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ABSTRAKT

Tato bakalarska prace je zamérena na vicejaderné magnetické castice, jejich fyzikalni a chemické
vlastnosti, syntézu a aplikace, zvlasté na lécbu nadorovych onemocnéni pomoci magnetické
hypertermie. Nedavno bylo ukazano, Ze vicejaderné magnetické castice mohou byt efektivnéjsi nez
jednotlivé nanocastice z hlediska generovani tepla pod vlivem externiho stfidavého magnetického
pole, a takto zvysit 1éCebny efekt hypertermie. Nicméné, mechanismus generovani tepla v takovych
materidlech neni jesté zcela jasny. Experimentalni cast této prace se pravé proto zameéruje na
stanoveni souvislosti mezi magneto-strukturalnimi vlastnostmi vicejadernych magnetickych ¢astic a

jejich chovanim pod vlivem externiho stfidavého magnetického pole.

Klicova slova: oxid Zeleza, vicejaderné cCastice, magneticka interakce, magneticky koloid, mérna

ztratova energie, nanomagnetismus, hypertermie

ABSTRACT

This bachelor's thesis is devoted to multicore magnetic particles, their physical and chemical
properties, synthesis and applications with a special focus on magnetic hyperthermia tumor
treatment. Recently it was demonstrated that multicore magnetic particles could be superior over
single nanoparticles in heat generation under exposure to an external alternating magnetic field, and
thus could enhance the therapeutic effect of hyperthermia. However, the mechanism of heat
generation in such materials is not clear yet. The experimental part of the current thesis focuses on
the establishment of the correlation between magneto-structural properties of the multicore

magnetic particles and their performance under exposure to an external alternating magnetic field.

Keywords: iron oxide, multicore particles, magnetic interaction, magnetic colloid, specific loss

power, nanomagnetism, hyperthermia.
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INTRODUCTION

The aggregates of magnetic nanoparticles (NPs), the so-called magnetic multicore particles (MCPs)
are promising materials for application in medicine, as targeted drug delivery agents, magnetic
resonance imaging (MRI) contrast agents, or magnetic hyperthermia mediators. The choice of
materials for investigation was made with respect to the possibility of biomedical applications,
therefore as the structural material of the primary NPs, magnetic iron oxides were used. Aside from
being biocompatible, they show high magnetic performance and chemical stability. Citric acid and
AlO3 were used as modification agents due to their biocompatibility and good affinity to iron

oxide. Water was chosen as a carrier liquid.

Theoretical part of the thesis provides a brief introduction to magnetism with special focus on
magnetism at nanoscale. After that, magnetic iron oxides, being the main investigated objects in the
thesis, are characterized from both physical and chemical point of view. Differences of magnetic
iron oxide NPs from the bulk magnetite or maghemite are discussed. Their dispersion stability is
also described and the options for stability enhancement are given. Synthesis procedures and
methods of characterization are briefly introduced and possible applications are given with special
focus on magnetic hyperthermia. The theoretical part is followed by the establishment of the aim of

the work.

The goal of the current thesis is to establish the correlation between magneto-structural parameters
of MCPs and magnetization dynamics in an alternating magnetic field (AMF). The properties of
MCPs depend on the morphology of cores (i.e. primary NPs), type of magnetic interaction between
them, on the size of MCPs and interaction between them, etc. In order to study the influence of
cores morphology, samples of three different morphologies were prepared. Influence of MCPs size
is studied via preparing dispersions of MCPs of different hydrodynamic size. Surface modified
MCPs are made so as to enhance dispersion stability and to study the influence of magnetic

interparticle interaction on their behavior in AMF.

Experimental part includes description of synthesis procedure of iron oxide primary NPs with three
different morphologies, followed by creating stable dispersions of MCPs on the base of these
primary NPs. The surface modification of MCPs leading to the increase of the long-term stability of
the dispersions is described as well. The measurements to characterize magnetostatic and structural
properties are specified in this part. Results of the measurements are given and discussed with

respect to findings of previous studies made on this issue.
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I. THEORETICAL PART
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1 MAGNETISM

The theoretical part of the current bachelor's thesis will begin with the basic laws and phenomena of

magnetism, that will be followed by the specific phenomena that occur at the nanoscale.

