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Abstract
The use of a variable frequency AC-magnetometry system to measure the change of
the hydrodynamic radius of a magnetic particle and so detect biomolecules in solution
has been theoretically investigated. The same system has been tested with magnetic
fluids intended for use in hyperthermia research. It is shown to be effective in
predicting the relative heating ability of magnetic fluids. This can be used in
hyperthermia research as an alternative measure of the heating ability of magnetic
fluids. To find magnetic particles with the required characteristics for use in the
magnetic AC-susceptibility based biosensor, the magnetic and structural properties of
a range of magnetic particles were investigated.
The magnetic and structural characteristics of cobalt nanoparticles in polysiloxane
based carrier fluids have been studied. The differences between the magnetic
properties of silica-coated and non-silica-coated cobalt particles are discussed. The
fluids were shown to contain mostly unblocked particles w h e n in the fluid state and
there is evidence for multiple magnetic forms of cobalt in the dispersions. The nonsilica-coated cobalt particles oxidise over time while the silica-coated cobalt particles
are m u c h more stable against oxidation. Small angle neutron scattering is used to
determine the clustering properties of the particles in the fluid. Clusters of 2-3
particles m a y exist in the fluid state and the magnetisation measurements are
interpreted with regard to the interparticle interference effects between particles in the
cluster. The size of clusters in the silica-coated cobalt dispersions increases with
applied magnetic field but this effect is not observed in the non-silica-coated cobalt.
Aggregation of the particles into clusters is most likely caused by induced magnetic
interactions between the particles. Large numbers of clusters of particles were
observed by T E M after the fluids had been held in a magnetic field gradient. The
structure of the fluids over time does not change and this implies a good colloidal
stability of the particles with no aggregation effects observed.
A survey of the magnetic properties of commercially available microspheres is
presented. T w o the the microsphere samples studied here are not completely
superparamagnetic

at

room

temperature.

The

other

microspheres

are

superparamagnetic or ferromagnetic as described by their manufacturers. The reasons

for the deviation of the magnetic properties of the microspheres from the
manufacturers specifications and the implications for the use of the microspheres is
discussed.
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Chapter 1

Magnetic Fluids
Magnetic fluids, also known as ferrofluids, are colloidal suspensions of magnetic
particles in a carrier fluid. They have found increasing use in biotechnological
applications because of their magnetic properties. Their ability to m o v e in a magnetic
field gradient and their magnetic m o m e n t can be exploited in biological and medical
fields. Their use has become standard in techniques such as magnetic separation,
targetting and biosensing technologies. Medical researchers are currently studying
magnetic particle induced hyperthermia and the use of magnetic fluids as contrast
agents in magnetic resonance imaging.

1.1 Colloidal stability of magnetic fluids
1.1.1 Aggregation effects
Colloidal dispersions are suspensions of nanoscale particles in a carrier fluid (Hunter
1989). The particle size is generally less than a micron in order for the colloidal
particles to remain in suspension. A s with non-magnetic colloidal particles, magnetic
colloids must be stabilised against aggregation. The aggregation can occur in two
ways: firstly, sedimentation which occurs w h e n the particles sediment in an applied
field and secondly, agglomeration in which occurs w h e n the particles aggregate into
larger clusters and m a y eventually lead to sedimentation of the particles (Fertman
1990).
In the case of magnetic colloids, the sedimental stability of the dispersion is lessened
both by the effect of gravity and the magnetic interactions between the particles.
Stable magnetic colloids must be stable not only against gravitational settling but also
magnetic field gradient induced settling and agglomeration of the particles through
dipole-dipole interaction of the particles (Rosenweig 1997). Thermal Brownian
motion of the nanoparticles in suspension counteracts the gravitational settling of
nanoparticles and for magnetic particle dispersions the effect of gravity on the
stability of the dispersion is insignificant (Rosenweig 1997). In an applied magnetic
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field gradient the nanoparticles in the fluid will m o v e into the regions of high field
gradient. The magnetic field gradient can cause sedimentation of the particles in
regions of high field gradient unless the thermal Brownian energy of the particles is
larger than the magnetic field energy.
In a uniform applied magnetic field the magnetic m o m e n t s of the nanoparticles will
align with the field to some extent. There will be magnetic interactions between the
particles which are equivalent to that of point dipoles. T h e magnetic interactions
between the particles increases as the distance between the particles decreases and as
the magnetisation of the particles increases. Interparticle interactions can lead to
particles agglomerating and cause sedimentation as the cluster size of the particles
increases to a point where they are no longer gravitationally stable.
Aggregation of the particles also occurs w h e n the interparticle distance is small and
attractive van der Waal forces act. The production of instantaneous electric dipoles in
the particles results in an attractive force between them. T h e force rapidly decreases
with increasing distance between the particles. It is only relevant w h e n the
interparticle separation is very low such as w h e n the particles m o v e into regions of
high magnetic field gradients.
R a n d o m thermal motion acts against either of the magnetic aggregation methods but
long term stability is achieved only for particles on the scale of tens of nanometres or
less. The stability of the magnetic fluids is greatly improved by increasing the
interparticle distance. This can be achieved through electrostatic shielding of the
particles or by sterically hindering the close approach of the particles (Napper 1982).

1.1.2 Methods to increase stability
Stable dispersions are obtained w h e n the repulsive forces outweigh the attractive
forces between the particles in suspension. There are three methods for stabilisation
of the particles in magnetic fluids: electrostatic repulsion, polymer depletion
stabilisation and polymer adsorption to the particle surface (Figure 1.1).
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Figure 1.1
Methods of stabilisation of colloidal particles:
(a) electrostatic (b) depletion stabilisation (c) polymer stabilisation

Electrostatic repulsion occurs w h e n the particles in suspension carry a surface charge.
This induces an opposing charge concentration in the fluid surrounding each particle
(Lyklema 1982) and as two charged layers are created it is k n o w n as the electric
double layer effect. These areas of charge repel each other and so prevent aggregation
of the particles in the suspension. Surfaces can b e c o m e charged through adsorption of
ions from solution or through dissociation of surface groups. Substitution of cations in
the crystal structure of some minerals results in the entire particle becoming charged
(Lyklema 1982). Although electrostatic repulsion is often discussed in terms of
surface charge, the particle m a y carry a bulk charge with the same stabilising effect.
Polymeric stabilisation can occur through two mechanisms: depletion stabilisation
and steric stabilisation. Depletion stabilisation occurs w h e n free polymer chains in
solution penetrate the interparticle space (Napper 1982). It occurs w h e n the carrier
fluid is a good solvent for the polymer stabiliser and so creating a region of pure
solvent between the particles is energetically unfavourable. It is therefore
thermodnamically more stable for the particles to remain in suspension than to
decrease their separation to less than the size of the polymer chain.
M o r e commonly, polymeric stabilisation occurs w h e n a polymer adsorbs or
chemically binds to the surface of the particles. T h e polymer chain is chosen to be
compatible with the carrier fluid so that there will be no phase separation of the
polymer chains and the carrier liquid as this will result in particle aggregation. Each
polymer chain extends into the carrier fluid and steric hindrance between chains
prevents aggregation of the particles. In particular it prevents aggregation of the
particles by ensuring the thermal energy of the particles is greater than the combined
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magnetic and van der Waals energies by increasing the distance between the particles.
For magnetite nanoparticles the effect of a stabilising surface layer on the m a x i m u m
stable particle size is seen in Figure 1.2. The net energy barrier is shown as a dashed
line on this plot. A thicker layer of surfactant results in greater steric repulsion
between the particles and results in an energy barrier which must be overcome for the
particles to aggregate.

U
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Figure 1.2 Energy of interaction for a dispersion of monodisperse
magnetite particles with a l O n m diameter. 8 is the surfactant
thickness. The net energy barrier is shown by the dashed line on the
plot (Fertman 1990). O n the X-axis label, S is the distance between
the particle surfaces and r is the radius of the particles.

The steric hindrance can be overcome by desorption of the polymer chains from the
particle surface or by movement of the polymer chains over the particle surface
(Hunter 1989). These two mechanisms of relieving the steric hindrance can be
decreased if the particle is completely coated with a copolymer which has an anchor
block to bind to the particle and a chain segment which is soluble in the carrier fluid.
If polymer desorption or movement is limited, the steric repulsion can be removed
only by increasing the interparticle distance. The loss of possible conformations of the
chains when the interparticle spacing decreases is the thermodynamic driving force
for increased interparticle distance (Overbeek 1982). This effect prevents aggregation
of the particles if the polymer chains extend over distances greater than that of the van
der Waals attraction between particles.
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1.2 Production methods for magnetic fluids
The production of a colloidally stable magnetic fluid w a s reported by Papell in 1965.
The magnetic fluid w a s created by grinding of micron sized magnetite particles in
kerosene and oleic acid over a period of several weeks. This process creates stable
dispersions with an average particle size of 1 3 5 n m but is time consuming and
produces magnetic particles with large size polydispersity.
Magnetite nanoparticles dispersed in water were produced by Massart (1981). The
magnetite particles are electrostatically stabilised in either acidic or alkaline solution
by treating the freshly formed magnetite with an appropriate acid or base. Magnetite
nanoparticles produced by Massart's method do not form stable suspensions at
physiological p H as there is insufficient surface charge on the particles in these
conditions (Rosenweig 1997). This technique has been extended by coating the
magnetic fluid with molecules such as dimercaptosuccinic acid (Fauconnier, Pons et
al. 1997) as well as other ligands such as gluconic and tartaric acid (Fauconnier, Bee
et al. 1999). Dimercaptosuccinic acid in particular is used as the thiol groups in this
molecule can bind to target biomolecules. Cobalt ferrite nanoparticles can also form
charge-stabilised magnetic fluid but again their use is limited by the p H conditions
needed for stabilisation (Morais, Garg et al. 2001). The toxicity of ionically stabilised
manganese ferrite nanoparticles is not significantly reduced if they are coated with
tartaric anions (Lacava, Azevedo et al. 1999).
Magnetic nanoparticles which are sterically stabilised by a coating material added
during the formation of the particles are more c o m m o n in biomedical applications.
Formation of magnetic nanoparticles in a coating m e d i u m has been used to form
cobalt and magnetite based magnetic fluids. Coprecipitation of magnetite with a
coating polymer has been used to form biocompatible magnetic fluids in a one-step
process (Molday & MacKenzie 1982). This technique has been developed with a
variety of polymers and coating molecules such as dextran and polyvinyl alcohol used
to stabilise the magnetite particles (Pardoe, Chua-anusorn et al. 2001). The
mechanism of polymer stabilisation is unclear but is probably a combination of
polymer adsorption leading to steric stabilisation and depletion stabilisation.
Sonication of magnetite with polymer is an alternative method of producing
magnetite based magnetic fluids (Shafi, U l m a n et al. 2001). In these cases the
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particles are produced by ultrasonic decomposition of an iron carbonyl in organic
solution containing the particle surfactants.
Formation of polymer micelles in solvent occurs spontaneously above the critical
micellular concentration for that polymer (Ben-Shaul & Gelbart 1994). T h e polymer
usually is produced from three or more blocks where the central block is less soluble
in the solvent than the tail blocks. Micelles formed in this w a y are used as
microreactors for the formation of metallic nanoparticles. Magnetic nanoparticles of
cobalt have been prepared in this w a y in toluene carrier fluid (Rutnakornpituk,
Thompson et al. 2002).
Magnetic iron oxide and ferrite nanoparticles have been produced using reverse
micelles which have an aqueous core in an organic surfactant (O'Connor,
Kolesnichenko et al. 2001; Liu, Z o u et al. 2000; Pelini, Feltin et al. 1997). These
produce superparamagnetic iron or ferrite nanoparticles but the colloidal stability of
the particles is unclear as it is not discussed by the researchers. The formation of
microemulsions of water in organic solvent such as toluene is a similar production
method which also results in colloidally stable magnetic fluids based on iron oxide
nanoparticles (Dresco, Zaitsev et al. 1999).
Magnetoliposomes are iron oxide nanoparticles encapsulated in phospholipid bilayer
membranes (Sangregorio, W i e m a n n et al. 1999). These are stable aqueous
suspensions and the lipid coating ensures the nanoparticles are biocompatible and the
coating is easily functionalised for further use. Similarly, bilayer surfactants are used
to stabilise the magnetic core in magnetic fluids (Shen, Laibinis et al. 1999).
Cobalt-based magnetic fluids differ from magnetite-based fluids as the nanoparticles
are usually formed in an organic m e d i u m such as toluene instead of an aqueous
medium. For this reason they have been utilised less in medical applications of
magnetic fluids. Further studies have produced cobalt nanoparticles in biocompatible
fluids which have the same potential uses as iron oxide based fluids (Stevenson,
Rutnakornpituk et al. 2001).
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1.3 U s e s of m a g n e t i c fluids a n d nanoparticles.
1.3.1 Magnetic separation techniques
Magnetic separation techniques are used to increase the concentration of a target
analyte in a fluid by coating the nanoparticles with reagent which specifically binds to
the analyte. Their use in medical and biological fields has become standard in such
technologies as magnetic enzyme linked immunosorbent assay (Kala, Bajaj et al.
1997; Yazdankhah, Hellemann et al. 1998). In this procedure, the mobility of the
magnetic nanoparticles allows a shorter reaction time than in standard immunoassays
where the antibody is bound to a plate. Magnetic tagging and separations have also
been used as pre-processing technology for polymerase chain reactions (Seesod,
Nopparat et al. 1997).

material tagged with
magnetic particles

unwanted material

0i

•0
starting mixture

magnetic — ~©r

_ _ J

N

field

j2<^2

fluid flow
permanent magnet

remove
supernatant

0

3

remove
magnetic field
and release
tagged material

Figure 1.3 Schematic of the magnetic separation technique using
(A) separation by aggregation of the tagged particles and removal of
the supernatant or (B) by flow through a column in an applied
magnetic field
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Magnetic separation techniques have been used experimentally to separate target cells
from their surrounding fluid. This has been used for the enhanced detection of
malarial parasites in blood samples by utilising the magnetic properties of the parasite
(Paul, Melville et al. 1981) or through an immunospecific magnetic fluid (Seesod,
Nopparat et al. 1997). Increasing the concentration of the malarial parasite by
magnetic separation of the parasite from whole blood results in a greater sensitivity of
further testing. Selection of rare tumor cells from blood by targetting of the cells by
magnetic particles with immuno-specific coatings has shown the sensitivity of the
magnetic separation method to low numbers of target cells (Liberti, R a o et al. 2001).
The use of magnetic particles coated with immunospecific agents for binding to red
blood cells has been successful (Molday & MacKenzie 1982; Tibbe, de Grooth et al.
1999). Tibbe et. al. (1999) use the principle of magnetic separation to localise labelled
cells at k n o w n locations for cell detection and counting using optical scanning
procedures. Advantages of using immunomagnetic fluids include the small particle
size which is less likely to interfere with further tests on the cell (Hancock

&

Kemshead 1993). B y choosing the coating of the nanoparticles to target particular
sites on the cell wall, these sites can be labelled for further study by electron
microscopy techniques (Molday and MacKenzie 1982). Magnetic separation is not a
stand-alone detection system but increases the concentration of the target cell or
molecule and allows further processing of the material.

1.3.2 Biomedical applications
Experimental clinical applications of magnetic fluids include hyperthermia treatment
and drug targeting. Magnetic hyperthermia of cancer cells has been suggested as a
possible method of cell destruction through the absorption of excess heat by the cells.
Both ferromagnetic and superparamagnetic particles can be used to produce heat
w h e n an A C magnetic field is applied to them (Hiergeist, Andra et al. 1999). The heat
production is through the movement of domain walls in multidomain particles,
through rotation of the nanoparticles in single-domain magnets or through the rotation
of the magnetic m o m e n t within the nanoparticles in single domain particles (Hergt,
Andra et al. 1998). Colloidally stable magnetic fluids usually comprise of single
domain particles so the last two heating methods are the most relevant. The heat
production needs to be carefully controlled to prevent the destruction of non-
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cancerous cells. The use of magnetic particles to control the site and rate of heating
has been found to be effective in animal models (Mitsumori, Hiraoka et al. 1994;
Sincai, Ganga et al. 2001; Jones, Winter et al. 2002). The ability of magnetic fluid
hyperthermia to inactivate h u m a n tumor cells in vitro has also been proved (Jordan,
Wust et al. 1996; Jordan, Scholz et al. 1999).
The dissipation of energy in the form of heat by magnetic nanoparticles has been
extended to cause magnetocytolysis of cells (Roger, Pons et al. 1999). After cells were
incubated with a ferrofluid, the application of a 1 M H z oscillating magnetic field was
found to cause cell death. The usual mechanism of cell death through hyperthermia
from heat generated by the particles in the magnetic field is unlikely here as the
magnetic particles are at such a low concentration that no increase in temperature was
measured. It is likely that the magnetic nanoparticles link to the cell membrane and
cause localised heating of the membrane which causes the membrane to rupture so
destroying the cell (Bacri, D a Silva et al. 1997).
Drug targetting by magnetic particles has also been studied (Liibbe & Bergemann
1997). This method of delivering drugs to target sites uses the motion of the magnetic
particles under the influence of a magnetic field gradient to direct a drug attached to
the nanoparticles in the fluid to the required site (Runge & Rusetski 1993). Magnetic
drug targetting m a y allow delivery of greater amounts of a drug to diseased sites
within the body without exposing the entire body to the dose. The use of magnetic
nanoparticles to carry anticancer drugs to tumor sites has been studied in animal
models (Alexiou, Arnold et al. 2001; Mykhaylyk, Cherchenko et al. 2001). The
stabilising coating of the magnetic particles often acts as the site for adsorption of the
drug (Liibbe, Bergemann et al. 1996). The magnetic particles need to be designed to
be colloidally and chemically stable under physiological conditions.
The rate of dissolution of drugs in vitro has been monitored using magnetic methods
(Weitschies, Hartmann et al. 2001). Here magnetic nanoparticles are compressed with
the drug into tablets. The tablets are held on a stirrer which passes over a
magnetometer on each rotation. In this way the magnetic flux of the drug-containing
pellet is measured and the change in magnetic flux as the pellet dissolves is measured.
This technique is extended to measure the movement of the magnetic pellet through
the gastrointestinal tract (Weitschies, Wedemeyer et al. 1994) and to detect the point
of its dissolution in the tract.
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Edelmann et al. have used a polymer matrix containing magnetic spheres and
impregnated with bovine serum albumin to demonstrate the controlled release of
drugs on application of an oscillating magnetic field (Edelman, Kost et al. 1985;
Edelman, Fiorino et al. 1992). This form of drug targetting removes the need for
colloidal stability in a magnetic fluid but does not provide the simple targetting
mechanism of magnetic field gradients with which magnetic fluids can be used.
Dextran coated iron oxide particles in aqueous solution are available as contrast
agents for magnetic resonance imaging. These are biocompatible and excreted via the
liver after the treatment. B y altering the magnetic relaxation times of hydrogen nuclei
in the vicinity of the iron oxide particles the use of magnetic fluids results in
improved contrast on the M R I image (Clement, Siauve et al. 1998). The iron oxide
particles are selectively taken by macrophages in the body and the image contrast
relies on the differential uptake of healthy and tumorous tissue (Lawaczeck, Bauer et
al. 1997). Larger particles collect in the liver spleen and lymph nodes while smaller
particles can enter the blood stream and collect in macrophage cells throughout the
body (Ruehm, Corot et al. 2001). Magnetic iron oxides encapsulated in dendriomers
have been used as a magnetic resonance imaging contrast agent (Bulte, Douglas et al.
2001). These are incorporated into the intracellular space and can be used to track
stem cell movements in vivo using M R I .

1.3.3 Other biological applications
Other uses of magnetic fluids include measurement of the mechanical characteristics
of the cell wall by exerting a force through magnetic field gradient induced movement
of magnetic nanoparticles attached to the cell wall (Wang, Butler et al. 1993; Fabry,
M a k s y m et al. 1999). This method is known as magnetic twisting cytometry and has
been used to study transduction of force through the cell wall and its effects on the
cell cytoplasm (Bierbaum & Notbahm 1997). It is also used to probe more general
features of the physical properties of the cell cytoplasm such as the transitions
between glassy states (Fabry, Maksy et al. 2001).

1.4 Biosensors
Biosensors combine a physical sensing mechanism with a biochemical detection
system to recognise a particular biomolecule in a sample (Collings & Caruso 1997)
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The physical sensing mechanism transduces the stimulus of the binding of the target
molecule to the sensing system to a detectable output. The recognition system used is
based on antibody-antigen binding in m a n y biosensors. The transduction system used
to detect this binding is the main point of difference between different biosensors.

0

w.

^

J

w
output

transducer
recognition
system
Figure 1.4
Biosensor schematic. The recognition system is
designed to bind specifically to the target molecule and to cause
some recognisable change in the system. The transducer converts
this change into a usable output.
target
molecule

1.4.1

N o n - m a g n e t i c based biosensors

Optical techniques are a m o n g the most c o m m o n biosensing technologies. These can
use indirect sensing techniques such the light, produced through chemical
(chemiluminescence) or biological (bioluminescence) reactions to detect the products
of reaction of a target analyte with a recognition material such as an enzyme.
The change in the refractive index of a surface w h e n it is coated with the target
material is used as the basis for m a n y optical biosensors. The refractive index change
is monitored as attenuation of the reflected light b e a m in surface plasmon resonance
and internal reflection spectroscopy systems. Although these two methods of
detection use different physical transduction mechanisms they both effectively detect
changes in refractive index of a sample fluid close to the surface of a substrate
(Morgan, N e w m a n et al. 1996).
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Figure 1.5 Schematic of m a n y optical techniques. Light is directed
through a prism and the presence of binding to the upper surface is
detected by a change in refractive index at that surface. Surface
plasmon resonance is a similar technique except that the upper
surface of the crystal is coated with a thin layer of metal (Sutherland
and Dahne 1989).

