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Abstract

The Preparation of Magnetic Nanoparticle Assemblies
for Biomedical applications

Magnetic nanoparticles and their assemblies are subjects of considerable scientific
interest for basic research, but also for applications as contrast agents in magnetic
resonance imaging (MRI) and for hyperthermia. Such applications depend on the
production of stable suspensions of the particles, it is important therefore to characterise
the particles in suspension. In this work photon correlation spectroscopy was used to
measure of the hydrodynamic size of the particles. NMR techniques were used to
determine the stability and to quantify the contrast efficiency (relaxivity) of the
suspensions. This work has also provided insight into the nature of the nanoclusters in

suspension and into the mechanisms of their growth.

In the first part of this thesis the synthesis, stabilisation and magnetic properties of
aqueous magnetite nanocomposite suspensions which are formed in the presence of fatty
acids or DNA are presented. For fatty-acid stabilised nanocomposites the NMR response
is sensitively dependent on the method of preparation, which cab result in magnetically
blocked or superparamagnetic nanoclusters. In the case of the DNA nanocomposites, the
biomolecule acts as a template for the preparation of low dimensional assemblies, or

magnetic nanowires, whose suspensions exhibit high relaxivity at low magnetic field.

In this second part the synthesis, stabilisation and magnetic properties of magnetite
nanoparticle suspensions formed in organic solvents in the presence of long chain
surfactants are presented. The influence of nanoparticle size on the magnetic properties is
discussed in detail. The NMR response of the particles in non-aqueous suspension is
shown to conform to a model previously developed for aqueous suspensions of
magnetite. Studies of the controlled clustering of the nanoparticles in organic solvents are

presented. The mechanism and kinetics of nanocluster growth are discussed.
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Chapter 1

Introduction



1.1 Thesis overview

Chapter 1 of this thesis is an introduction to the field of magnetic resonance and to the
current state-of-the-art in the preparation and applications of magnetic nanoparticle
dispersions. In the first section of the chapter the principles underpinning NMR and MRI
are described. As the thesis focuses on the application of magnetic nanoparticles in MRI,
the different classes of magnetic materials are then summarised. In the following two
sections the stabilisation and synthesis of magnetic nanoparticles are reviewed. In the
final literature sections, the current applications of stable suspensions of magnetic

nanoparticles, with an emphasis on the biomedical field, are reviewed.

In Chapter 2 the main experimental techniques employed throughout the thesis are
described. These include nuclear magnetic resonance dispersion, NMRD, and photon
correlation spectroscopy, PCS. Experimental details specific to individual chapters are

described as they arise.

In Chapter 3 the preparation and characterisation of aqueous nanoparticle suspensions is
described. Three types of materials are presented; uncoated magnetic nanoparticles,
DNA- stabilised nanoclusters synthesised in situ, and fatty acid stabilised nanoclusters.
The temperature and pH dependence of the relaxation mechanisms are presented and the
data interpreted in terms of the effective particle size and magnetic state of the suspended
nanoparticles or nanoclusters. It is found that the uncoated nanoparticles disperse, but
when surface active molecules are used at least under the conditions described, stable
clusters of nanoparticles are invariably formed. Despite their small primary particle sizes
these clusters are not superparamagnetic, except in the case of the double-stranded DNA

stabilised magnetic fluids, and then only partially.

The synthesis in situ coating and characterisation of fatty-acid bilayer stabilised magnetic
fluids is described in Chapter 4. Efforts are described to synthesise smaller nanoparticles
by increasing the ionic strength during coprecipitation. Most of the suspensions
conformed to superparamagnetic relaxation theory, however large hydrodynamic sizes
showed that they were not dispersed. This approach therefore produces stable
superparamagnetic nanoclusters. The effects of change in pH and temperature on the
stable magnetite suspensions are presented. NMRD characterisation was also performed

on aqueous precipitated magnetite with a single surfactant phase transferred into heptane.



The relaxation behaviour of the coated magnetite suspension was also studied as a

function of chain length of the fatty acid.

In Chapter 5 the synthesis of stable ultra-fine iron oxide particles, in the size range 4-11
nm, by a non-aqueous method are discussed. A series of experiments were conducted to
investigate the effect of the experimental conditions on the size of the magnetite
nanoparticles produced. Selected NMRD data was fitted using superparamagnetic
relaxation theory. This procedure gave information on the particle size dependence of the

materials, which is discussed in the light of the current literature.

In Chapter 6, studies on stimulated nanocluster growth from previously stable non-
aqueous magnetite suspensions are presented. The use of alkyl-grafted porous silica
powder was shown to mediate nanocluster growth. Experiments were conducted to
investigate the mechanism of precipitation of surfactant coated magnetite, from heptane

suspension, onto the silica surface.

1.2 Nuclear magnetic resonance techniques

1.2.1 Principles of nuclear magnetic resonance

The pioneering work of Felix Bloch and E. M. Purcell in 1946 [1-4] demonstrated that
when certain nuclei were placed in an external magnetic field, they absorbed energy in
the radiofrequency range and re-emitted the energy when the radiation was switched off.
This discovery of nuclear magnetic resonance, NMR, seemed to be of academic interest
initially. However, it was soon realised that the technique had tremendous potential
applications. In particular, Proctor and Dickinson [5, 6] observed the chemical shift
phenomenon in 1950 and proved that the resonance frequency is dependent on the
chemical environment of the nuclei. The field of structural analysis was subsequently

revolutionised, as NMR spectroscopy was developed into a powerful analytical tool.

The existence of nuclear spin had been first suggested by Pauli in 1924 [7]. Electrons
have a spin T of V2. Many nuclei also possess spin. The simplest nucleus is of hydrogen,
which consists of only one 'H nucleus, it has | = V2. For other nuclei the spin angular
momentum is the sum of all individual spins of nucleons. For example, nuclei with both

even mass and charge numbers have zero spin (e.g. 4He, 12C, 18 etc). Nuclei with odd



mass numbers have half-integral spins {e.g. H, 15N (I = \2), I0 (I = V2)} and nuclei
with even mass number but odd charge numbers have integral spins {e.g. 2H, N (I =1),
1B (I = 3)}. The most commonly used nuclei for in vivo NMR are 'H and 31P, both of
which have | = V2. These two isotopes have natural abundance of nearly 100%, and are

present in detectable quantities in all parts of human body.