1.1 Basis of magnetism

To describe a magnetic field, following characteristics are used. Vector of magnetic field (H) is

defined with respect to existence of electromagnetic field, and for a loop with a current it is:

I

H=—2q1
2r( ))

where I is the current and r is the radius of the loop. It is closely related to the vector of magnetic
induction, so these two characteristics are often used to define each other. For magnetic induction

the relation is:
B=u,H+J (2),
where pip is a constant called vacuum permeability and J is the vector of magnetic polarization.
Magnetic polarization vector is defined as:
T=u,M (3).

In this relation M states for the vector of magnetization. Magnetization vector has its roots in the

fact that a magnet contains many seperate magnetic moments, and the definition relation is:

N VP,
ir=tim 2 P )

v>0 \%

b

i.e. sum of magnetic moments per volume unit.

Magnetic field vector can be defined using magnetic induction in this way:

As the basic characteristics of magnetic field are vectors, it is reasonable to expect the behavior of

an object in a magnetic field to be strongly dependent on the direction of the field [1,2].

When speaking about magnetic field, electric field cannot be overlooked. The relation between
these two phenomena is so close, that in many cases they are not distinguished at all and one speaks
about electomagnetism. The relation is defined by Maxwell equations:

—0B

XE=—2=
v ot

(6),
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V-D=p(7),
- - 0D
VXH_]+W(8),

V-B=0(9),

where E is the electric field vector, t is time, p is free electric charge density, j is conducting electric

current density, D is electric displacement vector and is defined by relative permeability of the

material (£) and permeability of vacuum (&) as:
D=e¢,E (10),

A charged particle moving in a magnetic field could be described by the Lorentz force law,

according to which the particle is affected by a force of:
f=qVxB (11),

where q is the charge of the particle, v is the vector of velocity and B is the vector of magnetic

induction [1].

The energy of a magnetic material is given by magnetic exchange energy, domain wall energy and
anisotropy energy. Magnetic exchange energy is described as the strength of coupling between ionic
magnetic moments and is strongly temperature dependent [3]. The other energy participations will

be discussed deeper in the next sections.

1.1.1 Magnetic ordering

Depending on the cooperation between atomic magnetic moments, we distinguish two types of

magnetism: noncooperative and cooperative [4].

1.1.1.1 Noncooperative magnetism

Noncooperative magnetism can be further divided into paramagnetism and diamagnetism.
Paramagnetism occurs in such materials, where identical, uncoupled atomic magnetic moments are
located in isotropic surroundings. This allows the magnetic moments to partially align in an external
magnetic field, though they lack long-range ordering. Diamagnetism, on the other hand, arises from
the effect of an external magnetic field on an atomic inner electrons motion. Substances which are
classified as diamagnetic have all the electrons coupled. Their shells are either full, or the valence
electrons are coupled in molecular orbitals. Therefore the magnetization of such substance is
negative. This phenomenon occurs in all substances, but is very weak, so it can be masked

completely by presence of large paramagnetism [2,4].
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1.1.1.2 Cooperative magnetism

Cooperative magnetism is actualized via exchange interactions between magnetic moments, either
direct or indirect. Direct exchange occurs when moments are close enough to have overlap of their
wave functions. Indirect exchange can appear between moments coupled over relatively large
distances. If the indirect exchange is moderated by a nonmagnetic ion, it is called super exchange.
This case is typical for magnetic iron oxides. These exchange mechanisms can result in two major
arrangements: parallel alignment of magnetic moments, or antiparallel alignment. Substances with
parallel alignment are called ferromagnetic. Substances with antiparallel alignment can be either
ferrimagnetic, if the magnetic moments do not compensate, or antiferromagnetic, if the magnetic
moments compensate. These states last until so-called Curie temperatures, where the thermal energy

overcomes the exchange energy [4].