The change in phase of a beam of light passing through one branch of an
interferometer when a biomolecule binds to the surface of the interferometer can be
measured (Brynda, Houska et al. 2002). Ellipsometry measurements use polarised
light to study monolayer and multilayer films (Brecht & Gauglitz 1995). This method
allows detection of binding as well as measurement of the coating thickness (Morgan,
N e w m a n et al. 1996). Other optical transduction mechanisms include fibre-optic
waveguides and grating couplers.
The binding of a biomolecule to the functionalised surface of a piezoelectric crystal
can be detected. The change in the mass of the crystal on binding changes the
resonant frequency of the crystal. Typical frequency shifts are of a few hundred Hertz
and are stable within approximately an hour after addition of the target analyte
(Chang, Yang et al. 1997).
Similar technology has been used in surface acoustic wave ( S A W ) measurement
where the frequency of the acoustic wave travelling through the crystal is altered by
the mass of material bound to the surface. The difference between these two mass
change transduction techniques is the frequency of operation with S A W measurement
frequencies being in the order of 100 M H z while quartz crystal microbalances
generally operate in a frequency range an order of magnitude less than this (Welsch,
Klein et al. 1996).
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Figure 1.6 Surface acoustic wave measurement technique (a) no
binding so the free antigen has no effect on the wave frequency (b)
binding causes wave frequency to increase (Morgan, N e w m a n et al.
1996).

Electrochemical biosensors have been used to detect the presence of biomolecules
such as prostate cancer marker (Sarkar, Pal et al. 2002), ethanol (Tkac, Vostiar et al.
2002) and, most notably, glucose (Clark & Lyons 1962). Potentiometric techniques
measure the potential difference between the detection or working electrode and a
reference electrode (Harsanyi 2000). In biosensing technologies, the binding of a
biomolecule to a membrane or substrate results in a separation of charge between the
membrane

and

the

surrounding

sample

fluid

which

may

be

detected

potentiometrically. The measurement of potassium concentration by selective reaction
of the ion with valincomycin adsorbed onto a membrane is an example of this type of
measurement (Eggins 1996). Here, valincomycin selectively reacts with the
potassium ions in the membrane. The charged products are not bound in the
membrane and the resulting charge separation between the membrane and the sample
is measured as a potential across the membrane.
Alternatively, amperometric techniques detect the current produced when a specific
ion undergoes changes at an electrode. These ions are created by the reaction of a
sensor molecule with the target molecule (Yang, Atanasov et al. 1998). Tests for
morphine have been developed which monitor the oxidation of a morphine compound
when in the presence of an antibody for morphine (Green 1989). Probably the best
k n o w n amperometric biosensor is the Clark type glucose electrode. In its simplest
form this uses the reaction of glucose and oxygen in the presence of the enzyme
glucose oxidase. The current generated by the reduction of oxygen at the electrode is
measured to determine the concentration of glucose (Albery & Craston 1989).
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1.4.2 Magnetic fluid based biosensors
Biosensors have been developed which utilise magnetic fluids in both the recognition
system and transduction mechanism of the biosensor. The change in magnetic
properties of a magnetic fluid when a target molecule is present is the transduction
mechanism of these biosensors. The recognition system is usually attached directly to
the magnetic nanoparticles (Wilhelm, Gazequ et al. 2002) or to the stabilising coating
on the nanoparticles (Kriz, Radevik et al. 1996; Kotitz, Matz et al. 1997).
The use of magnetic nanoparticles as labels in magnetic immunoassays has been
studied previously by Kotitz and fellow workers (Kotitz, Matz et al. 1997). These
immunoassays use measurement of the magnetic remanence of a sample to determine
the amount of antibody-coated magnetic particles adhering to an antigen coated tube.
The remanence measurements utilise the transition from rotation of the entire particle
to align the magnetic m o m e n t with the applied field w h e n the particle is free to m o v e
in solution to rotation of only the magnetic m o m e n t w h e n the particle is fixed in one
location (Figure 1.7). The same workers also measure the aggregation of coated
nanoparticles when in the presence of a binding agent (Kotitz, Weitschies et al. 1999).
The induced aggregation increases the relaxation time of the magnetic m o m e n t of the
nanoparticles. Both of these techniques rely on the use of a SQUID-based magnetic
sensor in a magnetically shielded room.

Figure 1.7 The change in the mechanism of rotation of magnetic
moments can be used to detect biomolecule presence, (a) without
the target molecule present the magnetic nanoparticles are free to
rotate and no remanent magnetisation is measured (b) binding to a
fixed substrate containing the target molecule or (c) aggregation
caused by a cross-linking molecule prevents the rotation of the
particles and a remanent magnetisation is measured.

The effect of magnetic nanoparticles on the relaxation time of water molecules
measured by nuclear magnetic resonance has been used as a biosensor (Perez,
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Josephson et al. 2002). In this system the dextran based coating of iron oxide
nanoparticles is coupled to analyte specific molecules. The presence of the target
molecule causes crosslinking between particle coatings and aggregation of the
particles. This results in a reduction of the relaxation time of the surrounding water
molecules measurable either by a benchtop N M R system or a M R I system.
Magnetic impedance techniques are currently commercially available. The change in
impedance of a coil of wire w h e n the magnetic permeability of its core is changed was
used to measure the binding of magnetic nanoparticles to a gel containing a target
analyte (Kriz, Radevik et al. 1996). This technique relies on the target analyte binding
to the coating of the magnetic nanoparticle and to the gel substrate in a sandwich
assay (Kriz, Gehrke et al. 1998).
Magneto-optical techniques have been used to measure the hydrodynamic radius of
the colloidal particles in magnetic fluids (Davies & Llewellyn 1979; Bacri, Perzynski
et al. 1987). The magneto-optical technique can be extended to measure the change in
hydrodynamic radius on binding of a molecule to the coating of the nanoparticles in a
ferrofluid. The change in the rate of decay in the magnetisation with increasing radius
is detected by measuring the change in the optical birefringence of the magnetic fluid
as the particles rotate from a fully aligned state to a random distribution of alignments
w h e n an applied magnetic field is removed. This method has been successful in
detecting the binding of immunoglobulin G to magnetite particles coated with bovine
serum albumin or dimercaptosuccinic acid (Wilhelm, Gazequ et al. 2002).
Magnetic biosensors which use magnetic microbeads with diameters of 1 urn instead
of magnetic nanoparticles have been developed (Edelstein, Tamanaha et al. 2000).
Here the microbead surface is functionalised to attach to target D N A which in turn is
fixed to a substrate. The microbeads are detected using a giant magnetoresistance
sensor. Microbeads can also be used to apply forces to antigen-antibody bonds by
pulling on one of the bonded materials. The force is measurable with piezoresistive
cantilevers and can be used to detect or characterise the binding (Baselt, Lee et al.
1997).
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1.5 M a g n e t i c m e a s u r e m e n t techniques
1.5.1

Single d o m a i n particles

Large ferromagnetic particles consist of multiple, interacting magnetic domains. In
each domain the atoms have a uniform alignment of magnetic spins and the domains
in each particle align to reduce the overall magnetisation of the particle. Between each
domain is a domain wall in which the spins gradually rotate to match the spin in the
adjoining domain. The energy needed to support these non-aligned spins is greater
than that saved by having multiple domains w h e n the size of the magnetic particles is
of the order of tens of nanometres or less. These particles are single domain particles
and the local magnetisation is the same throughout the particle.
Within one of these particles there will be magnetic anisotropy arising from, for
example, crystal structure. Only particles with uniaxial anisotropy will be considered
here. In this case, there is an axis along which the magnetic m o m e n t tends to lie (the
easy axis of magnetisation). The m o m e n t will align in either direction along this axis
and to change direction requires an energy of KV

where K is the anisotropy constant

of the material and Fis the volume of the particle.

1.5.2 Superparamagnetism
The thermal energy of a particle can be enough to change the direction of the m o m e n t
if the temperature is high enough. A n assembly of particles will have zero
magnetisation in zero field if the thermal energy is great enough to reverse the
direction of the m o m e n t for a sufficient number of the particles. If this reversal
process occurs on a timescale which is shorter than the time of measurement of the
magnetisation then the assembly of particles is termed superparamagnetic (Bean &
Livingston 1959).
Assemblies of nanoscale, single domain particles are often superparamagnetic
(Williams, O'Grady et al. 1993). The magnetic properties of superparamagnetic
materials resemble those of paramagnetic materials but with m u c h greater moment.
They have zero remanent magnetisation and are magnetically saturated at relatively
low fields. The m o m e n t of a superparamagnetic particle will attempt to align with an
applied magnetic field by one of two methods, Neel or Brownian rotation.
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1.5.3 Neel rotation
In zero field, the m o m e n t can rotate if the thermal energy is high enough to excite the
m o m e n t over the magnetic anisotropy energy barrier. These particles are k n o w n as
unblocked as their m o m e n t is free to rotate relative to the crystal axis of the particle.
Particles whose magnetic moments are fixed relative to the crystal axes of the
particles are referred to as magnetically blocked particles. Rotation of the m o m e n t of
a stationary particle is k n o w n as Neel rotation. The relaxation time for Neel rotation is
KV
kT

^=x,e
1
v - '"0*

(EQ1.1)
-9,

where T 0 is the attempt frequency which has a theoretical value of 10" s and an
experimental value of 10 -9 - 10 _12 s (Aharoni 1992; Kilcoyne & Cywinski 1995). The
symbols are as defined previously. A s the exponential term in this expression is
dependent on the volume of the particle, the transition from unblocked to blocked can
occur by increasing the size of the particle by a small amount.

1.5.4 Brownian rotation
While Neel rotation applies to particles in fluid or solid matrices, Brownian rotation is
only a possibility w h e n the particles are suspended in a fluid. This involves the bulk
rotation of the particle within the fluid due to Brownian motion (Shliomis 1974).
The Brownian rotational diffusion time is given by:
3

T0 = ^

(EQ1-2)

where rH is the hydrodynamic radius of the particle, 77 is the dynamic viscosity of the
fluid, k is Boltzmann's constant, and T is the absolute temperature. Generally
speaking, there is a critical volume above which the particle is blocked and the
Brownian relaxation mechanism becomes dominant. For an magnetite particle at
room temperature this corresponds to a typical critical particle diameter of
approximately 25 nm.
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1.5.5 T e m p e r a t u r e dependent magnetisation.
Particle size information
Temperature dependent magnetisations can provide information about the size of the
magnetic core of a particle (Hansen & M 0 r u p 1999). After cooling in zero field, the
directions of the magnetic moments of the particles will be randomly distributed. A s
the temperature of the sample is increased in a small magnetic field each m o m e n t will
align with the field when the thermal energy is enough to overcome the crystalline
anisotropy (i.e. at its blocking temperature). A s this occurs the measured total m o m e n t
of the sample will increase. The measured m o m e n t peaks at a characteristic blocking
temperature for the ensemble of particles. The decrease in magnetisation above the
temperature of the peak is due to thermal fluctuations decreasing the number of
particles aligned with the field (Respaud, Broto et al. 1998).
After cooling in a saturating magnetic field the moments of all particles are aligned
with the field. W h e n this field is removed the moments of some of the particles
remained aligned to its direction to some extent. A s the temperature is increased in a
small applied field the moments of the smallest particles begin to rotate away from the
field direction and so decrease the moment. W h e n the blocking temperature of the
largest particles is reached all the moments of the particles are thermally fluctuating.
The zero field cooled curves and the field cooled curves superimpose at temperatures
greater than the highest blocking temperature in the ensemble of particles. This
temperature is known as the bifurcation temperature of the zero-field cooled and
field-cooled curves.
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Figure 1.8 Example of temperature dependent magnetisations in a
small field after cooling in zero field (A) and in a saturating field

(o).
Interparticle interactions
Interparticle interactions may affect the temperature dependent magnetisations. The
temperature dependent magnetisation of frozen dispersions of nanoparticles of
Fei.xCx have been studied. These nanoparticles show an increase in the characteristic
blocking temperature with increasing concentration which has been attributed to
interparticle interactions (Hansen, Johansson et al. 1995).
Further work comparing the behaviour of uncoated and coated iron oxide
nanoparticles in water has demonstrated that the coating may have an effect on the
interparticle interactions (Bui, Pankhurst et al. 1998). This is observed as a shift in the
peak of the zero-field cooled curve.
The temperature dependence of the magnetisations of suspensions of magnetite
particles (El-Hilo, O'Grady et al. 1992) has also been studied. Here a concentration
dependence of the temperature of the peak in the zero-field-cooled curve was also
observed. The increase in characteristic blocking temperature with increasing
concentration is considered to be a result of the increase in the energy barrier for
rotation of the magnetic moment. The size of the energy barrier increases when dipole
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interactions between the particles occur and so the m e a n blocking temperature
increases.

1.5.6 Field dependent magnetisation
Measurement of magnetisation in an applied field
Measurement of the magnetic m o m e n t of a sample in an applied field as the field is
swept from positive to negative values is often described as a magnetic hysteresis
loop. This measurement can distinguish between different forms of magnetic
behaviour and provides basic information on the magnetic structure of the sample.
The hysteresis loop of ferromagnetic material saturates at high fields and has
generally non-zero magnetisation in zero field. This is usually attributed to a multidomain structure in the magnetic material under study. A s the field is swept to high
values the size of the domains aligned with the field grows and so the measured
m o m e n t of the sample increases. The material becomes saturated w h e n all domains
are aligned with the field. After this point no further increase in the magnetisation is
possible. Sweeping back to zero, there is some remanent magnetisation at zero field
and as the field strength in the reverse direction is increased growth of domains
aligned with the reverse field direction increases the magnetic m o m e n t in that
direction.
Hysteretic behaviour of magnetic materials is also seen in single domain particles
w h e n the particles are blocked. Particles with a time constant of magnetisation which
is m u c h shorter that the measurement time will be unblocked or superparamagnetic.
A n ensemble of superparamagnetic particles shows no opening of the hysteresis loop
and so no remanence in zero field (Bean & Livingston 1959). This is because the time
for rotation into the field, or out of the field direction into a random state in the case of
zero applied field, is less than the measurement time. For an ensemble of
superparamagnetic particles a typical magnetisation curve is as in Figure 1.10 (b).
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Figure 1.9 Rotation of magnetisation in a single domain, uniaxial
particle. A s the field strength H is increased, the magnetic m o m e n t
coherently rotates into the field -direction until it is energetically
more favourable for the m o m e n t to overcome the anisotropy and
align with the field.

W h e n the time constant for magnetisation reversal is m u c h larger than the
measurement time the particles will display hysteretic magnetic behaviour. For
particles with uniaxial anisotropy oriented as in Figure 1.9, the magnetisation of the
particle will rotate into the field direction until the field strength is such that the
energy provided by the field is large enough to overcome the crystalline anisotropy
energy (Chikazumi 1978). At this field strength, the moment rotates to align with the
field direction. For an ensemble of single domain particles with uniaxial anisotropy
the theoretical magnetisation curve is as in Figure 1.10 (a).
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Figure 1.10 (a) The theoretical hysteresis curve of an ensemble of
single domain uniaxial particles assuming the long axis of the
particles are isotropically distributed (from Chikazumi 1978). In
this notation I is effectively the magnetic m o m e n t (b) Typical M v s
//measurement for a superparamagnetic material.
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Exchange coupling
Hysteresis loops of field-cooled samples can exhibit a shift in the centre of the loop,
usually to a negative field (Nogues & Schuller 1999). This occurs for nanoparticles
w h e n antiferromagnetic surface states on the particle are coupled to the core.
Application of a field will align the magnetic core of the particle to the field direction.
If the temperature is above the Neel temperature of the antiferromagnetic surface
states, the surface spins will antiferromagnetically align with the core. After cooling
to below the Neel temperature of the surface layer, the antiferromagnetic alignment of
the surface with the core spins is locked in place. A s the applied field is ramped to the
opposite direction the exchange coupling between the surface spins and the core
prevent the core spins aligning with the applied field (Berkowitz & Takano 1999).
Greater reverse field strengths must be reached before the core can align with the
field. This effectively shifts the centre of the hysteresis loop towards the reverse field
direction. The difference in the centre of the loop w h e n cooled in field instead of in
zero field is the bias field (Figure 1.11).
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Figure 1.11 Hysteresis loop after cooling from above the Neel
temperature of the antiferromagnetic surface layer while in a
saturating field (o), or in zero field (#). The field-cooled
measurement shows a clear shift of the centre of the hysteresis loop
to negative fields
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In thin films, the magnitude of the shift (the bias field) is dependent on the thickness
of the surface state and the strength of exchange coupling between the surface and
core (Stamps 2000).

1.5.7 Magnetic energy barrier distribution measurements
The change of magnetisation over time of a system held in a constant magnetic field
is k n o w n as the magnetic viscosity of the system. Magnetic energy barrier distribution
measurements are made by cooling the system in an applied field to a target
temperature then removing the field and measuring the remanent moment over a time
period of approximately 10000 seconds. The decay in magnetisation over time can be
explained by quantum magnetic tunnelling of the magnetisation through energy
barriers separating two stable states or by thermal activation of the magnetisation
overcoming the same energy barriers. The specific magnetisation, a, of a system over
time is often found to be described by (Street & Woolley 1949):
CT(0

= a0(0-Sln(f-O

(EQ 1.3)

where S is a constant k n o w n as the magnetic viscosity parameter, G0 and t' are
variables derived experimentally. This relationship can be explained if the system has
a broad distribution of energy barriers. If q(AE)dAE is the quantity of magnetic
m o m e n t per unit mass of a component in the system that has energy barriers between
E and E+dE, then it can be shown that (St. Pierre, Gorham et al. 2002):
CT(0

= o(t0) + q((AE))kT\n(t0-t*)-q((&E))kTln(t-t*)

(EQ 1.4)

where t0 is the start of the measurement time and t is a point in time between the sta
and end of ramping d o w n the field from the applied field strength to zero field.
Comparing this with Equation 1.1 gives:
S = q((&E))kT

(EQ1.5)

From the Neel theory of magnetisation reversal, the energy barrier above which
magnetisation is stable is associated with a particular measurement time by:

A£ = lnf^W = CkT (EQ 1.6)
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and rearranging Equations 1.5 and 1.6 gives (S/kT)d(CkT)=q(<AE>)d(E)
measuring S/kT effectively measures q(<AE>)

so that

at AE. In this w a y the energy barrier

distribution of the system can be found by measuring S over a range of temperatures.
The distribution measured will be weighted by the magnetic m o m e n t per unit mass
associated with the energy value. After field cooling to a target temperature, some
particle moments will be aligned with the applied field but will not have a low enough
activation energy to fluctuate out of the field on the timescale of the measurement.
These will add to the initial specific magnetisation to increase the viscosity but will
not affect the derived viscosity parameter S.
The experimental work in this thesis uses these measurement techniques to probe the
magnetic properties of dispersions of nanoparticles intended for medical or biological
applications. Magnetic

measurements

were

performed

using

a

magnetic

susceptometer incorporating a superconducting quantum interference device sensor
( M P M S - 7 , Quantum Design) with a m a x i m u m applied field of 70 kOe.
AC-susceptibility methods will also be used. The theory of AC-susceptibility
measurement

as applied to magnetic

fluids and

the development

of an

AC-susceptometer is discussed in Chapter 2. Electron microscopy and small-angle
scattering techniques will also be used. Small-angle neutron and X-ray scattering will
be discussed in Chapter 5.
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Proposed use of variable frequency
AC-susceptibility techniques for
biomolecule detection.
2.1 Introduction
Detection of biomolecule binding to the blocked magnetic particles in a fluid through
the measurement of the hydrodynamic radius by AC-susceptibility techniques is
investigated theoretically and the experimental method is outlined. The advantages
and limitations of this technique are assessed.
The theory of Brownian rotation shows that the relaxation time is proportional to the
hydrodynamic volume of the particle in suspension. The time-dependent magnetic
properties of aqueous media containing magnetic particles are altered w h e n
biomolecules such as proteins bind to the nanoscale particles in suspension. The cause
of the change in magnetic relaxation times is the larger hydrodynamic radius of the
biomolecule-magnetic particle composite compared with the magnetic particle alone.
Time sensitive magnetic measurement devices such as A C magnetic susceptometers
are able to measure a spectrum of relaxation times within a suspension of magnetic
particles thus enabling hydrodynamic particle sizes to be measured (Fannin, Scaife et
al. 1986; B u z m a k o v & Pshenichnikov 1996).

2.2 Complex magnetic susceptibility
The response of the magnetisation of a dilute suspension of spherical magnetic
particles to an alternating magnetic field can be modelled by the theory developed by
Debye to describe the dielectric dispersion in dipolar fluids (Debye 1929). The
magnetisation of the fluid lags behind the applied magnetic field owing to the finite
rate of change of magnetisation with time. In small applied fields, the magnetisation is
a linear function of the field and so the response of the magnetisation to an alternating
field can be described in terms of the complex magnetic susceptibility, % = %' + z'%".
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Here, •£ is the in-phase component of the magnetic susceptibility while #" is the
quadrature component.
Debye's theory leads to an expression for the frequency dependence of the complex
magnetic susceptibility of the fluid

X^ TT^'

(EQ2 !)