In the vector model of NMR !H nuclei in a magnetic field have magnetisation, due to
their nuclear spin, and acts like tiny precessing tops. 'H nuclei spinning around their own
axis will generate electromagnetic fields due to their inherent charge and will posses a
characteristic dipolar magnetic moment (|a). The associated spin angular momentum (1) is

related by the equation in classical terms

n=yi (i-i)
where y is a constant called the gyro-magnetic ratio, related to the charge and mass

number of the nuclei, it determines the resonance frequency of the nucleus. The rate of

precession is the resonance or Larmor frequency, vI.

vl = YBo/ 2tc (1.2)

In the earth’s weak magnetic field, the spins of a nucleus are randomly oriented so that
the net magnetisation (M), the net sum of the individual magnetisation vectors, is
virtually zero. When a sample containing non-zero spins is placed in an external
magnetic field, referred to as Bo, the spins align in (21 + 1) different orientations (Zeeman
splitting), each labelled by magnetic quantum number Mi. = -1, -1+1, ...1-1,1 In the case
of the XX nucleus, 1 = V2, so there are two orientations. The moments are either in the
lower energy a-state, Mf= +V2, with the moment aligned with the magnetic field, or in
the p-state, Mf= -\, aligned against the Bofield. The relative populations of the states are

given by the Boltzmann distribution

+2 _ hyBn/2nkT _  AE/KT
vVrIr~e - e (i-3)

Where h is Planck’s constant, k is the Boltzmann constant, T is temperature in Kelvin, y
is the gyro-magnetic ratio of the nucleus and AE the difference in energy between the

states. The relative populations of spins in the two possible energy levels are shown in



the diagram below (Figure 1.1). As the energy difference is very low, c.10'25], at thermal
equilibrium the lower level is only slightly more populated. Na/Np is ¢ 1.000007 for
attainable fields at room temperature. In a system with many non-synchronised spins, the

component of average spin vector in the xy-plane is zero. So given the small population

Equilibrium

M Na> Np

RF irradiation
atvL= AE/h

Na=N3

Figure 1.1. Equilibrium distribution of H nuclear spins under magnetic field and on RF
radiation

difference there is a weak net magnetisation vector Mo, the sample magnetisation, along
the field direction. As this magnetisation is small, NMR is an intrinsically insensitive
technique and there is ongoing interest in attaining higher external fields. The current
state-of-the-art is of the order of 20 T, corresponding to a Larmor frequency of 1 GHz
for 1H. When the nuclei are exposed to RF radiation (Bi field) at the Larmor frequency,
a— and (3—hx transitions are stimulated, causing the net magnetisation to spiral away
from the B0 field and to lie in the transverse xy-plane. It is in this position that the net
magnetisation can be detected. The angle that the net magnetisation vector rotates is
commonly called the “flip’ or ‘tip’ angle. At angles greater or less than 90° there will still
be a small component of the magnetisation in the xy-plane, which can therefore be

detected.

The magnetisation at thermal equilibrium is chosen to be parallel to the positive z-axis.

The manipulation of spin distribution by RF radiation results in rotation of the



magnetisation towards xy-plane and if radiation continues to be supplied to the system,
towards negative z-axis. The RF pulse synchronises the spins, resulting in phase
coherence and the net transverse magnetisation, Mxy rotates around the z-axis at the
Larmor frequency. It is convenient to switch the coordinate system from the laboratory
frame to a frame rotating around z-axis at the Larmor frequency, so that the on-resonance
transverse magnetisation becomes stationary. Whenever there is net transverse
magnetisation in the xy-plane, the NMR signal can be detected through induction of
current to an RF coil tuned to the frequency of oscillation. The process of tilting the
magnetisation from the z-axis to the xy-plane is called “excitation” whereupon the spins
are said to have received a “90° pulse”. An inverting “180° pulse” tilts the spin so that
magnetisation is left along the negative z-axis. Following such a perturbation, the
magnetisation starts to return towards its equilibrium state through relaxation. At the
same time, the precessing magnetisation in the xy-plane induces current flow into the
receiver coil, producing the measured signal, the free induction decay (FID). By the time
t = Ti where Ti is the spin lattice relaxation time, the difference in spin population has
grown to 63% of its value at thermal equilibrium (Figure 1.2). The signal behaviour as

determined by the relaxation process is one ofthe key sources of contrast in MRI.

Figure 1.2. Recovery of magnetisation under field Bo after application of a 90° pulse,
after t = 5Ti, the magnetisation has grown to more than 98% of its equilibrium value,

M eq.

The perturbed state of magnetisation is thermodynamically unstable and thus,
magnetisation “relaxes” back to thermal equilibrium with characteristic time coefficients.
Due to the large magnetic moments of electrons (658 times greater than that of *H
nuclei), the moment associated with the superspin in the case of superparamagnetic
particles, absorb energy from the ’H spin system, thereby inducing relaxation. The

characteristic time over which the magnetisation returns to equilibrium along the



direction of the applied field, is the spin-lattice or longitudinal relaxation and is defined
by the longitudinal relaxation time, Ti (the longitudinal relaxation rate, Ri = 1/ Ti). The
relaxation process, Tj, by which the excess energy is dissipated into the lattice is a
random process. Thus the magnetisation recovery is exponential with time, t, and is

described by;
Mz=MO(l-e-"'T) (1.4)

To obtain a quantitative NMR spectrum a time delay between successive RF pulses of

the order of 5 times Ti must be applied.

The characteristic time with which the phase coherence of the transverse magnetisation,
Mxy, decays to zero is defined by the spin-spin or transverse relaxation time T2, or

transverse relaxation rate (R2= 1/T2), which is also a random process.
My =MQerT> (15)

In the true T2 process spin-spin relaxation occurs when spins in the high and low energy
states exchange energy, thus the energy of the spin system is unchanged. The phases are
lost, hence the driving force for the loss of the transverse magnetisation is entropic in
nature. In pure water the Ti and T2relaxation times are equal, and typically of the order
of 2 to 3 seconds. In case of solids or semi-solids such as biological systems, T2can be

considerably shorter than T1.

In aqueous solution, in the absence of any paramagnetic relaxation enhancement, the
mechanism for spin-lattice relaxation is the modulation of the intra- and intermolecular
A-'H dipolar interaction brought about by molecular tumbling [8]. This occurs because
the dipolar interaction is dependent on the angle, 9, the 'H-"H vector makes with the
external field, Bo. Thus fluctuations in the dipolar interaction due to molecular tumbling
are most efficient at stimulating relaxation when coijr = 1, where col is the Larmor

frequency and xTis the rotational correlation time for tumbling.