1.1.2 Magnetization hysteresis

To magnetize a ferromagnetic material, a work is required to be done by the applied magnetic field.
The work is equal to the area enclosed by initial magnetization curve and ordinary axis. This energy
is partially dissipated inside the material in the form of heat and partially stored. The magnetization
cannot grow infinitely, but it reaches a maximum, called saturation magnetization, when all the
magnetic moments within the crystal are aligned (Fig. 1). While demagnetizing, the magnetization
does not follow the same curve, but creates a closed hysteresis loop. According to the area of this
loop we divide magnetic materials into hard and soft magnets. Hard magnets have wide hysteresis
loop. Therefore, they also have high remanence, high coercivity and large hysteresis losses. On the
other hand, soft magnets have narrow hysteresis loop, which affects their behavior as follows: high

permeability, low coercive force and small hysteresis losses [1].
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Fig.1: Initial magnetization curve and hysteresis loop, adapted from [5]; Ms stands for
magnetization saturation, M. magnetization remanence, Hc coercivity.

1.1.3 Magnetic anisotropy

As stated earlier, magnetization and other magnetic field characteristics depend strongly on the field
direction. That means there is a preferred direction of the magnetization, and it is along the so-
called easy axis. But this axis differs throughout the crystal and bulk material. In combination with
demagnetizing forces at the grain borders, this leads to decrease of overall magnetization compared

to saturation magnetization [2].

There are several types of anisotropy in magnetic materials. The overall free energy is determined
by their combination. Three of them will be briefly introduced. Most of the others are highly
dependent on the chemical structure of the material and therefore are not within the scope of the

thesis.

1.1.3.1 Magnetocrystalline anisotropy

Magnetocrystalline anisotropy arises from the direction of magnetization within the crystal lattice.
It can be quantified by energy necessary to flip the magnetization vector from easy axis to hard axis.
It is explained by interaction of magnetic polarization moments, but this contribution is neglected
unless there are no other causes of magnetocrystalline anisotropy. Greater contribution is given by
crystalline electric field, exchange and spin-order interaction affected by 3d or 4f electrons.

Magnetocrystalline anisotropy is grain size and shape independent [2,6].
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1.1.3.2 Shape anisotropy

Magnetic moments of the atoms give arise to a so-called demagnetizing field within the grain or
crystal. This field vector is generally non-uniform, even if the magnetic moments are aligned. It
depends mostly on the shape of the crystal and consequently leads to shape anisotropy. For grains or
particles with no shape anisotropy (spherical) it depends solely on the saturation magnetization, but
when shape anisotropy occurs, the demagnetization becomes highly oriented and can partially
determine the easy axis of the grain. The shape anisotropy energy can also be understood as the
difference between the energies of the longest and shortest dimension of the grain. This type of
magnetic anisotropy is negligable for bulk materials, where magnetocrystalline anisotropy is
dominant. Shape anisotropy rises with decline of the size and growth of the saturation

magnetization [2,6].

1.1.3.3 Magnetostriction

While magnetic material undergoes magnetization, it changes its dimensions. This affects the
balance of forces within the crystal, like crystalline electric field interactions or pseudo-magnetic
moments interactions, which leads to changes in magnetization. This phenomena is called
magnetostriction. Introducing suffient stress along one axis can have the same effect. Therefore the

magnetostriction is sometimes reffered to as stress anisotropy [2,6].

1.2 Macroscopic magnetism

The fact that a ferro- or ferrimagnet is not magnetized to saturation all the time is being explained
by the domain theory. The basic principles of the domain structure and some of its conclusions will

be discussed in this section.

In an infinite long magnet, the atomic magnetic moments would have aligned parallel to the long
axis, creating two poles. Likewise in a finite sized magnet the magnetic moments align along the
easy axis and create surface free poles. This leads to rise of magnetostatic energy and cosequently
increase of exchange energy, magnetocrystalline energy or magnetoelastic energy. In other words, a

demagnetizing field arises [1].