-

1 + ZC0T

where Xo is the magnetic susceptibility of the fluid in a D C field, oo is the driving
frequency and r is the characteristic relaxation time of the particles in the fluid.
This results in the following expressions fortfand %":
X'(a))

= —*°-_ ; r(C0) = J^!_ (EQ2.2)
l + (an)

1 + (COT)

Note thattfioS)decreases monotonically with increasing frequency, whereas %"{o$)
has a maximum at COT = 1.
2.2.1 Method for measurement of complex susceptibility
Measurement oftfiuS)and

^\(JS)

for a magnetic fluid can be achieved by measuring

the changes in the inductance and resistance of an induction coil when the fluid is
inserted into its field (Maiorov 1979). W h e n the magnetic fluid is inserted into the
coil, the inductance will change by an amount proportional to tf while the resistance
increases by an amount proportional to ^'(o.
These measurements can be made using the method described by Fannin et al (1986)
to measure tf and %" as functions of frequency (Fannin, Scaife et al. 1986). In this
measurement the values of tf andtf'are dimensionless. A toroidal inductor with a
narrow slit is wound with approximately 20 turns of wire. A n alternating current
through this wire produces an alternating magnetic field in the toroid and its slit. The
sample under investigation can be held in the slit by the surface tension of the fluid or
contained in a glass cell if the slit is large enough. The resistance and impedance of
the circuit are measured using a Hewlett Packard low frequency impedance analyser
(model 4192A equipped with 16047A test fixture). This instrument has a frequency
range from 5 H z to 13 M H z , with a resolution of 1 m H z for frequencies below 10kHz.
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Above this frequency range, the resolution decreases with frequency to a m i n i m u m
resolution of 1 H z above 1 M H z .
Measurements of the resistance and reactance of the coil-toroid system with empty
slit and with magnetic fluid in the slit are measured as a function of frequency
(Fannin, Scaife et al. 1988). The results of these measurements can be manipulated to
calculate the real and imaginary components of the susceptibility (see Appendix B for
details). A glass fluid cell made from 2 glass microscopy coverslips separated by a
narrow strip of plastic can be used to contain a fluid sample.
The toroid used in the work in this thesis is an iron ferrite powder core toroid coated
in plastic (Altronics, part number: L5120) and wound with 24 turns of copper wire
with a diameter of 0.49mm. A 2 m m slit was cut in the toroid with a diamond saw. The
dimensions are shown in Figure 2.1.
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Figure 2.1 Dimensions in m m of iron ferrite powder core toroid
used in AC-susceptibility measurement system.

The toroid is rated by the manufacturer as usable for frequencies up to 500kHz.
Above this frequency the measured resistance increases while the inductance
decreases as shown in Figure 2.2.
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Figure 2.2 Frequency dependence of the resistance and inductance
of the circuit incorporating the iron ferrite powder core toroid used
in the AC-susceptibility measurement system

2.2.2 Stability and reproducibility of measurement technique
The stability and reproducibility of the measurement technique were tested by
measuring the response of the circuit when a fragment of ferrite material was placed
in the slit of the toroid. The measurement was performed 9 times over a period of
several weeks. In this way, some measure of the error associated with the
measurement technique can be gained. The measured values oftfand x" are s e e n

m

Figure 2.3. From this series of measurements, the error of the measured value is
roughly 5 % of the value, increasing to approximately 1 0 % as the measured value
approaches the noise floor of the measurement technique. The location of the
frequency of the peak in the quadrature component has an error of approximately

10%.
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Figure 2.3 Reproducibility of measurements using the toroidal A C susceptibility technique. The dashed lines on the plots represent the
mean ± standard error of the mean. The m e a n is calculated from 9
repeat measurements of a fragment of solid ferrite material.

A n estimate of the noise floor associated with this technique was obtained by
measuring the resistance and reactance of the circuit containing the toroid with an
empty slit and performing the data analysis with the empty slit measurement. This
measurement was performed 6 times over several weeks and the results averaged.
From Figure 2.4 it can be seen that the measurement is more noisy at high
frequencies. The large range of noise values is represented by the large area enclosed
by the dashed lines on the plots. The lower limit for measurement is taken to be 0.003
at frequencies below 1 M H z and 0.02 at frequencies above 1 M H z for both #'and %".

29

Chapter 2 AC-susceptibility Techniques

0.01
0.015 1

X'

X'

0.005

0

0.005

1000

10^
10J
10°
frequency (Hz)

-0.005 i
1000

10'

i i mill

i i i mill

ml

I I I M l III

10 7

J

10"
10
10
frequency (Hz)

Figure 2.4 Noise limit of measurement of the toroidal A C susceptibility technique. The dashed lines on the plots represent the
mean ± standard error of the mean. The m e a n is calculated from 6
repeat measurements of the toroid core with an empty slit.

2.3 Proposed biosensor
The following technique is proposed as a method to determine the hydrodynamic
radius of magnetic particles in a fluid (Connolly & St. Pierre 2001). In order to use
this as a measurement of hydrodynamic radius, the particles must also be blocked on
the time scale of the measurement so that Brownian rotation is the only rotation
mechanism. To ensure that there is no magnetostatic aggregation of the particles in the
fluid, the particles also need to have a low magnetic moment.
B y measuring the frequency at which x'X®)

1S a

m a x i m u m , it is possible to gain

information on the hydrodynamic radius of blocked particles as %"((tii) is at a
m a x i m u m when

COT=1.

For magnetic particles with a Brownian rotation mechanism

this will occur when:

kT

f=

2
8TI

(EQ 2.3)

3

r\rH

The symbols in Equation 2.3 are defined as in Equation 1.2. A n y increase in the
hydrodynamic

radius of the particle, such

as the

binding

of biological

macromolecules to it, will cause a corresponding decrease in the frequency of the
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maximum of %"(us). The greater the increase in hydrodynamic radius, the greater will
be the frequency shift. It is this phenomenon that w e propose to exploit as the basis
for the detection of the binding of different sized biological molecules to magnetic
colloidal particles in suspension.
For a monodisperse distribution of particle sizestfand x" are given in Equations 2.2 .
In practice, magnetic fluids do not contain monodisperse magnetic particles but
particles having a distribution of particle radii (Chantrell, Popplewell et al. 1978).
The in-phase and quadrature susceptibilities then become:

%'(o)) = f

%0Pir)

2dr

(EQ2.4)
0

l + (ccor )

rooYnccor

p(r)
P

X"(co)= f ^
-\{dr
° l + (ccor)

(EQ2.5)

where p{r)dr is the probability of a particle having a radius between r and (r + dr) and
47IT1

c

~ *"r

Magnetic particles produced by coprecipitation in the presence of organic polymers
are found to have a Gaussian particle size distributions with small standard deviations
(Pardoe, Chua-anusorn et al. 2001). Although hydrodynamic radii can only be
measured empirically, it is reasonable to assume that these will also follow a normal
distribution as described by:
-(''-I'm)2

p{r) = - 4 = e
aV27t

^

(EQ 2.6)

where G is the standard deviation and rm the mean hydrodynamic radius of the
distribution.
2.4 Theoretical example of detection of biomolecule binding
A theoretical example of the change in the complex susceptibility of a magnetic
nanoparticle by binding of a biomolecule to the surface of a blocked magnetic
nanoparticle is given in this section. The frequency at which the maximum quadrature
susceptibility is calculated to occur for monodisperse particles in suspension is shown
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in Figure 2.5. This is calculated from Equation 2.3 assuming the carrier fluid of the
particles has a dynamic viscosity of water (1x10" N s m " ).
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Figure 2.5 Frequency of peak quadrature susceptibility %" for a
suspension of blocked magnetic particles as a function of particle
hydrodynamic radius calculated from Equation 2.3

For radii over 200 nm, a change in the hydrodynamic radius of 1 nm causes the
frequency peak to shift by approximately 0.1 Hz. For smaller radii, the same change in
hydrodynamic radius causes a larger frequency shift. These shifts are significantly
larger than the resolution limit of the experimental method described in Chapter 2
thus making the technique feasible.
A suspension of magnetic particles with a normal distribution of hydrodynamic radii
with a mean of 75 n m and a standard deviation of 7.5 n m is calculated to have a
frequency dependent susceptibility as shown in Figure 2.6. The susceptibilities were
determined by numerical integration of Equations 2.4, 2.5 and 2.6 assuming a
viscosity equivalent to water.
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Figure 2.6 In phase magnetic susceptibility tfibS) (—) and
quadrature susceptibility")C\oS)(- -) for a suspension of blocked
magnetic particles with a normal distribution of hydrodynamic radii
(mean hydrodynamic radius of 75 n m and a standard deviation of
7.5 n m ) calculated from Equations 2.4, 2.5 and 2.6.

Total coverage of these particles with a monolayer of 1 n m biomolecules increases the
m e a n radius to 76 n m . This is calculated to shift the peak in the quadrature
susceptibility by approximately 10 H z as seen in Figure 2.7. For distributions of
particle sizes with larger standard deviations, this binding will also be measurable.
For example, distributions with m e a n hydrodynamic radii of 75 and 76 n m but with
standard deviations of 25 n m produce curves comparable with those in Figure 2.7,
with the separation in the peaks being around 3 H z .
In addition, calculations show that the coverage of only some particles in the fluid
will be detectable. For example, a 1:1 mixture of two populations of particles with
mean radii 75 n m (S.D. 7.5 n m ) and 76 n m (S.D. 7.5 n m ) , is measurably different
from a pure sample of either population (Figure 2.7).
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Figure 2.7 tfX00) f°r suspensions of blocked particles with
hydrodynamic radii of (A) rm = 75 n m and (B) r m = 7 6 n m .
Standard deviation in both cases is 7.5 nm. The curve marked (A:B)
represents /'(co) for a 1:1 mixture of particles from normal
distributions (A) and (B).

For mixtures of particles from populations with two very different distr
hydrodynamic radii, the quadrature susceptibility will show two peaks corresponding
to the rotational relaxation times of the two distributions.

2.5 Discussion of AC-susceptibility technique
The experimental method described in Section 2.2

enables measurement at

frequencies down to 5 Hz and hence detection of particles up to approximately 350nm
in hydrodynamic radius. The range of target molecule size detectable is dependent on
the original size of the magnetic particle. For a large range of detectable biomolecule
sizes, the magnetic particles will need to be as small as possible while still remaining
magnetically blocked. It will also be necessary to ensure that the magnetisation of
these particles is small to prevent aggregation due to magnetic dipole interaction
effects.
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It m a y be possible to detect biological entities with radii larger than those shown in
Figure 2.5, as binding of these will also shift the susceptibility curves. In this case, the
size of the entity would not be directly measurable; instead the system could only
qualitatively assay for its presence.
It is often desirable to detect biomolecules in solution without changing their activity.
Since the method of biomolecule detection proposed here will keep the molecule
suspended in a biocompatible solution at all times, the activity of the molecule is less
likely to change as it m a y in measurements involving aggregation of particles or
binding to a substrate.
Under certain circumstances, it is possible to undo the binding of the biomolecule and
so perform further tests on it. This technology is widely used in magnetic separation
fields. A biotin-streptavidin bond can be used to bind a biotin-conjugated protein to
the streptavidin-functionalised shell of the magnetic particles. The biotin-streptavidin
bond is highly specific and so any non-specific binding to the particle shell will be
reduced. B y modifying the biotin molecule to obtain a cleavable bond between it and
the protein, conjugation of the biotin to the target protein can be reversed. For
example, a target protein with an amine group can be coupled to a modified biotin,
sulfosuccinimidyl-2-(biotinamido)ethyl-l,3-dithiopropionate (NHS-SS-biotin). This
is a biotin molecule with a spacer group which contains a cleavable disulfide bond
(Hermanson 1996). T h e functional site is at the end of the spacer group so after
cleaving the disulfide bond, the target protein can be eluted with only a small
modification to it original structure. The biotin head group of NHS-SS-biotin will
bind to streptavidin which in turn is linked to the magnetic particle through the
coating of the particles.
Iron oxide-dextran magnetic fluids are colloidally stable at physiological p H (Molday
&

MacKenzie 1982). Dextran is a polysaccharide which can be oxidised with

periodate to produce aldehyde groups on the molecule. In basic solution, the amine
groups on streptavidin can react with the aldehyde groups on the dextran to link the
two molecules through the nitrogen of the streptavidin (Hermanson 1996). This bond
is a stable linkage which m a y result in streptavidin-functionalised magnetic particles
at p H 7 . Use of this protocol to functionalise magnetic particles and the target proteins
for use with the AC-susceptibility measurement system m a y provide a mechanism to
test for the presence of a substance and then separate it from the carrier fluid.
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Releasing the substance from the magnetic particle coating will allow it to be used in
further experimental procedures.
Other methods for measuring the Brownian rotation time and so the hydrodynamic
radius of the particle include magnetic resonance (Morais, Tronconi et al. 1997) and
magnetic birefringence (Bacri, Perzynski et al. 1987). The resonance technqiue is not
a direct measurement but relies on the interpretation of the difference between
measurements in frozen and liquid magnetic fluids and is limited by the need to freeze
the fluid. The use of magnetic birefringence has been shown to be effective in directly
measuriing the hydrodynamic radius of magnetic fluids (Wilhelm, Gazequ et al.
2002).

2.5.1 Other applications of the technique
The peak in the imaginary component of the AC-susceptibility measurement is a
measure of the transfer of magnetic energy into other forms of energy such as heat.
This can be useful in characterising magnetic fluids for other applications. In
particular, measurement of the dissipation of energy as heat can be used to assess the
suitability of magnetic fluids for use in hyperthermia treatments. This will be
discussed further in Chapter 6.

2.6 Conclusions
The suggested use of AC-magnetometry to measure the change of the hydrodynamic
radius of a magnetic particle could be used to detect biomolecules in solution. The
magnetic fluids required for this type of measurement need to have particles which
are blocked on the timescale of measurement, so that the hydrodynamic radius is
measured. The particles in the fluid do not need to be monodisperse nor does the
target substance need to coat the particles completely. It m a y be possible to detect a
hydrodynamic radius change of 1 nm. Since the technique relies on the change in
radius, the particles will need to be stable against aggregation for the length of the
measurement. Most magnetic fluids of nanoparticles coated with a surfactant are
stable against aggregation for longer than this time period. Subsequent chapters in this
thesis are concerned with identifying and developing suitable magnetic nanoparticles
for this proposed methodology. The use of the AC-susceptibility method in
characterising the heating rates of magnetic fluids is discussed in the next chapter.
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AC-susceptibility measurements in
hyperthermia research.
3.1 Hyperthermia therapy
Hyperthermia therapy involves the heating of tissues to approximately 42 °C. At
elevated temperatures, the function of proteins within the cells are altered and this can
result in cell death. Hyperthermia therapy is used to induce necrosis of tumor cells
and is most effective w h e n used as an adjunct to more conventional forms of
treatment such as chemotherapy and radiotherapy (Falk & Issels 2001).
The rate of heating of the cells during hyperthermia treatment needs to be carefully
monitored as increasing the temperature to above approximately 45 °C can cause
damage to the healthy surrounding tissues in a process k n o w n as thermo-ablation
(Jordan, Scholz et al. 1999). Thermo-ablation has been used in preliminary studies to
destroy tumors of the breast (Hilger, Andra et al. 2001) but is not commonly included
in discussions of hyperthermia therapy.
Magnetically mediated hyperthermia treatment has been studied in an effort to
overcome problems associated with other forms of hyperthermia treatment.
Shortcomings of non-magnetically mediated hyperthermia treatments include a lack
of tissue specificity, limited ability to target tumors and limited treatment volume
(Moroz, Jones et al. 2002). The use of magnetic particles to generate heat while in an
applied alternating magnetic field has been shown to be as effective as non-magnetic
methods (Jordan, Wust et al. 1996).
The treatment of tumors with magnetic fluid based hyperthermia can occur in one of
three ways: using the arterial supply of the tumor to deliver magnetic particles into or
close to the tumor tissue, directly injecting the magnetic particles into the tumor or
lastly by modifying the coating of the magnetic particles so that they can enter the
intercellular space in the tumor cell (Moroz, Jones et al. 2002). The alternative
mechanisms for delivering the magnetic particles are the main point of difference
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between the different magnetic fluid based hyperthermia treatments. The different
methods of delivery of the particles result in the heat production occurring at different
sites: either around the tumor location, within the tumor volume or in the tumor cells
respectively. Implantation of ferromagnetic seeds into a tumor is also a form
magnetically mediated hyperthermia but the seeds are macroscopic in size and so are
not relevant in the discussion of magnetic fluid mediated hyperthermia (Moroz, Jones
et al. 2002).
The mechanism for heat production by the magnetic particles is similar for all the
magnetic

fluid based

hyperthermia treatments. Magnetic

particles used in

hyperthermia applications are often multidomain particles. These have hysteretic
magnetic behaviour and domain wall movement in the particles is the usual means of
energy dispersion. Multidomain particles are in most cases larger than single domain
particles with multidomain particles being larger than l O O n m and single domain
particles being below this size. In medical applications the large size of the
multidomain particles means that they can not be excreted via the liver.
A single domain particle can produce heat if stimulated at a frequency at which it can
rotate through Brownian rotation or through the rotation of the m o m e n t with respect
to the crystal axis in a manner similar to Neel rotation. The frequency of the
alternating magnetic field used in hyperthermia treatment must be below a few
hundredkHz. Above this frequency, stimulation of the nervous system occurs leading
to spontaneous movements of the body. At higher frequencies the efficacy of the
treatment is unchanged but the nerve stimulation is uncomfortable and disturbing to
the patient.
In the frequency range of tens of k H z and below, Brownian rotation is the most likely
means of producing heat for single domain particles (see Section 2.2 and
Section 1.5.4). In this case, energy is dispersed in the form of heat during the rotation
of the particle through frictional effects between the particle coating and the
surrounding material which acts to prevent the rotation of the particles. This effective
friction between the particle and the carrier fluid produces the increase in temperature
of the surrounding material. In the hundreds of k H z frequency range energy dispersed
as the magnetisation rotates with respect to the crystal axis of the particle is the most
likely heat producing mechanism (see Section 1.5.3).
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The frequency of the A C magnetic field used by hyperthermia researchers varies
between studies but is usually of the order of 100kHz (Hergt, Andra et al. 1998;
Shinkai, Yanase et al. 1999; Jordan, Scholz et al. 1999). There is very little
information given on the reasons for the choice of frequency in each case. The
amount of heat generated by the magnetic particles is usually measured using
thermometric methods. This has the advantage of effectiveness both in vitro and in
vivo. In this chapter, an alternative technique for rapidly predicting the heat produced
by magnetic particles over a wide frequency range will be investigated.
For a magnetic fluid, there will be a frequency of alternation of the magnetic field at
which the heat production by the fluid is greatest. This is also the frequency at which
the quadrature component of the complex susceptibility is greatest. B y measuring the
frequency dependent AC-susceptibility of magnetic fluids intended for hyperthermia
treatment, the frequency of the peak of the loss peak can be found. This will
correspond to the frequency at which the heat generation of the magnetic fluid is at a
maximum. Alternatively, by comparing the response of different magnetic fluids, the
fluid which produces the most heat at a particular frequency can be selected for use in
treatment.

3.2 Materials and methods
The magnetic fluids tested have the characteristics shown in Table 3.1. All the fluids
studied have particles with approximate diameter of lOnm. The fluids were supplied
by Dr. Steve Jones and purchased from FerroTech Corporation, U S A .
Table 3.1

Carrier fluid, concentration and saturation magnetisation of magnetic

fluids studied.
Concentration
(volume % particles) M s a t (G)

Label

Carrier Fluid

Surfactant

EMG308
EMG705
EMG900
EMG909
EMG1111

water

anionic

water

anionic

1.1
3.6

mineral oil

none

16.1

mineral oil

none

water

none

3.6
4.7

60
200
900
200
260
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The variable frequency magnetic susceptibilities of the fluids were measured using
the methodology described in Chapter 2. The fluids were used as supplied by the
manufacturer. The fluids were sealed between 2 glass coverslides with glue. The
spacing between the coverslides was approximately 1 m m . The resistance and
reactance of the toroid with sample and without sample was measured from 1 k H z to
13 M H z and from this the complex susceptibility was calculated using the method of
Appendix B. The same fluids were also measured in a similar system at Trinity
College, Dublin in collaboration with Dr. Paul Fannin. This system is the same in all
regards except that the toroid is made from mu-metal with a slit of approximately
0.2 m m . The fluids are placed directly into the slit and not held in a glass cell.
The heating measurements were made by placing the fluids in a 100kHz applied
magnetic field. The heating rate was measured thermometrically and then corrected
for the different masses of particles in each fluid. The reported heating rates are
normalised to the heating rate of fluid E M G 7 0 5 .
A sample of E M G 7 0 5 was left to dry in an unsealed glass sample holder. The
AC-susceptibility of the dried sample was measured in the same w a y as the fluid
sample.
For D C magnetic measurements, another sample of E M G 7 0 5 was diluted 1:1 with
1.66% agar gel in water. The agar gel and ferrofluid were warmed to 37°C before
mixing. A consistent gel was formed and stored at 4°C until use. The zero-field cooled
and field-cooled temperature dependent magnetisations of a 40.3 m g sample of the
gel was measured in 5 K intervals from 5 K to 270 K. The magnetisation of the same
gel was measured at 3 0 0 K in applied fields from -60kOe to + 6 0 k O e .