The fact that Ti is often of the order of seconds, while xr, for water is of the order of

picoseconds, demonstrates that the system is in the weak collision limit, i.e. the spins are



not strongly coupled to the lattice. It can be shown that for a single motional process

which modulates the dipolar interaction between a pair of spins that the 'H Tj is given by

hV

8va;r r \2n j (16)

Where r is the distance between the  nuclei, no is the vacuum permeability and Jm(co) is
the spectral density for the motion at the Larmor frequency (co is the angular frequency in

radians s'J).

(1.7)

The spectral density is the fourier transform of Gm(t), the time autocorrelation function
for the dynamic process of interest. The subscript m corresponds to the different
transitions between energy states. For random rotational motions, the correlation function
is exponential in time, this is often assumed to be the case in interpreting NMR relaxation
data. The frequency spectrum of intramolecular magnetic interactions, modulated by
molecular tumbling, should resemble one of the curves drawn in Figure 1.3. J(co) can be
thought of as being proportional to the probability of finding a component of the random

motion at a particular frequency.

The characteristic time x¢ the rotational correlation time is the average time taken to
tumble through an angle of about 1 radian, xc1 must be approximately the root-mean-
square rotational frequency (in radians s")). xc is the average time taken for the root-
mean-square deflection of the molecules for ~1 radian. If the dynamic process is random,
then Gm(t) is exponential, as the spectral density J(co) is the fourier transform of the

correlation function, it has a lorentzian form:

J{co)= 2rc
l+r,V (18)

The integral of J(co) over all frequencies is a constant, independent of xc. The frequency

dependence of J(to) is governed by tc, in fact the tumbling rate, x*1 can be extracted



directly from the half-width of the spectral density function. For smaller molecules, less
viscous solvents, or higher temperatures the correlation time is shorter (faster tumbling)
and the spectral density extends to higher frequencies, as shown in Figure 1.3 for three

different xcvalues. As the relaxation rates depend on the ratio between the Larmor

................ » co/goo

Figure 1.3. Spectral density function J(co) drawn for three values of rotational correlation
time xc.

frequency and the correlation time, it is useful to study the relaxation as a function of Bo.
In addition it is not always the case that there is only one motional process modulating
the dipolar interaction, or that the dynamic process is random. Field-cycling relaxometry
is the only NMR technique that permits measurements of Ti over several decades of the
frequency with the same instrument and is one the most powerful tool for the
identification and characterisation of molecular dynamics in complex systems [9]. Field-
cycling NMR relaxometry [9] is also referred to as nuclear magnetic relaxation
dispersion (NMRD). The NMRD technique maps out the spectral density functions. So in
a system with only one rotational correlation time, the NMRD profile is a single
Lorentzian. However, if there are distributions of barrier heights and hence of correlation
times a “stretched” lorentzian can be applied [10]. In a similar way, when the relaxation
mechanism is due to paramagnetic interactions, the NMRD technique can allow
measurement of the strength of these interactions and of the dynamic processes that

modulate them. This will be discussed in detail in the section below.



1.2.2 Principles of magnetic resonance imaging

The discovery of x-rays at the end of nineteenth century revolutionised medical
diagnostics especially for the study of inside of a human body. However, the scientists
and doctors soon learned of the destructive effects of X-ray on tissues. Today's X-Ray
techniques, although much more safe and sophisticated than before, still employ ionising

radiation and constitute the same kind of health risks as years ago.

The work of Paul C. Lauterbur [11] in 1972 demonstrated image formation by
reconstruction from a number of NMR measurements, each taken in the presence of a
linear field gradient applied in different directions. This was the real foundation of a new
non-invasive technique called magnetic resonance imaging, MRI, which produces
images of the body in thin slices. Since the first crude images in early 1970s, the
hardware and imaging experiments have vastly improved. MRI scanners have grown in
number and become indispensable diagnostic tools in almost all the major research and
medical institutions in the world. In MRI substances are irradiated with low intensity
radiofrequency electromagnetic radiation while placed in a strong magnetic field. Both
the magnetic field and the radiofrequency radiation have proved, so far, to be harmless to

the living tissues.

The technique maps the spatial distribution of *H signal, the intensity of which depends
on the amount of water in the scanned volume and on the NMR relaxation times. MRI is
essentially spatially resolved *H NMR. As in NMR, 'H nuclei are excited with short
pulses of radiofrequency radiation. By the application of magnetic field gradients during
and after the radiofrequency pulses, spatial information is encoded both in the resonance
frequencies and relative prescessional phases of the spins. The free induction decay
generated as they relax is measured and deconvoluted by means of a Fourier transform,
which provides an image of the tissue that corresponds to 'H density [12]. Regions of
high 'H density, usually in the form of water or lipid molecules, have a strong signal and
appear bright. Regions of bone or tendon, which have a low [H density because of the
lack of water and lipids, have a weak signal and appear dark. The signal intensity also
depends on the NMR relaxation times Tj and T2 which in turn are influenced by a range
of factors [12, 13]. Controlling these factors to maximise the information content of the
image is the ultimate goal of the radiologist trying to diagnose by analysing an MRI

image.

10



1.2.3 Contrast agents in MRI

Paramagnetic species called “contrast agents” can be administered to the subject to alter
selectively the image intensity of a particular anatomical or functional region. Contrast
agents can considerably reduce the spin-lattice relaxation time Ti, the spin-spin
relaxation time T2 as well as T2* the dephasing time in the presence of field
inhomogeneities. Reducing Ti leads to increase in signal intensity in the region
containing the agent, when the image is recorded under Ti-weighted conditions (rapid
scanning). On the other hand, reducing T2 produces much broader lines which results in
decreased signal intensity [14]. The net result is a nonlinear relationship between signal
intensity and the concentration of the contrast agent [15]. It is often found that at low
concentrations, an increase in contrast agent provides an increase in signal intensity, due
to the Ti effect, until the optimal concentration is reached. Further increase in

concentration reduces the signal because of the T2effect.

Positive contrast agents (appear bright in MRI) are typically low molecular weight
complexes containing as their paramagnetic element gadolinium, manganese or iron.
Gd3+ is preferred as it contains 7 unpaired electrons and hence its complexes can have

high relaxivity, which make them good Ti relaxation agents.