In order to minimize the energy of the system, the magnetic moments align parallel or antiparallel
to each other. The most advantageous arrangement appears to be the domain structure. A domain is
an area within the magnet with parallel alignment of magnetic moments. The domains are oriented
in a way that creates a closed loop of magnetic flux. The direction of the moments changes at the

domain walls, which are energetically richer than the inside of a domain. There are two possibilities
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for the domain wall. Either the direction changes gradually, or abruptly. In the first case, exchange
energy is minimized due to small angles between the moment vectors. On the other hand,
anisotropy energy is high due to deviations from the easy axis direction. In second case it is the
opposite way. It is clear that energy is stored inside the domain walls and in order to create parallel
alignment throughout the whole structure, i.e. reach saturation magnetization, it must be overcame

[1,5,7].

1.3 Nanoscale magnetism

If a static magnetic field exists in finite space, another potential energy, the Zeeman energy, must be
taken into account. It is equal to work required for a magnetic moment to be brought from infinity
to a place of magnetic potential p; within the magnetic field. It is also the energetic change of the

system after such action [6].

For any given magnetic material, there is a grain size below which it no longer contains domain
walls, therefore all the magnetic moments are aligned. This phenomenon is called the single-domain
(SD) state. In contrast to multi-domain (MD) systems, the energy required to rotate the
magnetization in SD particle is much higher than for changing the magnetization via transition of
domain walls. The SD-MD transition size varies depending on magnetization saturation and grain

shape. With decrease of magnetization saturation, the transition size increases [2].

According to Stoner-Wohlfarth model, total energy of a single domain NP is given by both

anisotropy energy and Zeeman energy [3]. It leads to equation:
E,=KVsin’®—HV M,cos(0—¢) (12),

where, K is the uniaxial magnetic anisotropy, H is the applied field, V is the NP volume, M; is the
saturation magnetization, 6 is the angle between the easy axis and the NP magnetization, and ¢ is

the angle between the easy axis and the applied magnetic field [3].

1.3.1 Superparamagnetism

SD particles can reach another turning point, when their remanence and coercivity declines to zero
(Fig. 2). This state resembles the paramagnetic state, but has different relaxation times. That is why
it is called the superparamagnetic (SPM) state. This phenomenon is caused by thermal energy
prevailing the anisotropy energy, which allows the magnetization to rotate freely, thus
demagnetizing the particle. The relaxation time for SPM particles is derived as follows:

-K,V

u

1 e
T': fOW (13),
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where 7 is the relaxation time, fo is the frequency factor, K, is the anisotropy constant, V is the
particle volume, k is the Boltzmann constant and T is the thermodynamic temperature. As evident,
the SPM behavior is dependent on particle volume and temperature. For any given magnetic
material there is a critical size (Dsp) at which superparamagnetism appears. With respect to the
speed of change in magnetic field (let it be labeled ¢) it is possible to define blocking temperature or
blocking volume, at which 7 >> t. This results in magnetization transitioning from unstable state to a
stable one. Experiments have shown that the same effect can be reached by high-frequency AMF,
therefore a blocking frequency can be defined as well. Above this frequency the so-called dynamic
hysteresis arises and the energy is eliminated into heat, which is used in magnetic hyperthermia that

will be discussed later [2,3,8].

Fig.2: Magnetization curves of SD (red line) and SPM (green line) NPs, source [8].



TBU in Zlin, Faculty of Technology 20

2 MAGNETIC IRON OXIDES

This thesis aims on magnetic iron oxides, namely magnetite and maghemite, and their possible
applications in medicine. In this section, structure and basic physical and chemical properties of

bulk magnetite and maghemite will be discussed.

2.1 Physical properties

At first it is necessary to introduce the crystalography of iron oxides in order to better understand

their magnetic behavior.

2.1.1 Crystal structure

Magnetite (Fe30O4) has a unique structure among iron oxides due to consisting of both Fe!' and Fe!
ions. Its unit cell is face-centered cubic with an edge lenght of a = 0,839 nm. The presence of both
divalent and trivalent iron ions causes the layers to be compound of either octahedral or mixed
tetrahedral and octahedral structure units. As these layers stack, they form inverse spinel structure.
In case when the octahedral sites are ordered, the spinel is undefected. Stoichiometric magnetite has
the molar ratio of Fe!YFe' = 0,5. In non-stoichiometric magnetite, an Fe?" cation deficient

sublattice emerges [9].