3.3 Results
3.3.1 AC-susceptibility m e a s u r e m e n t s
The raw results were normalised using the concentration of particles in each fluid. In
this way, the energy dispersion of the particles can be compared between fluids. The
quadrature components of the AC-suscpetibility of all fluids measured are compared
in Figures 3.1(a). For clarity, %' and x"

are

displayed on separate plots. Note that the

values of tf and ^'are dimensionless throughout this chapter. This allows a direct
comparison of the size of the loss peaks between samples. The in-phase components
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of the susceptibility have also been plotted in Figure 3.1(b). These alone do not
provide useful information about heating rates but do support the interpretation of the
quadrature components. The

magnitude

of the in-phase component of the

susceptibility decreases with increasing frequency over frequency ranges where the
quadrature component peaks, as expected theoretically.
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Figure 3.1 (a) %"'• quadrature component and (b) tf: in-phase
component of the susceptibility of the magnetic particles for use in
hyperthermia treatment 705 (O), 308 (•), 900 (O), 909 (X), 1111 ( A ) .
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An example of both components of the susceptibility for one of the fluids is seen in
Figure 3.2. In this plot the magnitudes of the susceptibility is as measured and not
corrected for the concentration of particles in the fluid. The quadrature component of
the susceptibility has a clear peak at 2 k H z for this fluid. The in-phase component of
the susceptibility decreases at this frequency as is expected theoretically (see Chapter
3). Taking the viscosity of the carrier fluid to be equal to that of water (lxl 0"J N s m "
at 20 °C) the m e a n hydrodynamic radius of the particles in the fluid is calculated to be
approximately 3 0 n m using Equation 2.3 on page 30. A s the nominal particle size is
10 n m , this m a y indicate some clustering of particles in the fluid or the presence of the
surfactant on the surface of the particles.
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Figure 3.2 In-phase (•) and quadrature (o) components of %" for
E M G 7 0 5 . Note the susceptibility is not corrected for the
concentration of particles in the fluid.
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The quadrature component of the susceptibility of the dried sample of E M G 7 0 5 is
compared with that in the fluid state. The dried sample has no loss peak in the
frequency range shown. Furthermore, the in-phase component of the susceptibility of
the dried sample decreases only slightly from 0.16 to 0.13 from 5 0 0 H z to 500kHz.
This implies that the loss peak seen in the fluid sample is from Brownian rotation of
the particles. This rotation mechanism is not possible in a dried sample.

0.250

0.200

0.150 -

X'
0.100

0.0500

0.00
1000

10 3

10"

10"

IO7

Frequency (Hz)
Figure 3.3 Quadrature susceptibility component of E M G 7 0 5 before
(o) and after drying (•). For the dried sample, there is no peak at
2 k H z indicating that the loss peak is due to Brownian rotation of the
particles in the fluid

3.3.2 Temperature dependent magnetisation of E M G 7 0 5
The temperature dependent magnetisation and room temperature field dependent
magnetisation measurements

for E M G 7 0 5

are shown

in Figure 3.4. These

measurements show that a small fraction of the particles is blocked at room
temperature.
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Figure 3.4 (a) Temperature dependent magnetisation in lOOOe for
E M G 7 0 5 after cooling in zero field (o) and a 70kOe field (•). (b)
magnetisation vs field for E M G 7 0 5 at 300K. The curve is a guide to
the eye only.

3.3.3 Comparison of AC-susceptibility measurements obtained from two
different instruments
Since the variable frequency AC-susceptibility instrumentation was developed
'in-house', the AC-susceptibility of the same fluids was measured independently on
similar instrumentation at Trinity College, Dublin to obtain an inter-laboratory
comparison. The values of tf an(^ X" f°r

two

°f tne fluids measured by both

instruments are shown in Figure 3.5. The technique appears to yield consistent results
between measurement facilities. The general shape of the susceptibility curves is
similar for both measurement instruments. The magnitudes of the components of the
suceptibility are slightly different for both instruments as there is no calibration of the
measurement systems. There are differences between the frequency of the loss peak
measured on the two systems. For example, the low frequency peak in %"

for

E M G 7 0 5 is measured at 1.5kHz on the U W A system and at 2.5kHz on the Trinity
College system.
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3.3.4 C o m p a r i s o n of AC-susceptibility data with heating data
The normalised heating rates are compared to the %" value of the A C susceptibility
measurements at 100kHz in Figure 3.6. A linear fit was used to find the correlation
between the heating rates and susceptibility data. The values of the fits are:
U W A (ferrite toroid system):
X" = (-0.2 ±0.5) + (2.7±0.7)x

R=0.91

Trinity College (mu-metal toroid system):
X" = (-0.6 ± 0.3) + (2.7 ± 0.5) x

R=0.95

where x is the normalised heating rate and R is the correlation coefficient. The values
of the gradients of the fits are similar from both measurement instruments, implying
that the heating power of a magnetic fluid can be predicted by this method of
measuring the AC-susceptibility of the fluids.

2.5

2

1.5

1

0.5

0

1
0.2

°T
0.4
0.6
0.8
1
Normalised heating rate

Figure 3.6 Correlation between heating and AC-susceptibility data
from U W A (•) and Trinity College (•). The lines arefitsto the
data from U W A (—) and Trinity College (--).

The linear fits to the data suggests that the two measurements of x" will predict a
similar heating rate if the offset between them is corrected. The values of x" measured
on the Trinity College mu-metal toroid system are systematically below those
measured on the U W A ferrite toroid system. This difference between the values
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measured by the two instruments is likely to be caused by differences in the
measurement circuit between locations. The toroid material of each instrument is
different and the temperature is not carefully controlled at either location.
The parameters from the linear fits were combined to give an average fit and this was
used to scale the heating measurements to the same range as the susceptibility data
(Figure 3.7).
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Figure 3.7 Comparison of AC-susceptibility data from U W A ( H ) ,
Dublin (•) and heating rate (IZ3).

Figure 3.7 further illustrates the relationship between heating rate and the quadrature
susceptibility value. The relative magnitudes of the heating and quadrature
susceptibility are reasonably close when they are plotted on the same scale. There are
some measurements which do not correspond as well as the others for example, %" for
E M G 9 0 0 measured at Trinity College and x" for E M G 3 0 8 measured at U W A .
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3.4

Discussion

The quadrature component of the AC-susceptibility correlates with the amount of heat
generated in a sample at a given A C magnetic field frequency. The greater the
magnitude of %", the greater the amount of heat generated by the particles in the fluid.
These observations suggest that AC-susceptibility techniques m a y be useful in
studying the relative suitability of different fluids for hyperthemia treatment. F r o m
Figures 3.7 and 3.6, it appears that a linear relationship exists between the heating rate
and the magnitude of x" as measured by this AC-susceptibility technique.
The AC-susceptibility method allows the measurement of the heating capabilities of
the fluids over a large frequency range instead of at one frequency as with most
heating rate measurements. This is a major benefit of the measurement technique as
the frequency used for hyperthermia treatment could then be chosen to be the
frequency

of the

maximum

in the

quadrature

component. Although

an

electromagnetic heating system designed for hyperthermia treatment m a y not have
the large frequency range available in this measurement, the ability to choose the
frequency of greatest heating even from a limited frequency range will be an
advantage.
The deviations of the measured %" points from the linear fit to the data m a y be due to
aging of the fluids in the time period between the AC-susceptibility and heating
measurements (several months). The particles in the fluids are k n o w n to cluster over
time, particularly the water-based fluids and especially the water-based fluid with no
surfactant (EMG1111). However, it is difficult to quantify this effect as the fluids are
diluted before the heating measurements are made. This dilution m a y help to
temporarily break up aggregates.
The AC-susceptibility technique yields reasonably reproducible results on different
instruments. The general features, such as peak position of the quadrature component,
are similar and the measurements are similar in relative magnitude for different
instruments. The exact frequency position of the peak is around 7 0 % greater w h e n
measured on the U W A system compared with the Trinity College system. This shift in
frequency of the peak represents a 1 5 % difference in the hydrodynamic radius of the
particle as measured on both instruments. This difference in hydrodynamic radius
m a y be a problem to be overcome in the context of particle size measurement but the
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heat generation predictions have similar relative magnitudes on both instruments.
This means the predicted relative heating of each fluid will be similar regardless of
measurement system. This proportionality is apparent from the linear relationships
between heating and x" measurements on both instruments which have the similar
gradients but quite different intercepts of the fits. The differences between the systems
could possibly be overcome by calibration of both systems with a k n o w n material.
The five fluids studied all have different AC-susceptibility loss curves even though
they are produced by the same manufacturer from iron oxide particles with the same
approximate size. The heating rates of the particles are also different w h e n the fluids
are exposed to an AC-magneticfield.Larger magnitudes of the quadrature component
of the AC-susceptibility at frequencies lower than 1 0 0 k H z are most probably due to
greater numbers of blocked particles in the fluid. The magnetisations of these
particles rotate by the Brownian rotation mechanism. It m a y be that the differences in
the fractions of blocked particles detected using the AC-susceptibility technique are
due to the different surfactants and carrier fluids of the particles.
The D C magnetisation measurements on fluid E M G 7 0 5 indicate that a portion of
these particles are blocked at room temperature. These are the particles which
contribute to the remanance observed in the room temperature a vs H measurements.
During the D C magnetisation measurements the magnetic particles were held in a gel
This experimental environment will prevent Brownian rotation of the particles and so
any blocked particles will be observable. They will not be observable in a fluid state
as the rotation time for the particles is less than the measurement time of the S Q U I D .
This result implies that the peak in the quadrature component at around 2 k H z of fluid
E M G 7 0 5 is due to blocked particles or aggregates of blocked particles with a
hydrodynamic radius of approximately 30nm. The measurement of the particles in
E M G 7 0 5 after drying proves that the particles must be in suspension for this loss peak
to be observed. At the frequencies studied, the particle magnetisation is unable to
rotate with respect to the crystal axis. The particles are blocked at the time scales
studied and so the magnetisaton can only rotate using the Brownian rotation
mechanism.
The peak measured in all the fluids in the frequency range of 2-5 M H z cannot be due
to Brownian rotation as this would m e a n a hydrodynamic diameter of 4 - 6 n m . This
would mean a particle size of less than 6 n m and is physically unlikely. Rotation of the
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particle magnetisation with respect to the crystal axis is the most likely cause of this
frequency peak. The particles which exhibit this behaviour are not necessarily
blocked w h e n their D C magnetic behaviour is measured. A s the frequency is
increased the timescale of the measurement is decreased. This means that particles
which are unblocked at lower frequencies (and so not contributing to the Brownian
rotation loss peak) m a y be blocked in the M H z frequency range and contributing to
the loss peak observed in this range.
Instead of the magnetisation vector being able to rotate through all angles with respect
to the crystal axis, the magnetisation can be considered to have two states of energy
aligned parallel and anti-parallel with the easy axis of the crystal. In zero field, the
magnetisation will be in one of these states and to rotate between the states the
magnetisation must overcome an energy barrier. A s the field strength is increased in
one direction, the energy levels of the two states will no longer be equal. The state in
which the magnetisation is aligned with the field will fall to a lower energy level and
the energy barrier between the two states will decrease. With increasing field strength
it becomes energetically more favourable for the magnetisation to overcome the
energy barrier and fall into the lower energy state. Energy is released through the
crystal as phonons and these disperse energy into the surrounding fluid. In this
manner, heat is generated in the magnetic fluids at frequencies greater than those
attainable by the Brownian rotation mechanism.

3.5 Conclusion
The AC-susceptibility method has been shown to be effective in predicting the
relative heating ability of magnetic fluids. The AC-method can investigate heating
over a range of frequencies unlike the heating measurements which are made at a
single frequency. To predict the heating rates in absolute terms, standards for
calibration between AC-susceptibility method and the heating measurement will need
to be developed. S o m e of the magnetic fluids measured ( E M G 7 0 5 and E M G 3 0 8 )
contain particles that are blocked at low frequencies and which rotate using the
Brownian rotation mechanism. The other fluids ( E M G 9 0 0 , E M G 9 0 9 and E M G 1 1 1 1 )
contain some particles which become blocked at higher frequencies and generate heat
during rotation of the magnetisation of the particle with respect to the crystal axis.
This mechanism of heating is also observed in E M G 7 0 8 and E M G 3 0 8 .
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Cobalt nanoparticles formed in
polysiloxane triblock copolymer micelles:
effect of production methods on magnetic
properties.
4.1 Introduction
Cobalt nanoparticle dispersions are generally obtained either through thermolysis of
dicobalt octacarbonyl in toluene (Stevenson, Rutnakornpituk et al. 2001; Papier,
H o m y et al. 1983; Hess & Parker Jr. 1966) or reduction of cobalt chloride (Chen,
Sorensen et al. 1994; Sun and Murray 1999). The formation of the nanoparticles
inside micelles stabilises the particles against aggregation and produces a colloidal
dispersion (Stevenson, Rutnakornpituk et al. 2001; Petit, Taleb et al. 1999; Chen,
Sorensen et al. 1994). Alternatively, the nanoparticles are produced in a solvent
containing ligands which bind to the surface at some point in the formation of the
particles so stabilising them (Sun & Murray 1999; Pathmamanoharan & Philipse
1998).
In this chapter, the magnetic properties of cobalt nanoparticles produced in micelles in
polymer carrier fluid are studied. The fluids are produced for possible use in the
treatment of retinal detachment and for magnetically targeted drug delivery to the eye.
The retina detaches from the back of the eye w h e n the jelly like substance that
supports it ages and becomes more fluid-like. The detachment of the retina causes
blindness unless treated soon after detachment. Currently, the treatment of the disease
involves pumping gas or fluid into the eye to fill the space in front of the retina. A n
alternative system of a magnetic fluid in front of the edge of the retina and a magnetic
buckle sewn around the back of the eye to hold the retina in place has been suggested
(Dailey, Phillips et al. 1999).
The dispersion must be well characterised before use. Magnetic interactions between
the particles must be minimal to prevent formation of aggregates which m a y cause
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blockages in blood vessels (embolism). The particles must also be stable against
oxidation. Magnetic measurement techniques are well suited to investigating the
chemical stability of the particles in suspension. T h e structure of the particles can also
be probed using magnetic techniques and comparisons between different production
methods can be made.
The magnetic properties of cobalt nanoparticles have been studied previously
(Pathmamanoharan & Philipse 1998; Chen, Sorensen et al. 1994; Petit, Taleb et al.
1999; Legrand, Petit et al. 2000). Studies of 2 D lattices have demonstrated the effect
of interparticle interactions on the magnetic properties of the nanoparticles. The
temperature dependent magnetisation of an ensemble of magnetic nanoparticles
provides information on the size distribution of the particles and interparticle
interactions as discussed in Section 1.5.5 on page 18 (Chantrell, Walmsley et al. 1999;
Bui, Pankhurst et al. 1998; Hansen, Johansson et al. 1995).
The structure of the particle can also be probed by magnetic methods. In particular,
the differences between surface and core states in the particle are evident in some
studies (De Biasi, R a m o s et al. 2002). The particle size in those studies is on the order
of a few nanometers. The magnetic behaviour of particles of this size is strongly
influenced by the surface atoms because of the increased surface area to volume ratio
of the particles.
The hysteretic response of an ensemble of dispersed magnetic nanoparticles to
applied fields after cooling in an applied field can be used to study core-surface
interactions and hence elucidate the chemical nature of the surface states (Berkowitz
& Takano 1999; Nogues & Schuller 1999). It is well k n o w n that cobalt is susceptible
to oxidation in both a nanoparticulate and bulk form (Smardz, Kobler et al. 1992).
Cobalt oxides are antiferromagnetic while cobalt is ferromagnetic. These differences
in magnetic behaviour can be exploited to investigate the oxidative behaviour of the
nanoparticles. Cobalt nanoparticles have a potentially higher magnetisation than iron
oxides which are commonly used in biocompatible magnetic fluids. However,
research into the use of cobalt nanoparticles for biomedical purposes has been limited
possibly by problems with oxidation.
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4.2

P r o d u c t i o n of cobalt dispersions

The cobalt dispersions were produced by Mehta Rutnakornpituk in the Department of
Chemistry at The Virginia Polytechnic Institute and State University, U S A . Details of
the production of the magnetic fluids have been published previously (Stevenson,
Rutnakornpituk et al. 2001; Rutnakornpituk, Thompson et al. 2002) and for
completeness a summary of the synthesis of the cobalt dispersions is included below.

4.2.1 Dispersions of non-silica coated cobalt particles
The dispersions consist of a suspension of nominally metallic cobalt nanoparticles in
polydimethylsiloxane ( P D M S ) carrier fluid. The nanoparticles are stabilised against
aggregation

by

a

triblock

copolymer:

cyanopropyl)methylsiloxane-b-dimethylsiloxane)

poly(dimethylsiloxane-b-(3-

(15 OOOg/mol P D M S - 2 OOOg/mol

PCPMS-15000g/mol P D M S ) . The central polymer block binds to the cobalt particles
through C N - C o binding and the two outer blocks act as tails to increase stability.
A s P C P M S is less soluble in toluene than P D M S , the triblock copolymer forms
micelles in toluene solvent. The cobalt particles are prepared through thermal
decomposition of cobalt carbonyl, C o 2 ( C O ) 8 inside the micelles. The particles are
then transferred to a 2,000g/mole P D M S carrier fluid. The entire reaction takes place
under an argon atmosphere and oxygen is rigorously excluded throughout the
reaction. The dispersions are transferred to a 2000 g/mol P D M S carrier fluid by
diluting the sample with P D M S and then removing the toluene under reduced
pressure.

CH3

CH3"

1

CH3

CH3

1

i

CH3-Si-0- -Si-O-

-

Si-O- - Si-O- - Si-CH3

CH3
-

-1 X

v r (
^ V ~ V ^

i

1

CH3

CH3

i

CH3

CH7.
i

i—

—' X

CH3

~JfPv^~
^-^
\ \
)

CH2
C=N_
y
endblock - P D M S - PCPMS - P D M S - endblock
Figure 4.1 Form of the triblock stabiliser and schematic of cobalt
nanoparticle with stabiliser.
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4.2.2 Dispersions of silica-coated cobalt particles
The silica-coated cobalt particles have a similar production process. The copolymer
stabiliser is a pentablock copolymer with a structure similar to the P D M S - P C D M S P D M S copolymer but containing an extra polymer block, 2 OOOg/mol P M T E O S
(rnethyltriethoxysilylsiloxane). This block contains a silica component which forms a
shell around the cobalt core of the particle.
The copolymer forms micelles in both toluene and P D M S solutions, and so the
silica-enclosed cobalt nanoparticles are formed using either P D M S or toluene
solvenwts. The silica coating is condensed using a dibutylin diactate catalyst in 0 2 free water. Again the reaction occurs under an argon atmosphere and oxygen is
excluded to prevent oxidation of the cobalt nanoparticles.
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Figure 4.2 Form of the pentablock stabiliser and schematic of
cobalt nanoparticles produced with a silica coating represented by
the black shell around the particle core. It is unknown whether the
silica coats the surface of the particle or forms a separate shell
around the particle core. The Et component of the P M T E O S
structure is C H 3 C H 2 .

4.3 Comparison of the magnetic properties of silica-encapsulated
a n d non-silica-encapsulated cobalt nanoparticles
4.3.1

Materials and methods

Three families of fluids were studied allowing a comparison between nanoparticles
from different production methods. In each case an aliquot of the fluid was exposed to
air for the duration of the experiments while another w a s sealed under an argon
atmosphere. All fluids had approximately 2 % mass of cobalt particles measured using
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atomic absorption spectroscopy. The approximate error on the concentration values is
1%. The differences in production are summarised in Table 4.1.
Table 4.1
Solvent of micelles during cobalt precipitation.
• exposure to atmosphere after production and final composition of
each fluid.
Fluid Label

Production method

Exposure

% cobalt

A
B
C
D
E
F

toluene, no coating

air

toluene, no coating

argon

P D M S , silica coating

air

P D M S , silica coating

argon

toluene, silica coating

air

toluene, silica coating

argon

1.9
1.6
1.6
1.6
2
2

Magnetisation in a 100 O e field was measured from 5 - 220 K after the fluids had
been cooled from 220 K (i) in zero field and (ii) in a 70 k O e field. Zero field condition
is obtained by first ramping the field in the S Q U I D to O O e and then quenching the
field by heating a section of the superconducting coils above the critical temperature.
The resulting field is less than 30Oe. The freezing point of the fluids was
approximately 222 K and initially magnetic fields were not applied above this
temperature so the particles would not be exposed to field gradients which m a y cause
aggregation of the particles in the fluid. Cobalt specific magnetisation (a) vs applied
field (H) behaviour of the fluids was measured from 70 k O e to -70 k O e at 5 K. The a
vs H responses were measured both after cooling from 220 K in a zero field and in a
70 k O e field. The a vs H behaviour at 5 K was studied at several time intervals for all
fluids to measure the chemical stability of the particles over time. Samples C-F were
measured 4 times over a period of 76 days. Sample A was measured 3 times over 84
days, and sample B was measured 3 times over 180 days. After this series of
measurements, a vs H behaviour at fields up to 1 k O e at 2 9 8 K was measured. A
m a x i m u m field of 1 k O e was chosen as this is the m a x i m u m attainable with
permanent magnets at present and so corresponds to the m a x i m u m field the fluids are
likely to be exposed to while used in medical applications such as retinal detachment
surgery.
Transmission electron micrographs of the cobalt dispersions were taken after diluting
the dispersions with toluene and allowing a drop of suspension to dry on a carbon film
supported by a copper grid.