The relaxation enhancement or efficacy of an agent for MRI is quantified by a
concentration independent parameter called the relaxivity, ri. The observed relaxation

rate is given by;

D _ D 1D
1,0bs Isolvent lenhancement
(1-9)
1,0bs \,solvent

where Ri,solvent is the observed rate at zero concentration, which is usually given in mM.
Both ri and r2 relaxivities can be determined experimentally at any given field. Relaxivity
is quoted in units of s "W , for nanoparticulate agents, the total iron concentration is
used. Typical values of ri for nanosuspensions are 10-20 s"mM™"1 at clinical fields of 60
to 100 MHz.

1



High relaxivity means that the clinical dose can be reduced, this is relevant for
gadolinium, in particular, as the free ion is toxic. Thus successful gadolinium-based
contrast agents are invariably highly stable chelates. In most cases the coordination
sphere includes an exchangeable water molecule with the exchange lifetime optimised to
maximise the bulk water relaxation (inner-sphere effect) [12]. Some typical contrast
agents include gadopentetate dimeglumine, gadoteridol, and gadoterate meglumine,
which can be used for imaging the central nervous system or the complete body.
Mangafodipir trisodium is specially used for lesions of the liver and gadodiamide for the

central nervous system.

Negative contrast agents (appear dark in MRI) are usually small particulate aggregates
often termed small particles of iron oxide (SPIO). These agents produce predominantly
spin-spin relaxation effects, but particles smaller than 100 nm also produce substantial Ti
relaxation. These particles are called ultrasmall particles of iron oxide (USPIO). This Ti
effect, along with the high potential relaxivity, and interesting pharmacokinetics, provide
the motivation for substantial ongoing research worldwide into nanoparticulate contrast

agents, aspects of which will be discussed in detail in later sections [12].

1.3 Magnetism and magnetic materials

Magnetic materials are classified by virtue of their response to an externally applied
magnetic field. The orientations of the magnetic moments in a material help to identify
different forms of magnetism observed in nature. If a magnetic field H induces

magnetism M in a material, the material is said to possess a magnetic susceptibility

M =KH
or  M=xH/V (1.10)

where K is the susceptibility, which is dimensionless, or %is the volume susceptibility,
units m3kg'L In the SI system M and H are measured in units of Am'l, where 1 Am'1=
47T/103 Oe. On a microscopic level the magnetism arises due to the presence of magnetic
moments, a single unpaired electron has a moment of 1 |j.b, a bohr magneton, where 1 fie

24 2 . * ’ » » .
Am~. The magnetisation per unit mass, amis also sometimes of interest,

= 9.27402x10'
it is derived from the magnetism by dividing by the density, and so has units of Am2kg'],

note that 1l Am2kg'1= 1emug'l

12



1.3.1 Magnetic classification of matter

There are two main sub-classes of magnetic materials; those that possess randomness or
short-range order and those that possess long-range order. The former are easily
disturbed by thermal agitation and hence have zero magnetisation in zero external field,
the latter have very strong quantum mechanical forces ordering the magnetic moments
over large distances and consequently have properties which are less temperature
dependent, and can exhibit memory (hysteresis) of previous magnetic field exposure.
Ordered materials are also usually magnetically anisotropic. This means that some of

their fundamental magnetic properties are dependent upon crystallographic direction.

A complete discussion of the theories behind the different classes of magnetism materials
is beyond the scope of this dissertation. But some appropriate fundamentals will be
provided to address the magnetisation in ferrimagnetic nanoparticles and their
dispersions. The magnetic behaviour of materials can be classified into five major

groups:

1.3.1.1 Diamagnetism

All atoms are intrinsically diamagnetic. Diamagnetism is an atomic manifestation of the
Lenz effect. Lenz’s law states “in electromagnetism, an induced electric current flows in
a direction such that the current opposes the change that induced it” in a magnetic field,
atomic currents are set up to oppose the applied field, hence dia- (opposed to)
magnetism. Diamagnetic substances are composed of atoms which have no net magnetic
moments (i.e., all the orbital shells are filled and there are no unpaired electrons). This is
a weak temperature dependent fundamental property of all materials, in which a material
acquires a small magnetic moment, |x, proportional to, but opposite in direction to, the

applied field.

1.3.1.2 Paramagnetism

Paramagnetism, a slightly stronger effect, occurs in the direction of the applied field.
Paramagnetism is still however a weak effect as it arises in disordered magnetic phases.
In this class of materials, some of the atoms or ions in the material have a net magnetic

moment due to unpaired electrons in partially filled orbitals such as Fe2+ Fe3+ Ni2+
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MnLetc. However, the individual magnetic moments do not interact magnetically, and
like diamagnetism, the magnetisation is zero when the field is removed. However, in the
presence of a field, there is a partial alignment of the atomic magnetic moments in the

direction ofthe field, resulting in a net positive magnetisation and positive susceptibility

The efficiency of the field in aligning the moments is opposed by the randomising effects
of temperature. This results in a temperature dependent susceptibility, given by the Curie

Law;

where M is the magnetisation per unit volume, B is the magnetic flux density and C is the

Curie constant.

At normal temperatures and in moderate fields, the paramagnetic susceptibility is small,
but larger than the diamagnetic contributions. Unless the temperature is very low («100
K) or the field is very high, paramagnetic susceptibility is independent of the applied
field. Under these conditions, paramagnetic susceptibility is proportional to the total
content of the paramagnetic species. Many iron-bearing minerals are paramagnetic at
room temperature. Some examples with magnetisation per unit mass, amin units of 10'8
m3/kg, include; montmorillonite clay (13), nontronite (Fe-rich) clay (65), biotite
mica (79), siderite (carbonate) (100) andpyrite (30) [16].

14



1.3.1.3 Ferromagnetism

The molecular theory of ferromagnetism was first suggested by Weiss in the early
1900’s, which sufficed as a semi-quantitative description. The theory is based on the
assumption that each atomic dipole is subject to a local field that is proportional to the

magnetisation summed over all the other dipoles in the material [17-19].

Ferromagnetic materials exhibit long-range ordering at the atomic level which causes the
unpaired electron spins to line up parallel with each other in a region called a domain
(clusters of 1017 to 1021 atoms). Within a domain, the magnetic field is intense, but in a
bulk sample the material will usually be unmagnetised because the domains, and hence
the moments are randomly oriented with respect to one another. Ferromagnetism
manifests itself in the fact that a small, externally applied, magnetic field can align the
magnetic domains so the material is magnetised. This adds to the applied magnetic field
by a factor, which is usually expressed as a relative permeability of the material.
Ferromagnetism is extremely strong in metallic elements of the transition metals; Fe, Ni,

and Co and at low temperatures in the rare earth and lanthanide elements.

