are given. 

Finally, the ferrogels are tested for magnetic field changes due to change in pH of the 
surroundings in Chapter 5. Thin ferrogel layers are swollen and shrunken to equilibrium 
in three consecutive cycles showing reversibility and reproducibility. Theory to calculate 
the ferrogel thickness as a function of time and pH is presented, and simulations are in 
good agreement with experimental data for ferrogel swelling. On the other hand, for 
shrinking of a ferrogel, more processes appear to be involved than only simple diffusion. 
Swelling and shrinking experiments for magnetic field measurements show interesting 
results: it had been expected that for dilution of the nanoparticles as a result of swelling, 
the magnetic field would decrease, whereas for a shrinking ferrogel, the magnetic field 
would increase, as the nanoparticle concentration increases again. However, swelling 
of a ferrogel initially results in an overall increase of the magnetic field with a maximum 
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at 30% swelling, and a shrinking ferrogel mainly shows decrease of the magnetic field. 
These observations are discussed on the basis of a swelling-induced enhancement effect, 
where the orientation of nanoparticle dipole structures changes during stretching of the 
polymer network as a result of swelling and causes an increasing magnetic field. 

In conclusion, the current ferrogel is sensitive to pH, but interpretation of changes 
of the magnetic field in terms of pH changes of the surroundings is not straightforward. 
Moreover, the measured magnetic signals are very weak, on the order of the earth’s 
magnetic field. The results in Chapters 4 and 5 provide indications how application of the 
ferrogel sensor concept might further be optimized. 



Nederlandse Samenvatting

Velen hebben mij gedurende vier jaar gevraagd om in simpele taal uit te leggen 
waar mijn onderzoek over ging. Vaak ging het de eerste paar zinnen nog goed, maar 
raakte men de weg kwijt wanneer ik doorging. In deze samenvatting hoop ik toch duideli-
jker te maken waar ik nu de afgelopen vier jaar aan heb gewerkt. 

De onderzoeksgroep: Fysische en Colloïdchemie
De onderzoeksgroep waarin ik heb gewerkt houdt zich bezig met fysische chemie 

en colloïden. Fysische chemie betekent dat we scheikundige verschijnselen bekijken met 
de blik van een natuurkundige. Colloïden zijn deeltjes die tussen de 1 en 1000 nanome-
ter groot zijn, oftewel 50.000 tot 50 keer kleiner dan de doorsnede van een haar. Omdat  
colloïden zo klein zijn, kunnen ze qua gedrag vergeleken worden met moleculen, maar 
toch zijn ze veel groter en daarom veel gemakkelijker om op het niveau van individuele 
deeltjes bestudeerd te worden. In onze groep wordt veel gekeken naar hoe de deeltjes 
zich gedragen: wat is de wisselwerking tussen de colloïden? Hoe gedragen ze zich wan-
neer we ze laten uitzakken in een vloeistof of wanneer ze drijven aan het oppervlak van 
een vloeistof? Samenvattend worden de fysische eigenschappen van de colloïdale syste-
men onderzocht. Om te kunnen werken met dit soort deeltjes, moeten ze wel beschik-
baar zijn: ofwel door ze te kopen, dan wel door ze zelf te maken. Op ons lab hebben we 
veel expertise in huis in de chemie van colloïden: we zijn in staat om colloïdale systemen 
te maken van verschillende materialen, maar ook van verschillende grootte en vorm. 
Zelf heb ik magnetische bolletjes gemaakt van 0,00001 mm groot gemaakt om er een 
ferrogel sensor van te maken.

Colloïden
Colloïden in een vloeistof of gas vormen zogenaamde colloïdale systemen en komen 

overal voor in het dagelijks leven: rook, een aerosol van roetdeeltjes in lucht, slagroom, 
een schuim van luchtbellen in vette room, en melk, een emulsie van vetdruppels in 
water. In de industrie worden colloïden ook veel gebruikt om producten langer stabiel te 
houden, zodat de mayonaise langer op de plank kan staan zonder een olielaag te vormen, 
of om een extra functie aan het product te geven, zoals extra glanzend haar door gebruik 
van shampoo. Het combineren van bestaande materialen met colloïden kan leiden tot 
materialen met nieuwe eigenschappen en biedt kansen voor nieuwe producten. 

Ferrogel als sensor
Dit onderzoek maakt ook gebruik van een combinatie van een bestaand materiaal 

en een colloïdaal systeem; een hydrogel met daarin magnetische colloïden, ook wel 
ferrogel. Een hydrogel is een gelachtig materiaal dat de eigenschap heeft om grote 
hoeveelheden water op te kunnen nemen zonder zijn oorspronkelijke vorm te verliezen. 
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Hydrogels worden tegenwoordig veel gebruikt in luiers en zachte lenzen. Door het 
materiaal aan te passen, kan het gevoelig worden voor bijvoorbeeld veranderingen 
in de zuurtegraad,  ook wel pH, voor temperatuurswisselingen of zelfs voor specifieke 
moleculen zoals insuline. Dit onderzoek is gebaseerd op werk dat Michel van Bruggen 
en Hans van Zon in 2010 hebben gepubliceerd waarin een ferrogel wordt voorgesteld 
als nieuw type biosensor. Voor de uitgifte van medicijnen bijvoorbeeld, kan het nuttig 
zijn om de pH van het weefsel te kunnen volgen, zodat de uitgifte van medicijnen bij een 
juiste pH zou gebeuren. Om dit te kunnen doen zou er een erg kleine sensor ontworpen 
moeten worden die zeer gevoelig is voor kleine pH veranderingen in het weefsel, en dit 
ook snel zou moeten detecteren. Ik heb onderzocht of ik een ferrogel kan ontwikkelen 
die  geschikt is voor een dergelijke toepassing. 