57

Chapter 4 Cobalt Nanoparticles

4.3.2 Magnetic measurements of the cobalt dispersions
Temperature dependent behaviour
The zero-field-cooled and field-cooled temperature dependent cobalt specific
magnetisations of the argon-atmosphere-sealed fluids (B. D. and F) and the
corresponding air-exposed fluids (A, C and E) in 100 Oe are shown in Figure 4.3.
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Figure 4.3
Zero-field-cooled (o) and field cooled (•)
magnetisations in lOOOe for non-silica coated cobalt (A and B),
silica-coated cobalt produced in P D M S solvent (C and D ) and
silica-coated cobalt produced in toluene solvent (E and F)
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The three families of fluids have different peak zero-field-cooled magnetisation
temperatures. The temperature of the peak in a zero-field-cooled curve corresponds to
a characteristic magnetic blocking temperature of the distribution of particles. All the
silica-coated particles have lower characteristic blocking temperatures than the
uncoated particles. The characteristic blocking temperatures of the uncoated particles
appear to be slightly above the freezing points of their fluids. Measurement of the
temperature-dependent magnetisation of the fluid above this point provides no further
information about the size distribution of the fluids as the particles in the fluid rapidly
rotate into the field direction. This was confirmed on a study of a separate aliquot of
one of the fluids. At 220 K there was an abrupt rise in the zero-field-cooled m o m e n t
and a sudden decrease in the field-cooled m o m e n t and by 250 K the moments were
the same.
The silica-coated particles synthesized in P D M S (C and D ) have higher characteristic
blocking temperatures than those produced in toluene (E and F). In addition, there is a
second clear peak at 15 K in the curves of E and F, and at 10 K in curves of the silicacoated particles produced in P D M S (C and D ) . This is not evident in the curves for the
non-silica-coated particles (A and B ) . For the uncoated particle dispersions A and B
the bifurcation temperature of the field-cooled and zero-field-cooled magnetisation in
100 O e is above the melting temperature. The bifurcation temperature for particle
dispersions C and D is close to 215 K and for E and F is 160 K.

a vs H behaviour
The zero-field-cooled and field-cooled a vs H behaviours of samples A , B, C and D at
5 K are shown in Figure 4.4. The centres of the field-cooled magnetic hysteresis loops
at 5 K are shifted to negative fields for all samples. Sample B is almost magnetically
saturated at 70 k O e and has a smaller negative bias field than sample A.
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Figure 4.4
Zero-field cooled (•) and field-cooled (-) <r vs H
behaviour at 5 K for dispersions A-F. The insets cover fields from
-6kOe to 6kOe to show the shifted hysteresis loops after field
cooling.

The samples produced in toluene with a silica coating (samples E and F) have loop
shifts which are similar to that of the argon-sealed sample produced in toluene but
with no coating (B). However, the m a x i m u m cobalt specific magnetisations for E and
F are much less than that for the non-silica-coated sample B. The samples produced in
the P D M S carrier fluid (samples C and D ) have a lower coercivity and a smaller bias
field compared with the other samples. For the silica-coated particles (C, D, E, and F),
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there appears to be very little effect of the type of storage atmosphere on the hysteretic
magnetic behaviour.
It is clear from the hysteresis loops in Figure 4.4 that the samples have not reached
magnetic saturation at 70 kOe. The behaviour of the magnetisation at high fields has
been modelled by fitting the s u m of a Brillouin function (representing magnetisation
of paramagnetic species) and a constant magnetisation (representing an expected
saturated magnetisation of metallic cobalt particles, G S
fields greater that 30 kOe. The constant, a s

met,

met)

to the magnetisation for

and the atomic angular m o m e n t u m

quantum number, J, were allowed to vary freely during the fitting procedure. A n
example of the resulting fit to the data is shown in Figure 4.5. The value of J from the
fit ranged from 0.34 to 0.87 but was around 0.6 for most of the samples.

Figure 4.5 Example of curve fit to o(H) behaviour at 5 K of sample
D. Experimental data points (•), Brillouin fit to paramagnetic
) and the metallic component (
).
component (

The saturation magnetisation loss per day is calculated from a linear fit to as_met
against time. Figure 4.6 shows the percentage change of a s _ m e t per day. The nonsilica-coated particles exposed to air clearly lose more specific magnetisation per day
than the other particles. In comparison the argon-sealed, non-silica-coated sample had
a relatively constant G S

met

over the experimental period, The values of c s _ m e t

fluctuate over time but this m a y be an artefact of the fitting process. A linear fit to the

61

Chapter 4 Cobalt Nanoparticles

a

met

vs time data using a Levenberg-Marqhardt algorithm in the commercially

available Kaleidagraph package yields the uncertainties on the rates of saturation
magnetisation decay (shown as error bars in Figure 4.6).
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Figure 4.6 Percentage loss of saturation magnetisation per day of
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All fluids show non-hysteretic a vs H behaviour at 298 K. A n example is given in
Figure 4.7. There is no remanent magnetisation observable and the particles do not
reach saturation at the fields studied.
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Figure 4.7 Example of a (H) measurement at 298K. The points are
obtained experimentally. The line is a guide to the eye only.
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Electron microscopy images of a sample of fluid from each production method are
shown in Figure 4.8. The non-silica-coated particles cluster in groups of 2-4 particles
while the silica-coated particles do not appear to cluster. The silica-coated particles
are smaller than the uncoated particles, with the coated particles produced in toluene
being the smallest. The clustering behaviour of the particles is studied in more detail
in the next chapter.

Figure 4.8 T E M images of dried dispersions of (a) non-silica coated
cobalt (scale bar = lOOnm) and (b) silica-coated cobalt produced in •
P D M S (scale bar = lOnm) or (c) toluene (scale bar = lOnm).

4.4

4.4.1

C o m p a r i s o n of the m a g n e t i c properties of fluids with different
concentrations of non-silica-coated cobalt particles
Cobalt dispersions studied

A study of the effect of concentration of cobalt particles in the fluid on the magnetic
properties of the fluid was undertaken. Four cobalt nanoparticle dispersions were
produced as in Section 4.2.1 on page 55 They were stabilized with a (15,000 g/mole
PDMS)-(2,000 g/mole PCPMS)-(15,000 g/mole P D M S ) copolymer in a 2,000 M n
P D M S carrier fluid. Fluids with C o concentrations between 1.6 and 4.1% were flame
sealed into 4 m m diameter glass tubes under an argon atmosphere. A n additional four
samples with concentrations between 1.9 and 6.1% were sealed in glass tubes with
polycarbonate lids without excluding air from the volume of gas above the liquid. The
concentration of each sample is given in Table 4.2. Again, the concentrations were
measured using atomic absorption spectroscopy. The approximate error on the
concentration values is 1%.
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Table 4.2

Sample code and concentration of dispersions used

Air-exposed solutions

Non-air-exposed solutions

Sample Code

Concentration (%)

Sample C o d e

Concentration

1

6.7

5

4.1

2

4.9

6

3.2

3

3.2

7

2.3

4

1.9

8

1.6

(%)

Magnetisation measurements were performed as previously described (Section 4.5.1).
The time interval between initial and final hysteresis loop measurements of samples
5 - 8 was 180 days, with an additional measurement taken at an intermediate time
point. The time interval between initial and final hysteresis loop measurements of
samples 1 - 4 varied from 40 - 90 days.

4.4.2 Magnetic measurements for non-silica enclosed cobalt dispersions
a vs H behaviour
The measured magnetic hysteresis curves for samples sealed under inert atmosphere
and samples sealed under atmosphere containing air are shown in Figure 4.9. The data
appear to be a superposition of a saturated magnetic hysteresis curve owing to a
mixture of blocked and superparamagnetic particles and a Brillouin curve owing to
the presence of some paramagnetic species. The paramagnetic signal is more apparent
in the G VS H behaviour of the air-exposed dispersions and results in a continuing rise
in specific magnetisation even at 70 kOe. The samples sealed with an air-containing
atmosphere were found to have specific magnetisations that were not completely
saturated at 70 kOe.
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The specific saturation magnetisation was also measured at various time intervals in
order to measure the approximate percentage loss of specific saturation magnetisation
per day.
Air exposed

Argon sealed
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Figure 4.10
Loss of specific magnetisation over time for
dispersions 3 (85 days) and 6 (35 days). Initial specific
magnetisation (x) and measured specific magnetisation after
specified time (o)

For samples whose magnetisation did not fully saturate at 70 kOe, a superposition of a
saturated magnetic hysteresis curve owing

to a mixture of blocked and

superparamagnetic particles and a Brillouin curve was fitted to the data as before. The
specific saturation magnetisation of the air-exposed samples decreased over the time
period of the experiment. The rate of specific saturation magnetisation loss ranges
between 0.3-0.9% per day with the most concentrated samples losing the most
magnetisation per day. Samples sealed under inert gas had no measurable decrease in
specific saturation magnetisation during the experimental time period.
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metallic component of non-silica-coated cobalt particles at 5K.

Temperature dependent behaviour
Magnetisation was measured as a function of temperature after cooling from 2 2 0 K in
zero field and a 70kOe field. The resultant magnetisations for the cobalt dispersions
are shown in Figure 4.12. It is clear that concentration has an effect on the
temperature dependent magnetisation of the dispersions. The magnetic moments of
the argon-sealed cobalt nanoparticles with higher concentrations start rotating into the
field direction at higher temperatures than those with low concentrations after being
cooled in zero field. The air-exposed samples have the opposite effect as the magnetic
moments of the dispersions with higher concentrations of cobalt nanoparticles start
rotating into the field direction at lower temperatures after zero field cooling. Neither
the temperature of the peak magnetisation in the zero field cooling measurement nor
the bifurcation temperature of the field cooled measurement is reached.
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Figure 4.12 Temperature dependent magnetisations in lOOOe for
samples 1-8 after cooling in field (o) and cooling in zero field (•).
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4.5

M a g n e t i c viscosity m e a s u r e m e n t s of non-silica-coated cobalt
nanoparticles

4.5.1

Experimental procedure

Magnetic viscosity measurements were carried out on one of the non-silica-coated
fluids sealed under argon (sample 7). The fluid was cooled from room temperature to
220K in zero field, then a 70kOe field was applied to the frozen fluid. The sample was
then cooled to the measurement temperature (between 5 and 200K). W h e n the
temperature had stabilised, the applied field was removed. The superconducting coils
were then heated above their critical temperature to quench any remaining current
which would produce a small remanent field. In zero field, the moment of the sample
is measured over approximately 12 000 seconds.

4.5.2 Magnetic viscosity results
The specific magnetisation of the cobalt nanoparticles as a function of ln(t-t) is
shown in Figure 4.13. The relationship between a(t) and t is well described by
G(t)=G0 S ln(t -t').ln this case, S, t' and G0 are allowed to fit freely to the data.
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The values of S found from the fits to the experimental data are plotted against the
measurement temperature, T, in Figure 4.14. At high temperatures, S is still non-zero.
This means there is still some magnetic viscosity at higher temperatures as would be
expected from the temperature-dependent magnetisations discussed in Section 4.4.2.
The dispersions have not reached the m a x i m u m magnetic blocking temperature at
2 2 0 K and so some magnetic viscosity will be measurable up to these temperatures.
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Figure 4.14 Magnetic viscosity parameter, S vs Tfor sample 7

Following the procedure of Chapter 1, S/kTv/as plotted against CkT. This plot can be
interpreted as a distribution of energy barriers in the cobalt nanoparticles. It is clear
from the plot that a single distribution of energy barriers (such as a log-normal
distribution) cannot describe the data. Instead, the data is best described by 2 lognormal distributions and a single exponential:
-\fLn{E)-Ln(Ex)\2

s

„

. .., = C,e
l
kT

n

-\(Ln{E)-Ln{E2)\2

+ C2e

s£3

+ Cne
(EQ4.1)

where Cj and C2 are the m a x i m u m values of the log-normal distributions, EjE2 and
E3 are the most probable energy barriers of the distributions and Sj, s2 are a measure
of the width of the distributions.
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The data, fitted model and the distributions are shown in Figure 4.15.
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Figure 4.15 S/kT against CkT. Experimental data (•) and fitted
magnetic-moment weighted energy barrier distribution (—). The
component distributions are shown with dotted lines.

The fitted parameters are:
Table 4.3
data

Parameters from fit to viscosity

parameter

value

Ei (J)

(1.0±0.2)xl0- 20

l

0.9 ±0.8

C, (emu/r 1 (g Co)"1)

(6.8±0.2)xl0 2 0

E 2 (J)

(4.3±0.2)xl0" 20

s

2

0.4 ±0.2

C 2 (emu/T 1 (g Co)"1)

(4±3)xl020

E 3 (J)

(0.1±0.1)xl0- 20

C 3 (emu/J- 1 (gCo)- 1 )

(50±30)xl020

s

Assuming each log-normal distribution represents an ensemble of single-domain
particles, each of which undergoes coherent rotation of the magnetic moment then the
mean energy, E, is related to the mean crystalline anisotropy constant, K, and the
mean particle volume, V, through E=KV. Assuming the distribution with the highest
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most probable energy barrier is that corresponding to the cobalt nanoparticle core
which has a diameter of 9 n m (see Chapter 5), then w e find a m e a n crystalline
anisotropy constant of K=4.3xl0-20/3.8xl0-25=l.lx\05J/m3.

This agrees favourably

with that k n o w n for cobalt which is on the order of lxlO5 J/m3. T h e origin of the
remaining two components is discussed later.

4.6 Discussion
Magnitude and stability of magnetisation
The significant loss of specific saturation magnetisation with time for the air-exposed
non-silica-coated sample (A) indicates a chemical change in the particles over time.
This observation strongly suggests that the particles are steadily oxidizing. A s neither
a significant loss of saturation magnetisation nor a large field-cooled hysteresis loop
shift is evident in the argon-sealed non-silica-coated sample (B), an oxidation effect is
the most likely explanation for these observations rather than particle interaction
effects.
The silica-coated samples produced in toluene have lower specific magnetisations
than the non-silica-coated argon-atmosphere-sealed fluid (sample B ) . T h e specific
magnetisation is calculated from the total mass of cobalt in the fluid. The electron
microscopy images show that the particle size of the silica-coated cobalt produced in
toluene is less than the non-silica-coated cobalt. The coating reduces the m e a n particle
size and hence volume. This would m e a n the surface area to volume ratio of the
particle is increased and so a greater fraction of the cobalt atoms is involved in
binding to the silica coating. These atoms m a y be paramagnetic or antiferromagnetic
and therefore would not contribute to o s

met

although they are included in the

calculation of specific magnetisation.
The shift in the centre of the field-cooled hysteresis loops of the silica-coated particles
is most likely due to an outer shell of antiferromagnetic material. T h e susceptibility of
cobalt to oxidation is well k n o w n (Smardz, Kobler et al. 1992) so the shell is most
likely cobalt oxide. The exchange coupling of the shell to the core after cooling in
high fields increases the reverse field needed to change the direction of the m o m e n t of
the core of the particle. S o m e workers have suggested that the coating of a particle
with a phosphonate coating m a y force the shell into an antiferromagnetically ordered
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structure (Shafi, U l m a n et al. 2001). This cannot apply here as for this to occur the
coating material needs to be a bidentate ligand to allow superexchange coupling
between 2 surface atoms. The antiferromagnetic ordering of the surface layer is
probably a result of oxidation occurring at some point in the production process.
Since the shift of the field-cooled hysteresis loops of the particles synthesised in a
P D M S solvent is less than the shift of those synthesised in toluene it m a y be that the
removal of toluene is in some w a y related to an increased risk of particle oxidation.
However, as yet it is unclear w h e n or w h y these particles become oxidised.
The air-exposed and argon-sealed silica-coated particles (C and D respectively) and
the argon-sealed non-silica-coated particles (sample B ) all have similar field-cooled
hysteresis loop shifts. The similar loop shifts for air-exposed and argon-sealed silicacoated particles confirm that the silica coating does protect the cobalt particle from
oxidation w h e n the reaction process is complete and the particles are in the carrier
fluid. A s the production mechanism of silica-coated particles is very similar to that for
the non-coated particles, the stability of these fluids against oxidation must be
attributed to their silica coating.
The loop shift for sample A is m u c h larger than for any of the other dispersions
studied. If the antiferromagnetic layer had been formed during production of the
dispersions then the loop shift of sample A would be close to that measured for the
other samples. Its larger magnitude provides further evidence that this layer is caused
by oxidation which occurs after production.
There is evidence for the presence of an oxide layer on the surface of the cobalt
particles in the non-air-exposed samples. The shift of the field-cooled hysteresis loop
was stable for the duration of the experiment. Together with the stable specific
saturation magnetisation of these samples, this implies that no further oxidation
occurred over the experimental time period and supports the idea that oxidation
occurred before the start of the magnetisation measurements (and probably before
being sealed under the argon atmosphere). It is possible that an antiferromagnetic
cobalt compound other than cobalt oxide has formed on the particle surface but given
the possibility of oxidation of particles during removal of toluene from the reaction
fluid, it is most likely that a cobalt oxide layer is formed.
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Multiple forms of cobalt
There is also a clear peak at around 10 K in the zero-field cooled curves of the silicacoated particles. This peak m a y indicate a second population of particles with a m u c h
smaller core size or a m u c h smaller anisotropy constant in these samples. It is possible
that clusters of cobalt atoms, which have not formed into larger particles, are
producing this peak. It is also possible that the silica coating produces a range of
surface states which are not present on the non-silica-coated particles. The surface
atoms involved in these states could be weakly magnetically coupled and so be
observable as a peak in the zero-field cooled curve at m u c h lower temperatures than
those associated with the magnetically ordered core. They also m a y contribute to the
paramagnetic signal observed in the G vs H measurement at 5K. The values of J
obtained from the fits of the Brillouin function to the G V S H measurements are lower
than expected for uncoupled paramagnetic cobalt atoms (J = 1.5). The reduced J
values suggest that the magnetic moments of the cobalt atoms which contribute to this
signal are quenched through interaction with other atoms. The binding of a ligand to a
surface is k n o w n to quench the magnetic m o m e n t of the surface atoms (van Leeuwin,
van Ruitenbeek et al. 1994). It m a y be these bound cobalt atoms which are
contributing to the paramagnetic signal with a reduced magnetic m o m e n t w h e n
compared with bulk cobalt. The reduced J values m a y also be due to surface spin
structures where interactions between the spins prevent the paramagnetic magnetic
moments reaching the bulk value. The a vs H loops measured at 5 K show no clear
saturation of magnetisation. Each loop appears to have a component whose
magnetisation continues to increase with increasing field even at 70 kOe.The physical
form of cobalt responsible for this component m a y be reaction intermediates or fully
reacted species which have formed amorphous cobalt compounds instead of metallic
cobalt particles. Other workers have reported similar non-saturation effects
attributable to a disordered surface layer gradually aligning with high fields (10's of
kOe) on cobalt (Respaud, Broto et al. 1998) and iron oxide nanoparticles (Martinez,
Obradors et al. 1998). In these previous studies the particle size or morphology
resulted in a greater surface area to volume ratio than the cobalt particles studied here.
In contrast, w e have larger particles, a well fitted paramagnetic component and a
second low temperature peak in the zero-field cooled temperature dependent
magnetisation curves
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The magnetic viscosity measurements of the non-silica enclosed cobalt dispersion 7
provide further evidence for multiple particle distributions in the fluids. The lognormal components are probably due to 2 ensembles of particles each with a
distribution of particle volumes. The distribution with the larger m e a n energy barrier
has a magneto-crystalline energy consistent with previously measured values for
cobalt. The second log-normal distribution has a lower m e a n energy. This m a y be
interpreted as a second population of particles or as a second population of interacting
magnetic spins (for example on the surface of the particles). The third component
which dominates at low energies has been interpreted previously as due to surface
spins on the particles studied. In this case, a relatively large bias shift in the fieldcooled hysteresis loops indicates an oxide layer on the particles. The contribution of
the antiferromagnetic spins of cobalt oxide to an apparent energy barrier distribution
is unclear. The apparent energy barrier distribution is weighted by the magnetic
m o m e n t of the spins contributing to the distribution. The magnetic m o m e n t per atom
of the antiferromagnetic surface layer will be less than the magnetic m o m e n t per atom
of the cobalt core. This means the cobalt core energy distribution should contribute
the most to the energy barrier distribution. However, the contributions from all
components appear almost equal. The antiferromagnetic surface layer is probably not
a major contributor to the energy barrier distribution.
The same form of cobalt which is inferred from the non-saturation of the hysteresis
loops m a y also be observable as the two lower energy barrier distributions in the
viscosity measurements.
To summarise, the evidence for multiple forms of cobalt is:
• two peaks in the temperature dependent magnetisation
• a component in the field dependent magnetisation measurements which does
not saturate even at high fields
• multiple energy barrier distributions derived from magnetic viscosity measurements
Together these point to more than one form of cobalt-containing material in the fluids.
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Particle size and clustering effects
The peak in the zero-field-cooled temperature dependent magnetisation gives an
indication of the relative size of the particle core. The decrease in temperature of the
peak m o m e n t in this measurement associated with silica-coating indicates a possible
decrease in the size of the magnetic core of the particle. T h e smaller size of the
particles as observed by electron microscopy supports this. Particle size effects m a y
not entirely account for the large increase in temperature of the zero-field-cooled peak
in the non-silica-coated samples (A and B ) . The T E M images of the particles clearly
show clustering of the uncoated particles into groups of 3-5 (Rutnakornpituk,
T h o m p s o n et al. 2002). This clustering will have a demagnetising effect on each of
the particles in a cluster. The energy needed to align the magnetisation of each particle
with the magnetic field will be greater for particles in a cluster than for an isolated
particle. This means that in the case of clustered particles the temperature of the
m a x i m u m in the zero-field cooled peak m a y not be simply related to particle size.
The temperature of bifurcation of the zero-field and field-cooled magnetisation curves
is related to the volume of the largest particles in the ensemble. Although the nonsilica-coated particles have both a characteristic blocking temperature and a
bifurcation temperature above the measurement range this does not necessarily m e a n
there will be a remanent magnetisation at room temperature. The clustering observed
by electron microscopy is present w h e n the particles are suspended in fluid as is
discussed in the next chapter. Nevertheless, the time for rotation of a cluster of
particles is still less than the measurement time. F r o m the 2 9 8 K a vs