External Magnetic Field

Zero magnetic field
Figure 1.5. Schematic representation of the magnetic ordering in ferromagnetic
materials
Two distinct characteristics of ferromagnetic materials are; (i) spontaneous

magnetisation, and (ii) the existence of a magnetic ordering temperature.

The spontaneous magnetisation is the net magnetisation that exists inside a uniformly
magnetised microscopic volume in the absence of a field. The magnitude of this
magnetisation, at 0 K, is dependent on the spin magnetic moments of electrons. A related
property is the saturation magnetisation, which can be measured in the laboratory. The
saturation magnetisation is the maximum induced magnetic moment that can be obtained

in a magnetic field (Hs), at higher fields no further increase in magnetisation occurs.
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Saturation magnetisation (Ms) is an intrinsic property, independent of particle size, above
the nano-range, but dependent on temperature. The fraction of the saturation
magnetisation, which is retained when the driving field is removed, is called the

remanence (Mr) of the material, and is an important factor in permanent magnets.

All ferromagnets have a maximum temperature where the magnetism disappears as a
result of thermal agitation. This temperature is called the Curie temperature (Tc). Below
the Curie temperature, the ferromagnet is ordered and above it, disordered. The saturation
magnetisation goes to zero at the Curie temperature. In addition to the Curie temperature
and saturation magnetisation, ferromagnets will tend to stay magnetised to some extent

after being subjected to an external magnetic field.

Figure 1.6. A typical hysteresis loop for a ferromagnetic material where magnetisation
(M) in the sample is driven by the external magnetic field strength (H).

The fact that the properties are dependent on the magnetic history is called hystereis, and
is shown in Figure 1.6, where %0is the initial susceptibility, and H is the coercivity. The
reversed field required to reduce M to zero from remanence is called the coercive field or
coercivity (Ho. The various hysteresis parameters are not solely intrinsic properties but
are dependent on grain size, domain state, stresses, and temperature. Because hysteresis
parameters are dependent on grain size, they are useful for magnetic grain sizing of

natural samples.
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1.3.1.4 Antiferromagnetism

Antiferromagnetism is a phenomenon in some magnetically ordered materials in which
there is an anti-parallel alignment of the spins of two interpenetrating structures so that
the material do not exhibit any overall bulk magnetisation. The moments of sublattices
are exactly equal but opposite, the net moment is zero. This type of magnetic ordering is
called antiferromagnetism. This spontaneous antiparallel coupling of atomic magnets is
disrupted by heating and disappears entirely above a certain critical temperature, called
the Neel temperature (Tn). Above Tn, the susceptibility obeys the Curie-Weiss law for
paramagnets but with a negative intercept indicating negative magnetic exchange
interactions. Hematite crystallizes in the corundum structure with the oxygen ions in a
hexagonal close packed framework. The magnetic moments of the Fe3+ ions are
ferromagnetically coupled within a given c-plane, but are antiferromagnetically coupled
between the planes. Above -10°C, the spin moments lie in the c-plane but are slightly
canted. This produces a weak spontaneous magnetisation within the c-plane (Ms = 0.4
Am /kg). Below -10°C, the direction of the antiferromagnetism changes and becomes
parallel to the c-axis; there is no spin canting and hematite behaves as a perfect

antiferromagnet.

1.3.1.5 Ferrimagnetism

In ionic compounds, such as oxides, more complex forms of magnetic ordering can occur
as a result of the crystal structure. A simple representation of the magnetic spins in a
ferrimagnetic oxide is shown below. The magnetic structure is composed of two
magnetic sublattices (called A and B) separated by oxygen ions. The exchange
interactions are mediated by the oxygen anions. When this occurs, the interactions are
referred to as indirect or superexchange interactions. The strongest superexchange
interactions result in an antiparallel alignment of spins between the ‘A’ and ‘B’
sublattice. In ferrimagnets, the magnetic moments of the A and B sublattices are not
equal and result in a net magnetic moment. Ferrimagnetism is therefore similar to

ferromagnetism.
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Figure 1.7. Distribution of two magnetic sub-lattices separated by oxygen in
ferromagnetic materials.

It exhibits all the hallmarks of ferromagnetic behaviour; spontaneous magnetisation,
Curie temperatures, hysteresis, and remanence. However, ferromagnetic and

ferrimagnetic materials have very different magnetic ordering.

Magnetite, Fe304, or more properly (Fe2+0 )(Fe3t203) is a good example of a
ferrimagnetic material. The moments on the Fe2+ and Fe3+ sites (of inverse spinel
structure) are opposite and unequal. Indeed, magnetite was considered a ferromagnet
until the 1940's, when Neel provided the theoretical framework for understanding
ferrimagnetism. Magnetite, Fe3C+4 crystallises with the spinel structure, in which the
tetrahedral and octahedral sites form the two magnetic sublattices, A and B respectively.
The spins on the ‘A’ sublattice are antiparallel to those on the B sublattice. The two
crystal sites are very different and result in complex forms of exchange interactions of
the iron ions between and within the two types of sites. Ferrimagnetic oxide materials
typically have values of Msof halfto a quarter of their pure metal counterparts. They are
however of great commercial importance because oftheir stability to oxidation, relatively

simple and cheap commercial preparation and low biological toxicity [20].

1.3.2  Magnetic anisotropy

Magnetic materials are very often anisotropic, in that there is a preference for the
magnetisation to point along one direction as opposed to others. In a single domain
particle, all the individual (atomic) magnetic moment are ferro or ferrimagnetically
coupled in the whole volume, so that the magnetization of the entire particle can be

described by one magnetic moment. The anisotropy energy, Ea may be defined by
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Ea=KV sin2 (112

where K is the magnetic anisotropy (volumic) density, V the particle volume and 0 the
angle between the easy axis and the magnetic moment directions. K is also sometimes

called anisotropy constant which varies drastically with temperature [21].

cass axis

Figure 1.8. The hysteresis loop where magnetisation (M) in the sample is shown against
the external magnetic field strength (H) with easy and hard axes of magnetisation.