Maghemite (y-Fe;O3) is very similar to magnetite in terms of structure, but all or most iron ions are
in trivalent state. Instead of Fe!' ions vacancies occur. The unit cell of maghemite is cubic with an
edge lenght of a = 0,834 nm. Synthetic maghemite often displays so-called vacancy ordering
structure. This happens due to the preparation methods being based on oxidizing of magnetite. As
the vacancies cannot order in cubic cell unit due to their fractional number, the unit cell changes

from cubic to tetragonal [9].

2.1.2 Magnetic properties

In bulk magnetite or maghemite, the magnetic interaction happens mostly via electrostatic exchange
interaction. It causes the material to display ferrimagnetic behaviour. The magnetization is so strong
that magnetite was for long considered to be a ferromagnet, until Néel explained the interaction
mechanism. The exchange mechanism is in particular the so-called super exchange, mediated by
O? or OH ions. In magnetite, delocalized electron system can occur due to co-presence of Fe2* and

Fe3* ions [2,9].

At the atomic level, magnetic behaviour of magnetite and maghemite arises mainly from

polarization of s electrons by 3d electrons present in the outer shell. Less significant part of the
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magnetization is provided by polarization of s electrons by surrounding cations and also by spin

dipole of 3d electrons own to the atom [9].

If maghemite keeps the vacancy ordering (see above), and therefore the inverse spinel structure,
vacancies naturally appear in magnetic structure as well. Although this vacancies are in octahedral

sites, the magnetic moment is still greater than on the tetrahedral sites due to the excess of Fe3* ions

[7].

2.2 Chemical properties

Iron oxides consist of iron and oxygen atoms in various ratios. Iron is found in two oxidational
states - as Fe" and Fe''. Its best known oxides are FeO, a-Fe20s, y-Fe,O3 and Fe;O,. Fe" is less
stable than Fe', therefore FeO, y-Fe2Os and Fe;O, transform themselves into one another either
spontaneously, or under specific conditions, such as elevated temperature. Transformation into a-

Fe,03 is more difficult due to different crystal structure [10].

As mentioned above, typical feature of magnetite is the co-existence of Fe?* and Fe®" ions inside the
crystal structure. Fe?* ions are unstable and undergo oxidation to Fe3" easily. This process can be

slowed down by decreasing temperature, or stopped by eliminating oxygen from the environ [9].

2.2.1 Oxidation of magnetite

When left in an air atmosphere, magnetite oxidizes into maghemite rather rapidly. This process is
accompanied by morphological changes within the crystal structure, and therefore changes of
certain physical properties as well. Oxidation occurs also in water, alkaline and acidic media. The
hydrothermal oxidation is reported to be slower than the air oxidation, but the main principal that

will be explained in the next paragraph, remains the same [9].

At first, several Fe?" ions oxidize and the Fe?*/ Fe3* ratio decreases. Then Fe® ions migrate via
diffusion towards the surface leaving vacancies and creating a layer of maghemite. As the oxidation
proceeds, the density of material decreases. In completely oxidized magnetite, i.e. maghemite, the
cubic unit cell edge lengh is smaller (see above). That means the morphology of crystals changes

throughout the oxidation process [9].

As the transformation occurs via diffusion, it is clear that the process is much more rapid in small
crystals than in large crystals due to different path lengths. It has also been found that in natural
crystals the oxidation proceeds more slowly and sometimes does not terminate at all. This is being
explained by the absence of OH in natural magnetite, which is therefore considered to serve as a

prerequisite for the transformation [9].



TBU in Zlin, Faculty of Technology 22

3 MAGNETIC IRON OXIDE NANOPARTICLES

Phenomenological behavior of NPs depends on many aspects, such as particle size, shape, or the
environs of the particle. Aside from this, some of the interface effects will be discussed in this

section.

3.1 Physical properties

Basic physical properties are strongly size-dependent at nanoscale. For ultrasmall NPs quantum
behavior arises and fades away when di<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>