H

measurements, the measured remanence of Samples A and B above the freezing point
of the fluid is zero.
The lower bifurcation temperature of the silica-coated particles prepared in toluene
suggests a lower m a x i m u m magnetic core size in these fluids. T h e greater shifts in the
field-cooled a vs H measurements of the silica-coated particles produced in toluene
suggest that they have a thicker layer of antiferromagnetic coating. The thicker
surface layer will reduce the magnetic volume of the core, so decreasing the
bifurcation temperature. These particles are also smaller than the other particles and
this will contribute to their lower bifurcation temperature.
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The temperature dependent magnetisation for samples 5-8 indicated a concentration
dependent effect. Higher cobalt particle concentration delays the onset of
magnetisation rise in these zero-field-cooled samples. A n

increased particle

interaction effect m a y be responsible for this effect or the physical properties of the
polymer micelle and carrier fluid m a y explain the observed magnetisations.
The physical properties of the P D M S carrier fluid m a y allow some rotation of the
cobalt nanoparticles and so provide an alternative explanation for the differences in
the temperature dependent behaviour. The glassy transition temperature of P D M S is
approximately 15 OK. This is the temperature at which segments of the polymer
backbone have some flexibility but without full melting of the polymer chains in the
carrier fluid (Sperling 1992). A b o v e the glassy transition temperature movement of
some segments (length - 5 0 atoms) can occur allowing flexing and coiling of the
polymer chain.
The glassy transition temperature can change with concentration of contaminants in
the polymer fluid. If the polymer is sterically hindered, the transition from the glassy
state will not be energetically favourable until higher temperatures. Below the glassy
transition temperature, cobalt particles in this fluid are prevented from rotating their
entire structure to align with the applied field. Once some measure of backbone
flexibility is allowed, rotation of the particles into the field direction m a y be possible.
Particles in the polymer fluid m a y sterically hinder the polymer chains in the carrier
fluid and suppress backbone flexibility. Higher concentrations of particles will
exacerbate this effect, increasing the glassy transition temperature further and
preventing rotation of the cobalt particle into the field direction. The observed
delayed onset of increase of magnetisation in the zero-field-cooled magnetisation
could be explained by this p h e n o m e n o m . The onset of the glassy transition m a y then
provide another explanation for the differences in the measured temperature
dependence of the magnetisations of the cobalt dispersions.
The energy barrier distribution measurements m a y also be affected by the increased
flexibility of the polymer backbone of the carrier fluid above 150K. If some
m o v e m e n t of the particle bulk is possible above this temperature then the change in
the specific magnetisation with time will be greater than that measured if the particles
were frozen in position. In this case, the value of S measured will also be artificially
hicrh. In this case, the last data points in Figure 4.15 m a y be great enough to allow a
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second log-normal curve to be fitted to the data. In this case the log-normal fit with
the lower peak energy barrier would be closer to the true energy barrier distribution of
the cobalt particles. F r o m the m e a n energy barrier of this distribution, the anisotropy
constant would be approximately 2xl04Jm'3. This anisotropy value is also close to
the literature value (Centre d'Information du Cobalt, 1960) supporting the hypothesis
that the P D M S carrier fluid undergoes a glassy transition at approximately 1 5 0 K and
that this transition affects the magnetic properties of the magnetic fluid.

4.7 Conclusions
These fluids are studied for possible use in biomedical applications and so they need
to consist of chemically stable, biocompatible materials. F r o m this work it is clear that
coating the cobalt particles with a polysiloxane based copolymer does not fully
prevent oxidation of the particles. This means that either the particles must be allowed
to oxidise fully before use or must be further chemically stabilised. A shell of silica
surrounding a cobalt core can be used to stabilise the particles, with little further
oxidation occurring. The silica-coated particles have a lower specific saturation
magnetisation and magnetic susceptibility, most likely because of an increase in
antiferromagnetic/paramagnetic cobalt.
There is more than one form of cobalt in the dispersions. T h e cobalt nanoparticles are
the major form with a second form of cobalt present. This is most likely s o m e
precursor material which has not fully reacted to form cobalt nanoparticles. The
removal of the poorly characterised paramagnetic component in the fluid will be
necessary before they can be used in medical applications. This m a y be possible with
magnetic separation techniques. The relatively large magnetic susceptibility of these
fluids at room temperature combined with the chemical stability conferred by the
silica-coatings and zero magnetic remanence suggest that these preparations m a y be
good candidates for biomedical applications.
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Small angle neutron and X-ray scattering
from cobalt nanoparticle dispersions.
5.1 Small angle scattering background
The size and shape of particles in suspension and the interactions between the
particles can be determined from small angle scattering studies. Small angle
scattering of both X-rays ( S A X S ) and neutrons ( S A N S ) have been used to probe the
structure of particles in magnetic fluids. The advantage of these techniques over
electron microscopy based techniques is that the particles remain in the carrier fluid
during the measurement. In electron microscopy studies, the carrier fluid must be
evaporated before data can be collected. The aggregation or patterning of particles so
commonly seen in electron micrographs m a y be an artifact of their preparation. Small
angle scattering experiments can determine if the aggregation observed on drying is
the true behaviour of the nanoparticles while suspended in the carrier fluid.
A s neutrons interact weakly with matter, the sample size can be large enough to
prevent any adverse effects of fluid interaction with the surface of the sample cell.
The ability to probe properties of bulk matter makes S A N S a particularly effective
method to study magnetic fluids. Neutrons interact with the nucleus of the atom and
with the magnetic moments of the atom. This gives two scattering mechanisms which
m a y be useful w h e n studying magnetic fluids.
Previous studies have reported on the scattering behaviour of magnetic fluids in
applied magnetic fields. The alignment of the magnetic nanoparticles with an applied
magnetic field can be seen as anisotropy in the scattering pattern (Cebula, Charles et
al. 1983). This anisotropy m a y be due either to the alignment of magnetic moments in
the sample, to chain formation of the particles in the sample or to variations in the
particle concentration profile of the fluid induced by the magnetic field (Gazeau,
Dubois et al. 2002). Clustering consistent with that measured by T E M techniques has
also been confirmed in aqueous and organic-solvent based magnetic fluids (Shen,
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Stachowial et al. 2001). Clustering of particles over time has been observed using
S A N S so providing a clear determination of the colloidal stability of the dispersions
(Mehta, Goyal et al. 1995). The general features of the particles such as particle size
and polydispersity have been determined using S A N S techniques (Shen, Laibinis et
al. 1999).
Small angle X-ray scattering has previously been used to probe the growth of clusters
of cobalt atoms during their electro-deposition (Becker, Schafer et al. 1995) or
through thermolysis of cobalt octacarbonyl (Papier, Horny et al. 1983). The clustering
behaviour of cobalt nanoparticles over the course of several months has also been
studied with S A X S (Anthome & Pepitas 1978). These types of clustering studies are
not possible with electron microscopy as the act of evaporation of carrier fluid can
cause clusters to form. The same physical principles apply to both S A N S and S A X S
but S A N S has a different contrast mechanism (see Section 5.2.2). This mechanism
allows contrast matching where the scattering contrast between the carrier fluid and
certain scattering structures in the suspension is removed by adjusting the isotopic
composition of the fluid. In this way, the contribution to the scattering pattern from
selected structures in the fluid can be reduced to zero (Stuhrmann 1982). This is not
possible with S A X S .
Further information about the particle morphology such as the size of the layers in
core-shell structures can be found by fitting relevant models to the scattering patterns
obtained from S A N S and S A X S . This type of structural information is difficult to find
using other methods.

5.2 Small angle scattering theory
5.2.1 Neutron a n d X-ray interaction with matter
Neutrons effectively interact with the nucleus of the atom while X-rays interact
almost entirely with electrons in the sample. The wavelength of thermal neutrons is
approximately 5 A. This means they are m u c h larger than the nuclei they interact with
and so the nuclei are effectively point sources and neutrons are scattered equally in all
directions (Feigin & Svergun 1987). X-rays from a copper anode have a wavelength
of 1.54 A ( C u K a line) (Kratky 1982). The intensity of the scattering pattern depends
weakly on scattering angle for small-angle scattering (Porod 1982). The sample can
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scatter radiation coherently to produce the scattering pattern, be absorbed by the
sample or transmitted through the sample as shown in Figure 5.1. Both neutrons and
X-rays can be scattered incoherently to add to background radiation but this can be
neglected in the case of X-ray scattering because of the angles involved (Porod 1982).

kf scattered
radiation
incident

transmitted
absorbed
incoherently scattered

Figure 5.1 Types of interaction of neutrons and X-rays with matter
(after Choi 2000).

5.2.2 Scattering cross-sections and scattering length density
For a matrix containing scattering material, the difference between the scattering
length densities of the two materials provides the contrast in the sample. The
scattering length density of a molecule with n atoms each with scattering length, b, is
given by:
n

p = J— (EQ5.1)
n

where bf is the scattering length of the atom and V„ is the volume of the molecule
(Kline 2000).

Neutron scattering length density
Neutron interaction with the nucleus varies randomly with atomic number and
between isotopes of the same element and so the scattering length (b) of a neutron by
a nucleus also varies independently from atomic number (Sears 1992). The total
scattering cross-section is given by G =4nb which has 2 components, Gt+Gb (Feigin &
Svergun 1987). The incoherent scattering cross-section, ah produces the background
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of the scattering pattern and the coherent cross-section, Gb, contributes to the
scattering. The two scattering lengths of the nucleus are produced by the interaction
of a nucleus with non-zero spin and the incident neutron.
From Equation 5.1 it is clear that the scattering length density is the same if the
scatterer is made of one or m a n y repeat formula units. Polymers with different
numbers of identical repeat units have the same scattering length density (King 1995).

X-ray scattering length density
The scattering length density of an atom in X-ray scattering is dependent on the
electron density of the atom. The X-ray scattering length is given by 0.28 n e x 10"

cm

where n e is the number of electrons in the atom and 0.28xl0" 12 cm is the scattering
length of one electron (Stuhrmann 1982). The X-ray scattering length is also
independent of the number of repeat units in a polymer.

5.2.3 Intensity of scattering pattern
Small angle scattering results are reported in terms of the Q-vector. The Q-vector is
the vectorial difference of the incident and scattered wavevectors as in Figure 5.1.
271

The Q-vector is inversely related to real space dimensions (d) by d = —

and the

scattered flux into a solid angle (Q) is given by (King 1995):
fhxK = l0(X)AGri(X)TV^

.

( E Q 5.2)

where AQ is the solid angle, T is the transmission of the sample, V is its volume,
r](X) is the detector efficiency and I0(X) is the incident intensity. The last term, ^-, is
the differential cross-section. The differential cross-section is dependent on the size
and shape of the scattering bodies and the interactions between them. The differential
cross-section is:
|| = NPV1p^p)2P(Q)S(Q) (EQ5.3)
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where Np is the number of scatters per unit volume, Vp is the volume of each scatterer,
Ap is neutron scattering length density, P(Q) is the form factor, S(O) is the structure
factor (King 1995)

5.2.4 Form and structure factors
The form factor describes interference in scattering of neutrons from different parts of
the same scattering body while the structure factor describes interference effects
between radiation scattered by different scattering bodies. The structure factor is
given by (King 1995)
47t/Vnr°°

S(O) = l + ^\[g(r)-l]rsm(Or)dr
UV Jo

(EQ 5.4)

where g(r) is related to the radial distribution function of the scatterers by
2
4TC7 ' N
/

sir}

£ — - (Ottewill 1982). It is clear from Equation 5.4 that as 7Vp->0 then Sq-^\,
so that the structure factor is only relevant in concentrated or very strongly interacting
solutions. In this study, the m a x i m u m concentration of the particles in the dispersions
is 1.6% thus minimising concentration effects on the structure factor.
The form factor is dependent on the shape of the scattering bodies and its general
form is:
Vp

P(Q) - YP

f

expif(Qa)dVp

(EQ 5.5)

o
M a n y c o m m o n shapes have analytical solutions to the form factor and polydispersity
of the particle size can also be incorporated into it.

5.2.5 Model independent information
The form and structure factors require information about the size and shape of the
scatterers that is sometimes not available. The low Q region is k n o w n as the Gunier
region. Here the differential cross-section is simplified to:
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|2 = NPrp{&p)V-Q2R*/3

(EQ5.6)

where Re is the radius of gyration, a characteristic length scale for the scatterer. I
the mean distance from the centre of scattering density. For example, the Rg of a
spherical scatterer is the radius of the sphered) and Rg = ^R~ . Rg can be found by

plotting Inp- against O2 giving a linear plot with a slope of R2/3. This is valid only
in the region where Q.Rg <1.
The Porod region is the high 0 region. Here the differential cross-section is
approximated by ^

= PQ~A + B where

_ 2tt(Ap) V„
Vp
For scatterers of a known concentration (Cv), this gives a measure of the surface area
(SJ to volume (Vp) ratio of each scatterer.

5.3 Materials and methods
5.3.1 Particle dispersions
The first of the particle dispersions studied was a 1.6% non-silica-coated cobalt
nanoparticle dispersion in 2 OOOg/mol P D M S fluid. The nanoparticles are stabilised by
a

15 OOOg/mol

PDMS-2000g/molPCPMS-15000g/molPDMS

copolymer

(Section 4.2.1 on page 41). The second dispersion measured was a 0.61% silicacoated cobalt nanoparticle dispersion in P D M S fluid. The particles are stabilised by a
pentablock

terpolymer,

15 OOOg/mol P D M S -

2 OOOg/mol P M T E O S -

2000g/

mol PCDMS-2OOOg/mol P M T E O S - 15 OOOg/mol P C D M S (Section 4.2.2 on page 41).
The scattering length densities of the cobalt, silica and each of the blocks in the
copolymers are shown in Table 5.1. These were calculated using the calculator on the
N I S T website. The scattering length densities are strongly dependent on the densities
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1

of each formula unit. For the polymer blocks the densities were taken to be 0.98g/cm
(Rutnakornpituk 2002). For cobalt and silica, the standard densities were used.
Table 5.1
Neutron scattering length densities of cobalt, cobalt
oxide, silicon, P D M S , P C D M S and P M T E O S

neutron scattering
length density3

X-ray scattering
length density3

Substance

(A"2)

(A"2)

cobalt

2.26x10"6

6.29x10'5

cobalt oxide (CoO)

4.27x10"6

4.72xl0"5

silicon

2.07x10"8

2.01xl0'5

PDMS

6.45xl0"8

9.04x10"6

PCDMS

1.03xl0"6

8.87X10-6

PMTEOS

8.21xl0"8

9.14xl0-6

a. calculated using the tool on the N I S T web site (Munter, 2002)

5.3.2 Neutron scattering on the A U S A N S instrument
Neutron scattering studies were undertaken at the Australian Small Angle Neutron
Scattering Facility ( A U S A N S ) at the Australian Nuclear Science and Technology
Organisation, Australia. This instrument has a Q range of 0.1 nm" 1 to lnm" 1 and a
source to detector distance of 5 m . Neutrons of the required wavelength are selected
by a rotating helix before striking the sample. The scattered radiation is then
transmitted to the detector through a vacuum to minimise air scattering.
The samples are at room temperature and pressure. The fluids are contained in quartz
cells with a 1 m m path length and a diameter of approximately 2 cm. The neutron
beam diameter is approximately 1cm. The samples were first measured in zero
applied field, then in an applied field, then again in zero applied field. The applied
field was produced by 2 permanent magnets, one positioned at either side of the
quartz cell and held in place by the magnetic attraction between them. This
configuration produced a 1.2kG field at the midpoint between the magnets. The
magnetic field direction was perpendicular to the direction of the path of the neutron
beam. The scattering from P D M S was measured in the same quartz cells without an
applied magnetic field. Each scattering pattern was recorded over 6 hours.
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detector
scattered neutrons

%( sample) %
^^^^™^™^^^*
magnet A magnet
magnetic field
A

direction
incident neutrons

Figure 5.2 Schematic of magneticfieldand neutron path directions

The transmission of both cobalt dispersions and the PDMS fluid was measured for 5
minutes each. The scattering from the cobalt dispersions was corrected for the P D M S
and background scattering as well as the transmissions of the samples. It was also
corrected to the detector sensitivity. The corrections are carried out following the
method in Equation 5.8.
T
-T
(Tcobalt+ PDMS\( j
* cobalt-1backeround\
T
\yIPDMS

I =

V

lpDMS

j
>.
background'

J

( E Q 5.8)

detector sensitivity
where 7 is the transmission of the sample and / is the scattered intensity. The intensity
of the 2-D scattering pattern was s u m m e d according to radial distance (radially
averaging) and angle of scattering (sector averaging).

5.3.3 SAXS technique
A Bruker Nanostar S A X S instrument with a copper source was used to measure the
S A X S patterns. The instrument operates in the Q-range 1.42xl0"3 to 0.313nm"1 and
has a source to detector distance of 65.05cm. The sample environment is at ambient
room temperature and under a vacuum of approximately 10 mbar. The fluid samples
are sealed in a 1 m m diameter capillary tube. T h e samples were measured with no
applied magnetic field. The collected scattering patterns were corrected for
background scattering from the P D M S carrier fluid and radially averaged.

5.3.4 Model Fitting
The data can be fitted to a scattering model using the Igor Pro software program with
fitting routines available from NIST. These routinesfittheoretical scattering curves to
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the radially averaged scattering data. The radially averaged data from the S A N S
experiments were fitted with a model describing polydisperse spheres. The
polydispersity of the diameter is described by a Schultz distribution (Barlett &
Ottewill 1992). N o interaction between the spheres is included. The validity of the
model is discussed later in this chapter.
The Schultz size distribution is dependent on the m e a n radius and a polydispersity
index which can vary from 0 to infinity. A small polydispersity index results in a
distribution similar to a log-normal distribution with a long tail and in the extreme
limit is similar to an exponential distribution. A large polydispersity index results in a
distribution similar to the normal distribution and in extreme cases is a delta function.
The probability that a sphere will have a radius of R in the Schultz size distribution is
given in Equation 5.9.

R(z+lf

Here R is the m e a n radius, z is the polydispersity index and F(z+1) is the G a m m a
function. The polydispersity parameter, p, fitted in the N I S T routines is related to z
through: z = — - 1. The S A X S data were fitted with a monodisperse ellipsoidal
P
model. The validity of this model is also discussed later in this chapter.

5.3.5 Weak gradient magnetic field separation
A magnetic separation was conducted on a stable non-silica coated cobalt dispersion
in toluene. The stable dispersion was placed in a weak magnetic field gradient
generated by a horseshoe permanent magnet. After 24 hours, particles collected in the
regions with highest field. Presumably, anti-ferromagnetic cobalt oxides and small
particles remained dispersed in the solution. While the magneticfieldwas maintained
in place, the solution was decanted, then the container with the remaining
nanoparticles was rinsed with toluene. The nanoparticles which had been separated by
thefieldgradient of the horseshoe magnet were redispersed in the toluene. To prepare
the samples for transmission electron microscopy, one drop of the solution was cast
onto a carbon-coated grid and the toluene was slowly evaporated at room
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temperature. The T E M

images were collected using a Phillips 430 electron

microscope operating at lOOkV. The images were digitised and a Fourier transform of
a 128 by 128 pixel region of the image was obtained. The Fourier transform was
radially averaged in the same way as the S A N S and S A X S data. This procedure yields
a quantitative method for detecting regular patterns in the images.
5.4 SANS Results - Clustering in a uniform magnetic field
5.4.1 2-D studies
The scattering from non-silica-coated cobalt dispersions before, during and after
exposure to the 1.2kG magneticfieldis seen in Figure 5.3 and from the silica-coated
cobalt dispersions in Figure 5.4. Each scattering pattern is represented by a contour
plot. The sector averaged intensity per pixel around each scattering pattern allows a
quantitative comparison between each scattering pattern. The central dashed line on
the sector averaged intensity plots is the mean of the intensities and the two outer
lines are the mean plus or minus one standard deviation. The scattering is isotropic for
all scattering experiments.
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Figure 5.3 Non-silica-coated cobalt dispersion. Sector averaged
intensities of the scattering images and the images represented as
contour plots. The contour plots s h o w the scattering image in a
detector area of 60x60 pixels around the centre of the scattering
pattern. F r o m top to bottom the plots are (A) before exposure, (B) in
field and (C) after exposure to thefield.The dotted lines on the
sector averaged plots show the m e a n and standard deviation of the
scattering intensity per pixel
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Silica-coated cobalt dispersion. Sector averaged
intensities of the scattering images and the images represented as
contour plots. The contour plots s h o w the scattering image in a
detector area of 60x60 pixels around the centre of the scattering
pattern. F r o m top to bottom the plots are before exposure, in field
and after exposure to the field. The dotted lines on the sector
averaged plots show the m e a n and standard deviation of the
scattering intensity per pixel.
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5.4.2 Radially averaged scattering for non-silica coated cobalt
M o d e l independent results
The non-silica coated cobalt dispersions have no Gunier region as there is no region
of the radially averaged scattering data for which RgQ < 1. The Porod region is the
high Q scattering region. The Porod region of the data was taken from Q = 0 . 4 1 2 0.599nm"1. A linear relationship between intensity and Q" 4 w a s evident in this region.
The gradients of the linearfitare not statistically different between dispersions. This
means that the surface to volume ratio found from this region did not change during
the course of the measurement indicating that the size of the scatterers also did not
change. Clustering m a y be seen as a decrease in the surface to volume ratio measured
in this way.