The difference between the response of a material along an easy axis and the response
along a hard axis is illustrated in the hysteresis loop shown in Figurel.8. In the curve
shown in black, a low applied field is required, it is “easy”, to drive all of the moments to
point along a particular direction. Upon reducing the field to zero, the magnetisation
remains constant since the moments are quite content to point along this axis. The grey
curve in the figure shows that it is “hard” to saturate the moments along the direction
perpendicular to easy axis. At a relatively large applied field, it is still the case that not all
of the moments have been forced to align. Unlike the behaviour observed along the easy
axis, the magnetisation decreases quite significantly as the applied field is reduced to
zero. It is energetically less favourable for the moments to point along the direction in
which the field was applied. The horizontal segments of the black hysteresis loop
correspond to situations in which every moment in the sample has been forced to point to
the left or to the right, as shown in the small drawings in the figure. When all of the
moments in a magnetic sample are forced to point in the same direction, it is said that the

sample has reached its saturation magnetisation (Ms). Above this field no further
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magnetisation can be acquired. The remanence is much smaller in the case of the hard

axis loop than it is when the field is applied along the easy axis.

1.3.3  The structure of magnetite

Iron oxide is found in nature in a variety of chemical compositions with different
magnetic properties. The structural chemistry of iron oxy(hydroxi)des is very rich and
diversified and more than a dozen structural types exist for ferrous, ferric and mixed
valent compounds [22]. Among them the oxides such as maghemite, magnetite and
oxides of the formula M0 .Fe203 (where M is Mn, Co, Ni or Cu) are considered
important because their stable ferrimagnetism and reduced sensitivity to oxidation make
them suitable in magnetic applications [23], Magnetite (F63()4) and maghemite (y-Fe2Cs8)
are the most intensely investigated iron oxides. The mixed-metal/valent Mo .Fe203
ferrites also constitute a very important class of materials because of their unique

physicochemical properties and applications in electronics.

Magnetite (Fe3C4) is a common magnetic iron oxide that has a face centered cubic
inverse spinel structure of type AB204 where A signifies a divalent, and B a trivalent
iron. It is more conveniently expressed in the formula FeO.Fe2C8. The unit cell is
composed of 56 atoms, 32 O " anions, 16 Fe cations and 8 Fe cations. The
ferrimagnetism in magnetite is due to the interpenetrating sublattices aligned antiparallel
with unequal moments [23]. Fe cations occupy interstitial tetrahedral and octahedral sites
and oxygen forming a fee close packing along the [111] axis [24]. The Fe3+ions occupy
vacancies in both the octahedral and tetrahedral sub-lattices, with the moments in each
type aligned anti-parallel. While the Fe2+ ions occupy vacancies or holes in the
octahedral metal sub-lattice only [25]. The magnetic moment arises due to the Fe2+
cations only. Each Fe is high spin so it contributes 4 unpaired electrons. The moment,
and as a result the easy axis of the resulting magnetite crystal, is aligned along the cube

edge. The saturation magnetisation can be calculated from

Ms= (nBM /V (1.13)

Where nB is the number of Bohr magnetons per unit cell = 32, jjb = 9.2704x10°%4
Am2/Bohr magneton, and V is the volume of the unit cell, 5.906x10"28m3. Thus Ms =
5.0x105Am'L By dividing by the density (p = 5207.42 kgm’3), the mass magnetisation
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can be obtained, a(Fe304) = 96 Am’kg'" = 96 emu g'". Values which can be verified for

bulk magnetite (Table 1).

The spins of 3d electrons in the two interpenetrating sublattices in the octahedrally
coordinated Fe** and Fe “are coupled ferromagnetically via a double-exchange
mechanism associated with inter-ion electron transfer” [26]. In other words, the electrons
can hop between Fe2+and Fe3+ions in the octahedral sites at room temperature, rendering

magnetite a unique class of half-metallic materials [27].

Octahedral B site
n Octahedral A site

0] Oxygen ion

Figure 1.9. The inverse spinel structure of crystalline magnetite

Magnetite, Fe3C4, and maghemite, y-Fe203, are similar materials, with closely related
crystallographic structure. In magnetite iron ions are distributed into the octahedral (Oh)
and tetrahedral (Td) sites of the fee stacking of oxygen according to
[Fe' 'JTd[Fe" Fe Joho4 whereas distribution of Fe = in maghemite may be expressed as
[FeOI]xd[F(;I 53Vi/3Joho4 where V stands for a cationic vacancy [28]. In freshly
synthesised magnetite sample, the main peak in the X-ray diffraction pattern is centred at
20 = 41.39° (2.18 A), while for powder kept under ordinary laboratory conditions after a
month is at 20 = 41.62° (2.17 A). This shift in the maximum is attributed to the oxidation
of the Fe304 to y-Fe203 nanoparticles [29]. The crystalline anisotropy constant (K) for
magnetite is 1.4 x 105erg/cm3and the superparamagnetic maximum critical size is for the
crystal, estimated from KV ~ 25KT, is ~25 nm. Magnetite has slightly higher saturation
magnetisation than maghemite. A few physical properties of the three main crystalline
phases are given in Table 1.1 below [23, 30]. Magnetite is stable but slowly oxidises to

maghemite in the presence of air and oxidises to hematite (a-Fe203) at temperature

greater than 300°C.
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Table 1.1. Magnetic and mineralogical data of few selected forms of iron oxides [31].

Cell . o .
. Crystal Density Magnetisation Curie
Mineral family par?rr]rrlrz]a)ters (g/lcm3 Colour Ms (emu/g)  temp (K)
Magnetite cubic a=0.839 5.18 black 90-98 848-858
) cubic or reddish
Maghemite a=0.834 4.87 76-81 820-986
tetragonal brown
. . a=0.5032 steel-grey
Hematite trigonal 5.27 0.4 948
c=1.3737 to black

1.3.4 Magnetic properties of small nanoparticles: Single domain particles

A magnetic domain is region in which all of the atomic dipoles are coupled together in a
preferential direction. Thus, for instance, ferromagnetic materials have magnetic
properties, not only because their atoms possess a magnetic moment, but also because the
material is made up of small regions known as magnetic domains. Within a domain large

numbers, typically 10 -10 , of atomic moments are aligned.

The thickness of a domain wall is a function of the magnetocrystalline anisotropy, the
exchange energy and lattice spacing of the crystal structure. The domain wall is a few
hundred angstroms thick [32, 33]. As the particle size decreases, the number of magnetic
domains per particle decreases down to the limit where it is energetically unfavourable

for a domain wall to exist [34, 35].

Table 1.2. Estimated maximum single-domain size for spherical particles with no shape
anisotropy [18, 36].