Het detecteren van pH veranderingen gebeurt op de volgende manier: de mag-
netische colloïden worden in een hydrogel geïncorporeerd die pH gevoelig is. Wanneer 
de pH rondom de ferrogel stijgt, reageert deze hierop door te zwellen en water op te 
nemen van de omgeving: het volume van de ferrogel komt dus overeen met een bep-
aalde pH waarde. De ferrogel is echter van een bijzonder materiaal, waardoor ferrogel 
zijn vorm behoudt en wanneer de pH weer lager wordt, de ferrogel weer krimpt naar 
zijn oorspronkelijke volume en vorm. De magnetische colloïden in de gel creëren een 
magnetisch veld in één bepaalde richting wanneer deze gemagnetiseerd zijn door een 
kleine handmagneet die verwijderd kan worden. De grootte van het magnetisch veld dat 
gecreëerd wordt door de magnetische colloïden hangt af van de concentratie van de col-
loïden: wanneer het volume waarin de colloïden zich bevinden groter wordt, maar het 
aantal colloïden gelijk blijft, wordt het systeem verdund en wordt de concentratie lager 
en vice versa, zie figuur 1. De verwachting is dat wanneer we een bepaalde concentratie 
colloïden gebruiken in een gel met juiste afmetingen, het magnetisch veld gelijk staat aan 
een bepaald volume van de gel en dit weer gelijk staat aan een bijbehorende pH waarde 
van de omgeving. De pH veranderingen worden met dit systeem dus indirect gemeten 
door middel van het veranderende magnetisch veld.

Dit proefschrift
Het gehele onderzoek had één duidelijke vraag: is een ferrogel, die blijvend 

gemagnetiseerd is, zogenaamd remanent, geschikt om te dienen als pH sensor? Om 
daar te komen, hebben we eerst gekeken naar welke magnetische colloïden het meest 
geschikt zouden zijn voor een dergelijke sensor. Kleine magnetische colloïden hebben 
een magnetisch moment dat binnen het colloïde kan draaien, ook wel Néel relaxatie 
genaamd. Bij grotere magnetische colloïden gebeurt dit op een veel langere tijdschaal 
en zal de richting van het magnetisch moment veranderen omdat het colloïde zelf draait, 
dit heet Brownse relaxatie. In Hoofdstuk 2 hebben we deze eigenschap gebruikt om te 
kijken of de colloïden vast zitten in de ferrogel, of dat het nog mogelijk is voor de deeltjes 
om te draaien. Om de colloïden te binden aan de ferrogel, hebben we gebruik gemaakt 
van kleine moleculen, die ook deel uitmaken van de hydrogelstructuur, door ze aan het 
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oppervlak van de colloïden binden en op deze manier de colloïden chemisch binden aan 
de ferrogel. 

In Hoofdstuk 3 is er gekeken naar een systeem dat bestaat uit grote silica bollen met 
daarop kleine magnetische colloïden. Doordat er vele kleine magnetische colloïden op 
de bollen zitten, is iedere grote bol gemagnetiseerd. In dit hoofdstuk is er gekeken naar 
de mogelijkheid om de bol als geheel te magnetiseren en demagnetiseren. Zo hebben we 
iets geleerd over de wijze waarop een verzameling van magnetische colloïden blijvend 
gemagnetiseerd kan zijn maar niet volledig gedemagnetiseerd kan worden.  

In Hoofdstuk 4 is een theorie ontwikkeld voor hoe het magnetisch veld dat gemeten 

Figuur 1. Een schematische voorstelling van de beoogde werking van de ferrogel 
als pH sensor. Links: een ferrogel met de magnetische colloïden in één richting 
gemagnetiseerd bij lage pH. Wanneer de pH stijgt, zal het magnetisch veld kleiner 
worden naarmate de ferrogel dikker wordt omdat de magnetisch colloïden verder 
uit elkaar zijn. Rechts: een ferrogel bij hoge pH, waarbij de concentratie van mag-
netische colloïden lager is dan links: wanneer de pH daalt, zal het magnetisch veld 
weer toenemen. 
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wordt, afhangt van de dimensies, zoals dikte en straal, van de ferrogel  en de afstand 
van de ferrogel tot het apparaat dat het veld meet. Ook is dit op experimentele wijze 
getest. Tot slot wordt in Hoofdstuk 5 onderzocht hoe het magnetisch veld verandert 
wanneer de dikte van de gel verandert als gevolg van pH veranderingen. De vertaling van 
de ferrogel dikte blijkt niet eenvoudig te zijn, aangezien de colloïden niet alleen verdund 
worden bij het zwellen, maar ook de richting van het colloïde, en dus het magnetisch 
moment, verandert wanneer de ferrogel zwelt. Het zwellen en krimpen van de ferrogel 
door pH veranderingen zijn ook gesimuleerd, maar het simuleren van veranderingen van 
het magnetisch veld blijkt erg lastig te zijn. 
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