Modelling of scattering
The non-silica-coated cobalt w a sfittedwith the polydisperse sphere model with a
Schultz distribution of radii (Section 5.3.4). Other scattering models were fitted to the
data to account for scattering from the polymer shell and any cobalt oxide layer on the
particles. Thefittedparameters such as core radius and shell thickness from these
models were not physically acceptable so the models were disregarded in favour of
the simpler polydisperse sphere model (seen in Figure 5.5). The magnetic
measurements of the non-silica-coated particles indicate that an oxide layer forms on
the particles w h e n they are exposed to the atmosphere (Section 4.4.2 on page 50).
However, the coverage of this layer on the particle or the chemical form of the oxide
is not known. A s it cannot be modelled with a physically acceptable description it is
assumed to not contribute to the scattering. It m a y be too thin to contribute to the
coherent scattering.
The distribution of particle diameters in the non-silica coated cobalt is seen in
Figure 5.6. The most likely diameters here are 8.0nm before, 7.8nm during and
7.6nm after application of the magneticfield.T h e polydispersity of the dispersions (Z
value in the Schultz distribution) is 4.5 before, decreasing to 3.9 during and after
application of the magnetic field. The fits to these data result in artificially small
uncertainties of the fitted parameters because of the constraints necessary to force the
fit into a physically possible size range. T h e estimated errors on these numbers were
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an artificially small 1 % as compared with the uncertainties of 1 0 % on the parameters

of the freely fitted silica-coated data. Assuming the larger uncertainties are m

realistic, there is no significant change in the distributions during the experi
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5.4.3

Radially averaged scattering for silica coated cobalt

M o d e l independent results
There is no Gunier region for the silica-coated cobalt dispersions as there is no region
of the radially averaged scattering data for which R g Q < 1. The Porod region is taken
as the region from Q = 0.337-0.524 nm" 1 . In this region, a linear relationship exists
between I and Q" 4 with a linear correlation coefficient of 0.96 for all three
measurements. The gradients of the linearfitare not statistically different between the
threee measurements. This means the change in the total surface area to total volume
of the scatterers is not statistically significant before, during and after the application
of the magnetic field.

Modelling of scattering
A model of the theoretical scattering from spherical bodies with a Schultz distribution
of radii w a sfittedto the scattering data from the silica-coated cobalt dispersion and is
displayed in Figure 5.7. The fits are similar for all the radially averaged scattering
patterns of this sample.
A model describing the scattering from polydisperse spheres with a shell of silicon or
a shell of P C D M S to represent the micelle w a s fitted to the data. This model could not
be fitted with physically possible parameters. For this reason a polydisperse sphere
model w a s also chosen to model all the data although this cannot completely account
for all the scattering structures in the dispersion. The distribution of diameters in the
sample before, during and afterfieldapplication is seen in Figure 5.8. The diameters
here are larger than those of the non-silica-coated dispersions. The most probable
diameter increases from 1 4 n m to 1 8 n m during the application of thefieldto 1 9 n m
after the field is removed. The value of Z in the Schultz distribution increases from
6.7 before field application to 15 during the field application to 22 after thefieldis
removed. This implies a narrowing of the size distribution over the period of
application of thefield.The fitted parameters have uncertainties of approximately

10%.
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The increase in the m e a n particle size is not an indication of an increase in the size of
a particle but rather is interpreted as formation of clusters in the fluid. The
interparticle spacing of these clusters is presumably less than the resolution of the
neutron scattering experiment and so they appear as one region with the same
scattering length density.

5.5 Results of studies on clustering in a magnetic field gradient
The resultant dispersion prepared from the particles which were collected in the weak
external field gradient formed an ordered self-assembled cobalt nanoparticle array
w h e n dried on carbon films and observed with transmission electrom microscopy (see
Figure 5.9). Although some lesser degree of order appears to be in the original
dispersions, the field gradient separation greatly increased the order. Radially
averaged F F T plots generated from digitized T E M images show clear peaks at
approximately 43 n m , 19 n m and 9 n m (Figure 5.10). These 3 length scales can be
attributed to intercluster spacing, cluster size, and particle size respectively. The selfassembled array is a result of interparticle interactions. However, it is not possible to
determine the source of this interaction from the T E M images. It is also not clear
whether the clusters observed are present in the fluid phase or are formed during
evaporation of the fluid.
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5.6

Results of s t u d y of c h a n g e s in structure o v e r time

The scattering patterns of the non-silica-coated cobalt dispersion measured in zero
applied magnetic field with a time interval of 7 months between them are shown in
Figure 5.11. The scattering patterns of the silica-coated cobalt dispersion measured in
the same manner are shown in Figure 5.12. Both dispersions show a decrease in the
intensity of the scattered radiation over the time period. This m a y imply a decrease in
the number of scattering bodies in the size range probed by S A N S over the time
period. Aggregates greater than approximately 5 0 n m m a y be formed over time but are
outside the size range examined by the S A N S experiment and so will not be evident
in the scattering pattern. The patterns remain isotropic indicating that the cobalt
particles do not form aligned chain-like structures over time, although non-aligned
chains could be formed.
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Figure 5.11 Scattering for the non-silica-coated cobalt dispersion
(A) initially and (B) after a 7 month interval.
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T h e radially averaged scattering data were modelled as described previously in order
to determine if there w a s any clustering of the particles over time. F r o m the resulting
size distributions s h o w n in Figure 5.13, the non-silica-coated cobalt appears to have
increased in size over this time while there is no significant change in the silica-coated
cobalt. However, the shift in the most likely particle diameter is only 1 n m for the
non-silica-coated cobalt. T h e silica-coated cobalt dispersions appear to have a
decrease in the frequency of larger particles over time. This is due to the different
values of polydispersity that are obtained from the model. T h e differences in the
polydispersity are accounted for in the error estimate of this parameter and so the
apparent decrease in larger particles is probably not a real effect.
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5.7

S A X S Results

5.7.1 Non-silica-coated cobalt dispersions
Model independent fitting
As with S A N S there is no Gunier region in the S A X S scattering data for the nonsilica coated dispersions. The Porod region for this sample was not investigated as the
scattering is not converted into absolute units. In this case, only comparisons between
samples can be made and as S A X S data was not collected from any other sample
investigation of the Porod region provides no useful information.

5.7.2 Modelling of SAXS from non-silica coated dispersion
The radially averaged small angle X-ray scattering pattern was also modelled with the
scattering from polydisperse spheres. The theoretical scattering from spheres could
not be fitted well to the scattering from the cobalt particles. This model was
disregarded in favour of an ellipsoidal form. The model of an ellipsoid of revolution
fits well to the data with a minor radius of 55.9±0.5nm and a radius of revolution of
272±8nm.
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5.8

Discussion

5.8.1

Clustering behaviour in a magnetic field

The scattering patterns for both the cobalt dispersions studies with S A N S are isotropic
before, during and after magnetic field application. Chain formation along the
magnetic field direction would be apparent as anisotropy in the scattering pattern.
There is clearly no observable chain formation in these dispersions. Magnetic
interactions between the particles would be the cause of any chain formation. Then
the long axis of any chains would be expected to align with the magnetic field
direction and the anisotropy would be evident perpendicular to the field direction.
There is no observed anisotropy in any of the scattering patterns so chain formation
induced by the applied magnetic field is not occurring. The complete lack of
anisotropy is an unexpected result as the magnetic m o m e n t s of the nanoparticles
should be aligned with the field direction at the applied field strength. The
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magnetisation measurements of these dispersions s h o w that the particles are nearly
fully saturated in a 1.2kOe magnetic field (see Figure 4.7 on page 60). The magnetic
m o m e n t s of the nanoparticles should be almost fully aligned with the field at the
applied field strength Used in the S A N S study. T h e neutrons should then be scattered
coherently by the magnetic m o m e n t s of the atoms causing magnetic anisotropy in the
scattering pattern. This anisotropy is not dependent on chain formation by the
magnetic nanoparticles as it is unrelated to the structure of the scattering bodies. The
chain formation would then reinforce any anisotropic magnetic scattering and
increase the deviation of the scattering pattern from a radially symmetric one.
The clustering of the particles into larger aggregates can be probed byfittingmodels
to the radially averaged scattering data. The silica coated cobalt dispersions s h o w a
clear shift to larger particle sizes during and after the magnetic field application. This
shift to larger m e a n particle size is a good indication that some clustering takes place
in the fluid and that this clustering is not reversible on the timescale of this
measurement. T h e increase in the polydispersity index resulting in narrowing of the
size distribution during and after field application m a y indicate that the clustering
occurs on a specific length scale. It also m a y be a result of the length scales probed by
S A N S which will limit size range of the observed scattering. The limited size range
m a y prevent larger clusters from being included in the modelled size distribution.
The non-silica coated dispersions do not show this clustering behaviour during the
magnetic field application. T h e distribution of diameters in this dispersion stay
approximately the same in all field conditions. This implies that no magnetic field
induced clustering occurs in this dispersion. The magnetic interactions between the
cobalt core of the particles initiates the clustering of the particles. The major
difference between the silica-coated cobalt dispersions and non-silica-coated cobalt
dispersions are the form of the polymer micelles and the silica coating which protects
the cobalt core from oxidation.
The disparity between the clustering behaviours of the two dispersions m a y be
understood by considering the differences between them. T h e non-silica-coated cobalt
dispersion will have a lower saturation magnetisation because of the formation of an
oxide layer on the particle surface. The magnetostatic interactions between these
particles will then be less than those of the silica-coated cobalt particles. A s the
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interparticle magnetic interactions decrease, the particles will be less likely to
agglomerate into larger clusters.
The polymer coating of the particles is different for each dispersion. The width of the
triblock micelle coating of the non-silica-coated particles is likely to be less than the
width of the pentablock coating of the silica-coated cobalt dispersions. Usually, a
larger surfactant coating on particles in a colloidal dispersion increases the colloidal
stability of the particles. However, the silica-coated particles are clearly aggregating
in a magnetic field and this aggregation remains even in zero applied field. If the
clustering is entirely due to magnetostatic interactions then in zero field the
aggregates of particles should separate. A s this effect is not observed, it m a y be that
clustering persists because of interactions between the polymer chains in the coating
of the particles.
The scattering from the non-silica-coated cobalt nanoparticles is observed to occur at
higher Q-values than that of the silica coated cobalt. This implies that the scattering
entities in the non-silica-coated cobalt dispersions are larger than in the silica-coated
dispersions as seen in the size distributions derived from the scattering data.

5.8.2 Clustering behaviour in a magnetic field gradient
Placing the non-silica coated cobalt dispersions in a magnetic field gradient for 24
hours results in clustering of s o m e of the particles into groups of 2 or 3 as seen in
T E M images. A quantitative measure of the clustering w a s obtained by radially
averaging the intensities of a Fourier transform of the electron microscopy images.
The radially averaged data shows peaks at characteristic length scales of 43 n m , 1 9 n m
and 9 n m . The first of these distances is related to the intercluster spacing. This
spacing is due to an intercluster interaction effect. Similar effects are seen in electron
microscopy images of other nanosize systems, for example polystyrene spheres. The
feature at 1 9 n m is a measure of the average cluster size. This is similar to the cluster
size measured for the silica-coated cobalt dispersions using S A N S and m a y indicate
that this cluster size is the most stable for the cobalt particle dispersions. The feature
at the smallest length scale is the individual particle size. T h e characteristic particle
size of 9 n m from the Fourier transforms of the T E M images agrees well with the
particle size of 8 n m derived from modelling of the small angle neutron scattering data
from the non-silica-coated cobalt dispersions. The Fourier transforms of the T E M
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images also s h o w some horizontal and vertical streaking (Figure 5.9 b and c). These
are an artifact related to the edge of the images.
If the clustering of the particles observed on the electron microscopy images is due to
an interparticle interaction effect then it should be observable by S A N S . The size of
the clusters is within the size range investigated by this technique and it m a y be
apparent in the tails of the diameter distributions. The tail region does not vary with
field application for the non-silica coated cobalt dispersions and so the measured
cluster number stays constant in an applied magnetic field. It appears that the
clustering observed on the electron microscopy images of the non-silica-coated
dispersions does not occur in a magnetic field of constant strength. Increased particle
concentrations caused by magnetophoresis of the particles into regions of high field
gradient m a y lead to the clustering observed. Even if smallfieldgradients exist in the
S A N S study, the dispersions are exposed to them for 6 hours instead of the 24 hours
of the T E M study. This shorter timescale will lessen the effect of any weak field
gradient in the S A N S study. A s no increase in cluster number is observed w e can
conclude that thefieldin the S A N S study is most likely a relatively uniform field and
that clustering is probably not caused by magnetostatic interactions between the
particles.
The clustering is observed using transmission electron microscopy methods which by
their nature explore a volume of sample around IO"15 times that measured by the
S A N S technique. This lesser volume means that a true measure of the overall
distribution of particle size is difficult to gain using this method as the choice of
image area will depend on the operator. It is important to note that the clusters m a y
exist in the fluid state and contribute to the S A N S scattering and that they m a y be
included in the tail of the distribution seen in Figure 5.6.

5.8.3 Stability over time
The polydisperse sphere model fitted to the small angle scattering data results in a size
distribution which does not change significantly over time for either dispersion. A s
the non-silica-coated dispersion shows an increase of average particle size of l n m , it
is unlikely that the increase in particle size from the fitted model implies any real
increase in m e a n particle size in the dispersion. This implies that the particles are not
clustering on nanoscale dimensions as the fluid ages. Aggregates of several cobalt
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particles would be seen as an increase in the polydispersity of the size distribution
even if the most likely particle size changed only slightly. A s this is not observed in
either dispersion, the frequency of aggregates remains the same over time. The
scattering data before and after aging shows that both the triblock and pentablock
copolymers effectively sterically stabilise the cobalt particles if there is no applied
magnetic field.

5.8.4 Small-angle X-ray scattering of non-silica-coated cobalt
The S A X S study of the non-silica-coated cobalt indicated that there are large regions
of electron dense material in the fluid state. The nature of these regions is unclear. The
dimension corresponds to an ellipsoid with approximately 100 particles in the
cross-sectional area and 60 layers of particles. It is unlikely that the particles in the
fluid will be this ordered however it m a y indicate that the particles are not evenly
dispersed throughout the fluid. Regions of higher particle concentrations m a y exist
which are detected as a single mass using the S A X S method.

5.9 Conclusion
The small angle neutron scattering studies of the cobalt dispersions have been shown
to be useful in exploring the clustering behaviour of the cobalt particles while in a
magnetic field. The aging of the clusters has also been studied. The silica-coated
particles appear to cluster into slightly larger aggregates w h e n in a magnetic field. The
field gradient used in this study is small so the aggregation is most likely caused by
induced

magnetic

interactions between

the particles rather than increased

concentration effects owing to magnetophoretic mobility of the particles to regions of
highfieldgradient. The non-silica coated particles do not appear to cluster w h e n in a
magneticfield.This m a y indicate greater colloidal stability imparted by the triblock
copolymer w h e n compared to the pentablock copolymer. The polydisperse sphere
model is a simplification of the scattering of the dispersions but is able to describe the
experimental data with physically realistic parameters. The small angle X-ray
scattering from the non-silica coated dispersions indicated longer range order than
that observed in the S A N S study. The S A X S work m a y imply regions of higher
concentrations of cobalt particles in the samples.
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Experimentally measured magnetic
properties of commercially available
magnetic microspheres.
6.1 Introduction
Latex microspheres werefirstcreated in the 1960's by D o w corporation and later
magnetic particles were incorporated into the latex spheres (Hafeli, Schiitt et al.
1997). The magnetic component of the microspheres is usually an iron oxide.
Depending on the production mechanism the magnetic component is either dispersed
throughout the sphere,forms a solid core within a latex core or a shell around a latex
core. The magnetic microspheres are generally thought to be superparamagnetic.
They have found a wide range of uses in biological sciences because the shell of the
microspheres can be modified to target particular cells or to be chemically reactive so
that immunospecific agents can be bound to the microsphere.
Magnetic microspheres are often used experimentally in magnetic separation
techniques. A s they can be modified to target particular cell types they can be used to
separate target cells from their surrounding fluid (Ugelstad, Prestvik et al. 1998). The
magnetophoretic mobility of microspheres is m u c h greater than that of nanoparticles.
This is a major advantage when using microspheres instead of magnetic nanoparticles
for cell separations as the experimental timeframe for the separations is
correspondingly shorter. Further uses of microspheres include targeting and tagging
cells for use in cell tracking (Moore, Zborowski et al. 2000). The use of microspheres
in cell counting has been studied. This method estimates the location and number of
cells tagged by measuring the magnetic m o m e n t of the microspheres and their
position (Delgratta, Dellapenna et al. 1995). A comparative technique also measured
the location of magnetic microspheres attached to a surface layered with a bound
analyte (Edelstein, Tamanaha et al. 2000). These methods of cell and analyte
detection are a form of biosensing using magnetic techniques.
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A major use of non-superparamagnetic microspheres is in magnetic twisting
cytometry. In this process, ferromagnetic microspheres are bound to specific receptors
on the cell wall. The reversal of the direction of a magnetic field twists the
ferromagnetic microsphere and the rotation of the bead is measured. This technique
can be used to study the transduction of mechanical force through the cell and the cell
surface receptors which mediate the force (Wang, Butler et al. 1993). Magnetic
twisting cytometry is used to measure the mechanical properties of the cell wall
(Fabry, M a k s y m et al. 1999) and to probe more general features of the physical
properties of the cell cytoplasm such as the transitions between glassy states (Fabry,
Maksy et al. 2001). The microspheres can also be used to activate ion channels in
bone cells (Cartmell, Dobson et al. 2002 and Cartmell, Dobson et al. 2002a).
Magnetic microspheres are usually intended to be superparamagnetic w h e n they are
produced and advertised as such by their manufacturers. A superparamagnetic
microsphere will remain in suspension longer and as there will be no remanent
m o m e n t and so fewer magnetostatic interactions between the microspheres will be
resuspended readily after exposure to a magneticfield.The suspensions of magnetic
microbeads are not generally considered to be magnetic fluids as their size limits their
colloidal stability.
Measurement of the induced magnetisation of the microspheres in an appliedfieldhas
shown that some preparations of microspheres are superparamagnetic (Prestvik,
Berge et al. 1997; Paulke, Buske et al. 1997; Moore, Zborowski et al. 2000). Other
microspheres have a small but significant remanent m o m e n t in zerofield(Griittner,
Teller et al. 1997; Relle, Grant et al. 1999; Chatterjee, Haik et al. 2001). In this
chapter magnetic microspheres from three manufacturers will be studied and their
stated properties compared with those measured experimentally. The motivation for
this study is to fully characterise the magnetic properties of the microspheres as this
information is often difficult to obtain from the manufacturers. A

complete

description of the magnetic response of the microspheres will be useful in
determining the experimental procedures for which they are most suited.
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6.2

Materials a n d m e t h o d s

6.2.1

Microspheres tested and their nominal properties

Microspheres from three manufacturers were tested. The properties of the
microspheres as specified by the manufacturer are given in Table 6.1. The Prolabo
microspheres are produced from polystyrene with 3 5 - 4 5 % ferrite uniformly
distributed throughout the matrix. Spherotech paramagnetic beads are prepared by
coating a polystyrene core with a layer of magnetite and polystyrene. The iron oxide
is near the surface of the particle. The ferromagnetic particles from this manufacturer
are produced from chromium dioxide coated onto a polystyrene core. The Promega
particles are polystyrene based with an unidentified magnetic component.

Table 6.1
Size, nominal magnetic properties and manufacturer of the
microspheres studied.
Magnetic

Code

Manufacturer

Particle diameter
(jam)

1
2
4
5
6

Spherotech Inc. Illinois

4.0-4.5

paramagnetic

Spherotech Inc. Illinois

2.0-2.9

paramagnetic

Spherotech Inc. Illinois

4.0-4.5

feiTomagnetic

Prolabo

-

Promega

1
1

paramagnetic

European Institute of Science

-

paramagnetic

7b

properties3

a. Magnetic properties as stated by the manufacturer in product catalogues or information
booklets.
b. This is an iron oxide-dextran ferrofluid for comparison with the magnetic microspheres

6.2.2

S a m p l e preparation

The microspheres were observed to aggregate and settle within a few minutes of
dispersion w h e n in their as-manufactured carrier fluids. They were set in gels to
prevent this occurring during the measurement time. The gel form also prevents phase
separations of the microspheres and their carrier fluid during temperature cycling. It is
important to keep the interparticle separation of the microspheres as close as possible
to the separation in the dispersed state so that interparticle interference effects are the
same as in the dispersed state. Maintaining this separation is not possible when the
microspheres are dried before measurement.
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6.2.3

Preparation of gels

The microspheres were centrifuged at 2000 g until settled. The supernatant was
removed and replaced with distilled water. The spheres were centrifuged again at
2000 g and resuspended in 5 0 m M 1.06g/cm3 sodium silica in a Tris + H C 1 buffer
solution. This suspension was ultrasonicated in a bath ultrasonicator for 2 minutes to
break up aggregates. The sphere suspension was mixed with equal volumes of 1 M
acetic acid and sodium silica solution. The resulting gel formed within a few minutes
and was stored at 4°C until used. The resulting gels were 0.4% spheres by mass.
For comparison with the microspheres a dextran-iron oxide magnetic fluid was also
studied. This sample was suspended in an agar gel. This form of gel was not used for
the microspheres as they did not form a consistent emulsion in the gel. A 1.66% agar
gel in water and the ferrofluid were warmed to 37°C before mixing 1:1. A consistent
gel was formed and stored at 4°C until use.