Material Ds (nm)
Fe 14

Co 70

Ni 55
Fe3CH4 128
y-Fe20 3 166
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In this critical size range such nanoparticles are single domain materials. In the presence
of an applied magnetic field, the spins orientation and subsequent magnetic saturation is
achieved with lower field strengths than with the analogous bulk materials. The magnetic
moment of each particle is ~ 105 times larger than for transition metal ions and saturation

magnetisation is reached at applied magnetic fields as low as 1 kOe [37].

Diameter

Figure 1.10. Coercivity as a function of particle size, Dgis the superparamagnetic size
and Dsis the single domain particle size.

When the field is decreased, demagnetisation is dependent on coherent rotation of the
spins, which results in large coercive forces [36]. The large coercive force in single
domain particles is due to magnetocrystalline and shape anisotropies for nonspherical

particles.

Nanoparticles of iron oxide normally have lower magnetisation than the bulk materials
due to the structural disorder in small crystal. For example, a magnetite sample of about
5 nm diameter will have about 110 unit cells, while a 3 nm particle will only contain 10
unit cells, resulting in a decrease in magnetisation [29, 38]. The saturation magnetisation
of magnetite nanoparticles is reported in the literature in the range 30-60 emu/g where as
bulk magnetite can have magnetisation as high as 92 emu/g [39, 40]. Morales et al. [38]
studied the nanoparticle size of iron oxide prepared through coprecipitation of mixed
valent iron salts by NH40H and KOH as well as by laser pyrolysis of Fe(CO)s. They
observed a strong structural relationship with the size and magnetic properties of the
nanoparticles. A linear correlation was observed between the particles size with the

magnetisation as shown in Figure 1.11.
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Figure 1.11. Variation of the saturation magnetisation at room temperature with particles
size for different samples prepared though (m) precipitation and (O) by pyrolysis [38].

The structural aspects were investigated by XRD and FTIR. The very fine particles were
found to be maghemite and their saturation magnetisation deviated from the linear
relationship observed for larger particles. The superlattice reflections were found in the
range 10-30° (20) for maghemite crystals. Crystals of size smaller than 5 nm were
extremely difficult to characterise, due to their low scattering intensity and high surface
area. The very low magnetisation obtained for the 4 nm maghemite particles was

unexpected and could be due to surface defects and structural order-disorder [38].

1.3.5 Superparamagnetism

Superparamagnetism is a phenomenon which is exhibited by small particles made out of
ferromagnetic material such as iron oxide. For very small ferromagnetic particles the
magnetic anisotropy energy (responsible for keeping the magnetisation oriented in
certain directions) is comparable to the thermal energy (kT). When this happens, the
particles become superparamagnetic; as thermal fluctuations randomly flip the
magnetisation direction between parallel and antiparallel orientations [37]. Below
approximately 100 nanometers, such particles are so small that the cooperative
phenomenon of ferromagnetism is no longer observed and no permanent magnetisation
remains after the particles have been subject to an external magnetic field. However, the
particles still exhibit very strong paramagnetic properties (hence the name of the
phenomenon) with a very large susceptibility below the Curie or the Néel temperature.

The magnetic anisotropy, which keeps a particle magnetised in specific direction, is
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generally proportional to the volume of a particle. As the size of the particle decreases,
the energy associated with the uniaxial anisotropy (K) decreases until thermal energy is

sufficient to overcome any preferential orientation of the moment in the particle.

Superparamagnetism is dependent on the sample rapidly reaching magnetisation
equilibrium at experimental temperatures [34, 41]. When superparamagnetic particles are
placed in an external magnetic field, their magnetic moments align by particle rotation
and on removing the field, they relax back to equilibrium by two different mechanisms.
The first mechanism is Brownian relaxation, which is accomplished by bulk rotational

diffusion of the particle within the carrier liquid, with a relaxation time,

B = 3V'Tj/KT (1.14)

where V'is the hydrodynamic volume of the particle (includes surfactant), rjthe dynamic
viscosity of the carrier liquid, k is Boltzmann's constant and T is the absolute temperature
The second mechanism is Neel relaxation, i.e. rotation of the internal magnetisation

vector inside the particle, with a time constant of

% = to exp(AE/KT) (1-15)

Qs. AE is the energy

where AE =KV(1 - h)O, and where Tois usually approximated as 10'
barrier assuming uniaxial noninteracting particles, h = H/Ht is the reduced magnetic field

and Hu is the internal field due to anisotropy [42].

Particles with diameter larger than the critical values (Table 1.2) are said to be blocked

[42]. The blocking temperatute (Tb) of a material is given by
Tb  ~2K (1-16)

Below Tb free movement of the moment is blocked by the magnetic anisotropy. The
particle is free to align its moment in an applied field above Tb and becomes

superparamagnetic [18].

At thermal equilibrium the moments of paramagnetic particles will be distributed
according to Boltzmann distribution law along the direction of magnetic field and the

orientations are described by the Langevin function
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1 mH
mav=m (coth a- —) where a = (1.17)

Where mav is the average magnetic moment, k is Boltzmann’s constant and T is the
absolute temperature [34]. This is very similar to the classical treatment of
paramagnetism with the atomic moment replaced by the single domain particle moment,
hence the name ‘superparamagnetism’ [43]. The moment of an individual
superparamagnetic particle is given by M = n”v, where n is the number of particles per

volume.

In a recent review article by R. H. Kodama [44], the principles of superparamagnetism
were discussed and relations between the chemistry of magnetic nanomaterials and their
magnetic properties demonstrated. It is well known that the magnetic rotational energy is
determined by the magnetocrystalline, magnetoelastic, and shape anisotropy of these
particles. This may restrict such particles in two or more metastable orientations, giving
rise to hysteresis in the moment versus applied field. Recent studies of ferrite
nanoparticles [41, 45, 46] and Fe nanoparticles coated with magnetic oxides [47]
presented a more complex picture, where the surface spins are disordered, and the
exchange coupling between the surface and core gives rise to a variety of spin
distributions within a particle which is well within the single-domain size regime. The
‘surface spin states’ can result in high field hysteresis and relaxation of the magnetisation

due to irreversible reorientations of the surface spins.