6.2.4 Magnetic measurements
To perform the magnetic measurements, the gels were held in glass N M R tubes sealed
with polycarbonate lids. Temperature dependent magnetisations in lOOOe were
measured in 5 K intervals from 5 K to 270 K after cooling in a 70 k O e field or in zero
field. The blocking temperature was taken as the temperature of the peak of the zerofield cooled magnetisation. The bifurcation temperature was taken as the temperature
at which the difference between thefield-cooledand zero-field cooled magnetisations
was less than 1%. Magnetisation vs field measurements were performed for all
samples at up to 70kOe at 5 K and up to IkOe at 298 K. A I k O e field is
approximately the m a x i m u m field attainable with current permanent magnet
technology. This field strength is the m a x i m u m magnetic field strength the
microspheres are most likely to be exposed to in a laboratory setting.
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6.3

Results

6.3.1

Measured

GVSH

behaviour at 2 9 8 K

The magnetisation vsfieldmeasurements are shown in Figure 6.1. Samples 1 and 2
have

non-zero

magnetic

remanence

at room

temperature

indicating

some

non-superparamagnetic behaviour. The coercivefieldfor sample 1 is approximately
50Oe while for sample 2 it is 30Oe.
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Figure 6.1 Measurement of a vs H at 298K for the microsphere
samples 1 &
2. A remanent moment indicates some
non-superparamagnetic behaviour.

Samples 5 and 6 display superparamagnetic behaviour with a coercivefieldof 3 O e
which is within the error bounds of the S Q U I D magnetometer. Sample 7 has a
coercivefieldof approximately lOOe, again within the remanentfieldof the S Q U I D
magnetometer. Note that the larger specific magnetisation in this case is the
magnetisation per gram of iron instead of per gram of microspheres as with the other
samples. Sample 4 displays the characteristics of ferromagnetism such as non-zero
coercivity and remanent magnetisation as expected from the manufacturers'
specifications.
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Figure 6.2 Measurement of G VS H at 298K for the microsphere
samples 4-7. Samples 5, 6 and 7 appear superparamagnetic at this
temperature. The lines through the data arefitsto the data. Sample 4
is ferromagnetic and is included for comparison (here the line is a
guide to the eye only).

6.3.2 Modelling the superparamagnetic G \ S H measurements
The

GVSH

measurements for the microsphere gels which did not have any coercivity

or remanence at 298K (samples 5, 6 and 7) were fitted with the sum of a Langevin
and a linear function.
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a=

Nm^(^-Jf^+XpH

(EQ 6.1)

where m is the number of Bohr magnetons per particle and N is the number of
particles/g microspheres. TheLangevin function describes the superparamagnetic
behaviour of the nanoparticles in the microsphere matrix. This should be expected to
fully describe the measured magnetic behaviour of the microspheres but a did not fit
the data well particularly in the curved region of the data. The addition of a linear
function allows for a paramagnetic component (%p) in the microspheres. The fits to
the data are seen in Figure 6.2 and the fitted parameters are given in Table 6.2.

Table 6.2 Parameters fromfitof Equation 6.1 to the experimental data for the
superparamagnetic microsphere gels.

Sample

m

N

N
16

(x IO
perg
microspheres)

16

(x 10
per
g iron)

Xp

(x 10"3emu

(g microspheres)"

(g iron)"1

( X 10 3 U B )

Oe"1)

5

2.27 ± 0.04

47.7 ±0.7

3.4 ±0.1

6

4.5 ±0.1

52 ± 1

10.6 ±0.3

7

13.3 ±0.6

Xp

(x 10" emu

3

51 ±2.

Oe"1)

19±2

From the value of N , the approximate number of iron oxide particles per microsphere
can be found assuming a monodisperse size distribution with a radius of 0.5 urn and a
density of 1.06gcm"3. For sample 5 this results in approximately 10000 particles per
microsphere and for sample 6 approximately 20000 particles per microsphere.

6.3.3 Zero-field cooled and field-cooled measurements
The zero-field cooled andfield-cooledtemperature dependent magnetisations support
the cr vs H measurements (Figures 6.3 and 6.4). Samples 1, 2 and 6 have not yet
reached a peak in the zero-field-cooled magnetisations by 270 K. The blocking
temperature of samples 1 and 2 is clearly above room temperature as they also have
open magnetisation loops at 298 K.
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Figure 6.3
Temperature dependent magnetisations of the
microspheres in lOOOe after cooling in zero field (•) and in a 70
kOe field (o). The temperature dependent magnetisations support
the G vs H measurements at 298K with samples 1,2 being partly
blocked at room temperature.

Sample 5 has a characteristic magnetic blocking temperature between 90 - 95 K. The

bifurcation temperature is approximately 150 K. Sample 7 has a lower characterist

blocking temperature of 50K and a bifurcation temperature above 270K. At 270K the

field cooled magnetisation is approximately 4% greater than the zero-field cooled
magnetisation.
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Figure 6.4
Temperature dependent magnetisations of the
microspheres in lOOOe after cooling in zero field (•) and in a
70kOefield(o) for samples 5 and 7. The temperature dependent
magnetisations support the G VS H measurements at 298 K with the
blocking temperature of the samples below room temperature.

The temperature dependent magnetisation measurement of sample 4 is unlike the
other microspheres as these are ferromagnetic particles.

6.3.4 Magnetic behaviour at 5K
The G vs H behaviour at 5 K is seen in Figure 6.5. There is no difference between
field-cooled and zero-field cooled measurements for any of the microsphere samples.
There is no apparent surface-core interaction. Most iron oxide nanoparticles are
ferrimagnetic with exchange bias created by spin canting on the surface of the
particle. The influence of the surface spins is usually only seen in particles of the
length scale of a few nanometres. A s this is not seen in these particles, they must be
greater than this scale. Larger particles will have a higher blocking temperature and so
the lack of exchange bias is consistent with the evidence that the particles are partly
blocked at room temperature. The loops are open at 5 K as expected for blocked,
single-domain particles or ferromagnetic particles.
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6.4

Discussion

The measured magnetic properties of some of the microspheres are not as expected
from the manufacturers specifications. W h e n in a gel form, two of the magnetic
microsphere samples are not completely superparamagnetic at room temperature. The
others display the type of magnetic behaviour claimed by their manufacturers.

6.4.1 Comparison of the magnetic properties of the microspheres
Samples 1 and 2 are both produced by the same manufacturer. This origin is reflected
in the similarities in the a vs H behaviour of these samples. The samples have similar
magnitudes of magnetisation at room temperature and in the temperature dependent
measurements. Both

of these microsphere

samples should contain similar

microspheres and so the differences in their magnetic behaviour m a y be due to the
distribution of the particles with in the microsphere volume. Sample 2 has a smaller
particle size and so the magnetic component of each microsphere will be located with
in a smaller radius. The smaller particle size m a y cause some particle interaction
effects which decrease the coercivity and remanence of the magnetic component of
the microspheres in this sample.
The room temperature field dependent magnetisation of the superparamagnetic
samples, 5 and 6, can be described by the sum of a Langevin and linear component.
The total magnetic m o m e n t per particle is approximately the same for both of these
microsphere samples. A s it is likely the magnetic component is iron oxide in both
these samples, this implies that the particle size in the samples is comparable. The
greater m o m e n t per gram of microspheres for sample 6 as compared to sample 5 is
due to the greater numbers of particles in each microsphere in this sample. Sample 6
also has a greater paramagnetic component than sample 5. The increased
paramagnetic m o m e n t of sample 6 m a y be due to its larger overall concentration of
magnetic particles if the paramagnetic component arises from surface spins on the
particles or from very small particles enclosed in the microsphere.
The a vs H measurements at 5 K show an open hysteresis loop and a component
whose magnetisation continues to rise above thefieldat which the loops closes. This
rise indicates a paramagnetic component in all the samples (including sample 4 and a
small component in sample 7). The origin of this component is unclear but it is likely
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the production process results in small aggregates of magnetic atoms in the
microspheres which display paramagnetic behaviour. The presence of paramagnetic
material m a y be an aspect of the production process which could be examined in
order to produce the greatest amount of superparamagnetic particles in the
microspheres. Although paramagnetic material will contribute to both the magnetic
susceptibility and magnetophoretic mobility in the microspheres, both of these
properties will increase if all this material is transformed into superparamagnetic
particles.
The magnetic fluid sample, 7, contains very little paramagnetic material. It is
important to note that the magnitude of susceptibility from thefitto the a vs H data
for sample 7 appears high w h e n compared to the values for samples 5 and 6
(Table 6.2) but this is because it is measured in emu/g iron for sample 7 and emu/g
microspheres for samples 5 and 6. The nanoparticle suspension has m u c h less
paramagnetic signal than the microsphere samples at 5 K . It is likely that the
paramagnetic material is removed or is not formed during the production of the
nanoparticles.
The feiTomagnetic microsphere sample 4 behaves ferromagnetically as expected.
However, the 298 K a vs H measurements show unusual magnetic reversal behaviour.
The curvature of the hysteresis loop as it rotates into the negativefielddirection is not
a c o m m o n feature of the measurement. It m a y be that the microspheres have some
limited ability to rotate in the gel. In this way the magnetic m o m e n t aligns with the
reverse field. This will cause the sudden decrease in m o m e n t at the start of the
reversal of the hysteresis loop. After this decrease, the rotating particles are aligned
with thefieldand the further, slower reversal of the m o m e n t is due to rotation of the
direction of magnetic m o m e n t of the particles encapsulated within the microsphere
and not the bulk rotation of the microspheres.

6.4.2 Implications for use of microspheres
Although some of the microspheres have a remanent m o m e n t it will still be possible
to use them to target particular cell types for magnetic separations. The usual method
of magnetic separation involves packing a column with magnetisable material and
applying a magnetic field while the suspension of microspheres bound to the target
cell is passed through the column. The microspheres are removed by flushing the
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column after removal of thefield.If the microspheres have a small remanent m o m e n t
they can still be removed from the column after thefieldis removed. The key step in
the magnetic separation process is to hold the target cell in thefieldso that it can be
separated from other material in the solution. This will occur with superparamagnetic
or blocked particles.
The remanent m o m e n t on the particles will decrease their colloidal stability by
increasing magnetically induced interparticle interactions. This is difficult to quantify
as the stability of the microspheres in suspension depends on the earlier fluid used. It
m a y be expected that the ferromagnetic microspheres will aggregate faster than
superparamagnetic microspheres and this m a y affect their usage in magnetic
separations.
The remanent m o m e n t of the microspheres m a y be exploited for more diverse
measurements. If the microspheres are ferromagnetic below their blocking
temperature they can then be used for magnetic twisting cytometry. The microspheres
samples 1 and 2 measured in this study m a y be suitable for these type of
measurements. However these microspheres have a small coercive field compared
with the ferromagnetic microsphere, sample 4.
The field strength normally used in magnetic twisting cytometry is around lkG. At
thisfieldstrength the magnetic entities in the microsphere will most likely be able to
rotate into thefielddirection without rotation of the microsphere. This means that the
spheres m a y not be suitable for magnetic twisting cytometry applications except those
that are performed at lowfieldstrengths. Application offeree to cells without torque
production has been studied by Glogauer and Ferrier (1998). Here afieldgradient is
used to pull the microspheres away from the cell membrane so applying a force at the
point of adhesion. This technique does not depend on the magnetic blocking nature of
the particles in its method and so is suitable for use with all the microspheres studied.
The use of magnetic microspheres in the cell sensing technologies generally requires
only that the beads have a magnetic m o m e n t in an appliedfield(Edelstein, Tamanaha
et al. 2000; Delgratta, Dellapenna et al. 1995). This means that the superparamagnetic
nature, of the particles is not vital to the detection of binding to cells or analytes in
these systems. A microsphere with a small remanent m o m e n t m a y be useful in this
type of system as it m a y be detected without an applied field so simplifying the
systems.
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Superparamagnetic microbeads are also used to study diffusional coagulation of the
spheres in an external magneticfield(Promislow, Gast et al. 1995). T h e cluster size of
the microspheres is monitored with an optical microscope in order to study the
processes controlling particle coagulation (Relle, Grant et al. 1999). In these studies,
the microspheres need to be superparamagnetic in order to prevent any interparticle
interactions initiated by the remanent magnetisation of the microspheres affecting the
aggregation kinetics. This is especially true if only a weak field is applied to drive the
coagulation (Helgesen, Skjeltorp et al. 1988). Knowledge of the magnetic nature of
the microspheres used is necessary to omit the magnetic interactions between the
particles from any further analysis of their clustering properties.

6.4.3 Reasons for difference between expected & measured properties
The measured magnetic properties of the microspheres are different from those
described by the manufacturers in some cases. Superparamagnetism is a phenomenon
which is dependent on the relative timescales of measurement time and magnetisation
reversal time. If the manufacturers magnetic measurements were m a d e on a longer
timescale then this m a y have indicated that the particles are superparamagnetic.
However, S Q U I D magnetometry is a standard technique for characterising magnetic
particles and its timescale of measurement is longer that other standard techniques
such as vibrating sample magnetometry.
The sample preparation is also important. Drying the sample or suspending it in
another carrier fluid or gel m a y change the time for magnetisation reversal. This is
especially true if Brownian rotation is the magnetisation reversal mechanism. The
viscosity of the carrier will then have a significant effect on the magnetic behaviour of
the microspheres.
There is a possibility that the measured properties are an effect of the gel preparation
technique. W h e n in the gel the microspheres m a y be unable to physically rotate to
align their magnetic m o m e n t vector with the applied field as they would w h e n in a
fluid. This means that although the magnetic component of the microspheres is not
superparamagnetic on the timescale of this measurement the microspheres themselves
m a y be apparently superparamagnetic w h e n in the fluid state.
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6.5

Conclusion

The use of microspheres in diagnostic and research settings requires their magnetic
characteristics to be well k n o w n and reliable. T w o of the microsphere dispersions
studied here do not have the magnetic properties claimed by their manufacturers.
These particles are not completely superparamagnetic at room temperature. The other
microspheres are superparamagnetic

or ferromagnetic as described by their

manufacturers. Experimental work based on these microspheres is still valid as the
coercive fields of the non-superparamagnetic microspheres are very small. The
experimental methodology used here prevents rotation of the microspheres and this
mechanism is likely to lead to apparent superparamagnetic behaviour w h e n the
microspheres are in the fluid state. If the microspheres are prevented from rotating by
binding to a substrate then their magnetic m o m e n t m a y hamper certain experimental
measurements. The manufacturers of these microspheres need to accurately
characterise the magnetic properties of the materials so that their suitability for
particular applications can be known.
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Conclusions and Further Work
7.1 Final conclusions
Detection of biomolecules in solution through measurement of the change of the
hydrodynamic radius of a magnetic particle by AC-magnetometry has been
theoretically investigated. The magnetic fluids required for this type of measurement
need to have particles which are blocked on the timescale of measurement so that the
hydrodynamic radius is measured. Since the technique relies on the change in radius
of the particles in suspension they will need to be stable against aggregation for the
length of the measurement. T h e search for magnetic particles which have these
qualities has been started.
The AC-susceptibility method has been shown to be effective in predicting the
relative heating ability of magnetic fluids. This method can be used in hyperthermia
research as an alternative measure of the heating ability of magnetic fluids. The
measurement uses very little fluid and can be performed at m a n y frequencies. This
allows either the frequency of alternating magnetic field at which the fluid dissipates
the most heat or the fluid which has the greatest dissipation of heat at a particular
frequency to be chosen for hyperthermia treatment.
The magnetic and structural characteristics of cobalt nanoparticles suspended in
polysiloxane based carrier fluids have been investigated. These dispersions were
shown to contain mostly unblocked particles w h e n in the fluid state although
temperature dependent magnetisation measurements indicated that the characteristic
blocking temperature of some of the fluids was above room temperature. This was
interpreted as due to interaction effects between clusters of particles in the fluid.
Large numbers of clusters of particles were observed by T E M after the fluids were
exposed to a magnetic field gradient. The number of clusters in the dispersions of
silica-coated cobalt particles increases in a magnetic field for the silica-coated
particles. Aggregation is most likely caused by induced magnetic interactions
between the particles rather than increased concentration effects owing to
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magnetophoresis of the particles into regions of high field gradient. The non-silica
coated particles do not appear to cluster w h e n in a magneticfield,although the size
distributions do extend into the cluster size region. T h e structure of the fluids over
time does not change and this implies a good colloidal stability of the particles with
no aggregation effects observed.
F r o m this work it is clear that coating the cobalt particles with a polysiloxane based
copolymer does not fully prevent oxidation of the particles. A shell of silica
surrounding a cobalt core can be used to stabilise the particles, with little further
oxidation occurring. The silica-coated particles have a lower specific saturation
magnetisation and magnetic susceptibility, most likely because of an increase in
antiferromagnetic or paramagnetic cobalt.
There is more than one form of cobalt in the dispersions. The cobalt nanoparticles are
the major form with a second form of cobalt present. This is supported by the zerofield cooled temperature dependent measurement of the silica-coated particles which
has two peaks, indicating 2 characteristic blocking temperatures most likely from 2
separate populations of particles. The relatively large magnetic susceptibility of these
fluids at room temperature combined with the chemical stability conferred by the
silica-coatings and zero magnetic remanence suggest that these preparations m a y be
good candidates for biomedical applications. Suggested applications include
treatment of retinal detachment and ding targetting particularly to the eye. However
they

are not suitable for the proposed

biosensor as the dispersions are

superparamagnetic at room temperature.
A survey of commercially available microspheres w a s undertaken. T w o of the
microsphere samples studied here do not have the magnetic properties claimed by
their manufacturers. These particles are not completely superparamagnetic at room
temperature. The other microspheres are superparamagnetic or ferromagnetic as
described by their manufacturers. The experimental methodology used here prevents
bulk rotation of the microspheres and this mechanism m a y lead to superparamagnetic
behaviour of all the microspheres w h e n they are in the fluid state.
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7.2

Suggestions for further work

Further investigation of some areas of this thesis could be undertaken. With regard to
the cobalt particle dispersions:
• small-angle neutron scattering experiments using polarised neutrons will allow
the scattering from the magnetic core to be isolated from scattering from the
structural elements of the cobalt dispersions. Scattering at an instrument which
can measure to lower Q values will allow further investigation of the larger
structures in the fluids.
• small-angle X-ray scattering on the silica-coated cobalt suspensions could also
be performed for comparison with the non-silica-coated cobalt dispersions.
• investigation of the Fourier transform technique for deriving quantitative
measurements from T E M images should be continued.
• the origin and nature of the second population of cobalt in these nanoparticles
could be investigated more thoroughly. In itself this is an interesting feature of
the particles as the second, low temperature peak

observed

in the

zero-field-cooled magnetic behaviour is usually only seen in m u c h smaller
magnetic nanoparticles.
The

variable frequency AC-susceptibility

technique

should continue to be

investigated. In particular:
. development of blocked magnetic particles in the size range measured by the
AC-susceptibility method is needed. Further testing of a wide range of magnetic
fluids needs to be undertaken in order to use this technique for biosensing.
• the use of AC-susceptibility technique in hyperthermia research should be
studied in order to predict the heating rates in absolute terms. Standards for
calibration between AC-susceptibility method and the heating measurement will
need to be developed for this. Extended testing on more fluids designed for
hyperthermia treatment could also be undertaken.
Additionally the exploration of the magnetic properties of commercially available
microspheres should be continued to
• provide information on the relative suitability of the microspheres for particular
experimental techniques.
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• further compare the experimentally measured magnetic properties with those
stated by the manufacturer.
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Appendix B

Calculation of the in-phase and quadrature
components of susceptibility
The method for calculating the in-phase and quadrature components of susceptibility
from the measurements of the resistance and reactance of a circuit is included here for
completeness. It has been published previously by Fannin (1998).

Briefly the measurement is made in two steps:
• R and X of the circuit are measured w h e n the slit in the toroid is empty giving
Re and Xe.
• R and X of the circuit are measured w h e n the slit in the toroid contains the
substance of interest giving Rf and Xf.

The other properties of the circuit needed for analysis are:
2

U.JV A
. The inductance of the toroid without a slit, L0 =—j-

w h e r e N1S

the n u m b e r

of turns of the winding wire, A is the cross-sectional area of the toroid and / is its
the m e a n circumference
• The resistance of the wire with a D C current, Rw
• The width of the slit,/y
• The m e a n circumference of the toroid, l2

The in-phase component of the susceptibility can be shown to be:

X

=

-[AU-BV] _ j

if+v2
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and the quadrature component can the shown to be:
„

=

-[BU-AV]
**

2

2

u +v
The parameters A,B, U, Fare:
h 2
A = i~(ReRf+Rw~RwRe~XeXf)
B = ^(R^-R^-R^ + R^/)
U = uL0(Xe-Xf) + j-(RwRrRwRt-XJXe-R2w-ReRf)
l

2

V = uLQ(Rr Re) + l{RJ(rR^L

RjXe

+ RwXe)

2

Here, co=27if'where/'is the frequency of measurement of R a n d X
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