Thus there are challenges ahead for both theory and experiment to understand how
microscopic modes such as spin waves and phonons couple to the particle moment in the
approach to thermal equilibrium [44]. It should be noted that the same issues are
necessarily ignored in the theory for water relaxation in the presence of
superparamagnetic particles, see below. As a result that theory is strictly applicable only

to particles smaller than 20 nm.
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1.4 Stabilisation of magnetite nanoparticles in suspension

1.4.1 The stability of magnetic fluids

Ferrofluids contain surfactant coated magnetic particles in appropriate (usually non-
aqueous) carrier liquids. The particles are usually superparamagnetic magnetite (FeaO,*)
of mean diameter of about 10 nm. Such a material can be considered to consist of single
domain particles [48, 49]. Under the normal gravitational field it will remain dispersed,
as it should not sediment due to random thermal motions, and should not aggregate due
to the magnetic dipole interaction. However, coagulation due to van der Waals attraction
is still possible. The particles are coated with long chain fatty acid surfactants to provide
stability due to steric and/or electrostatic stabilisation [50], So dispersion relies on the

balancing ofthe gravitational, magnetic, and van der Waals forces.

The attractive magnetic energy between two magnetic dipoles is a function of the dipole

moments (f] and jj2and the distance between the particles given by Equation 1.18;

Mag 1

ATIOr 3 rir\ (1.18)

where r is the vector between the centres of the two dipoles and [j,0is the permeability of
space [34]. The magnetic dipole of a single domain particle is ja = loV where lo is the
magnetisation per unit volume of the particle and V is the volume of the particle. The
interaction energy increases as the distance between the particles decreases and
aggregation may occur unless prevented by a repulsive force. The attraction energy can

also be expressed in the following form;

_F L nM s2d 3
d 9no(/+2)3 (L19>

where Ms is the saturation magnetisation and (6 is the magnetic permeability, s is the
distance between the spherical surfaces, d is the diameter of the particles and | = 2s/d.
The magnetic energy of the system is small when the particles are superparamagnetic, as
the energy is proportional to volume, and so is overcome by thermal fluctuations
resulting in colloidal stability. The factor | expresses the importance of the volume

fraction in determining stability.
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The relative importance of the gravitational force can be assessed from the ratio of the

gravitational energy to the attractive magnetic energy, which is given by;

Gravitational .Energy ApgZ
Magnetic.Energy WYMH (1.20)

where Ap is the difference in density of the solid and the liquid, L is the height of the
suspension and g is the gravitational constant. Using common values for the parameters it
is found that the gravitational effect on nanoparticle stability for typical magnetite fluids

is insignificant [50].

The van der Waals forces are the result of spontaneously induced polarisability of
fluctuating electric dipole-dipole forces and are a relatively weak distance dependent
interaction. The energy due to the van der Waals force, which arises due to fluctuating
dipoles energies for equal sized spheres is given by the Hamaker expression shown in
Equation 1.21,

E: = + In /2+4/> (121)

BRI ITTREON (52)7]

where A is the Hamaker constant (approximately 10'19N.m for Fe3C+4, yFe203 and Fe)
[50], and 1 =2s/d where s is the distance between the sphere surfaces, d is the diameter of
the particle. So the interaction energy increases as two particles come closer. The van der
Waals attractive forces are a significant factor and must be countered with a repulsive

force to maintain a stable colloidal suspension.

Electrostatic and steric repulsions are two forces which balance the attractive forces
between among the colloidal particles. The electrostatic stabilisation is induced by
charge, and so it is pH sensitive. The particles repel each other when they go closer than
a certain distance. Steric repulsions are normally achieved by using a long chain fatty

acid surfactant.

1.4.2 The surface chemistry of magnetite

The aqueous chemistry of metal cations is extremely complex and diverse and it is

possible to control many characteristics of oxide nanoparticles in particular the
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crystalline structure and its surface characteristics including particle size and shape [51,
52], The surface chemistry of magnetite may be controlled during the synthesis by the
experimental conditions e.g., chemical reagents, their purity and stoichiometry, pH,
temperature of reaction, ionic strength of the medium etc. The surface iron atoms which
are not chemically bound to oxygen atoms act as Lewis acids and therefore coordinate
with molecules that donate electrons, Lewis bases. In aqueous suspensions, surface iron
atoms coordinate with water which leaves hydroxyl groups attached to the iron oxide
surface. The iron oxide surface is thus hydrophilic [53] and reacts with both acids and
bases. It is well known that the surface charge in oxides is largely dependent on the pH of
the suspension, the surface is amphoteric in nature. The pH of zero surface charge, pHpe,
or isoelectric point, is at pH 6.8 for magnetite. Iron cations form hexacoordinated aquo
complexes, [Fe(H20)6]z+ in water in which the polarisation of coordinated water
molecules is strongly dependent on the formal charge (oxidation state) and size of the
iron cation. This makes the ferric aquo complexes more acidic than ferrous complexes.
The hydroxylation of the cations occurs in very distinct ranges of pH (at pH > 1 for the
ferric and pH~6 for the ferrous polycation) [28]. Hydroxylated complexes condense
mainly via olation mechanism, with the elimination of water and formation of hydroxo
bridges. During precipitation, the aquo hydroxo zero-charge complex forms which is the

precursor of the solid [52].

One of the major issues in synthesising stable magnetic nanoparticle suspensions is to
prevent agglomeration during synthesis and the coating process. This is consistent with
the size-dependent balance between van der Waals and magnetic dipole-dipole
interactions [54]. Fine magnetite nanoparticles have a large ratio of surface-area to
volume and tend to agglomerate, due to strong magnetic dipole-dipole attractions
between particles, during synthesis as this reduces their surface energy (>100 dyn/cm)
[55].

Aggregation due to attractive forces associated with magnetite nanoparticles can be
prevented by applying an electrostatic double layer, or by use of a surfactant functioning
as a steric stabiliser [53]. lonic surfactants prevent agglomeration due to the repulsive
forces originating from the proximity of like charged particles approaching each other.
Electrostatic stabilisation is a pH sensitive method. Close to the pHpec [56] the net surface

charge density is zero and the interparticle electrostatic repulsions are not sufficient to
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prevent the particles van der Waals attractive forces from causing flocculation. The bare
magnetite particles can be peptised at pH above 10 [57]. The isoelectric point of
magnetite can be shifted to pH 2-4 by applying a silica coating on magnetite and thus
coated magnetite particles are stable in suspension above pH 4. Phosphate and
carboxylate functional groups are known to bind to the surface of magnetite particles [23,
58],

Weakly polarising, positively charged ions, such as the N(CHS3)4+ ion of
tetramethylammonium hydroxide (TMAQOH) are also known to stabilise the magnetite

particles [59].

1.4.3 Steric or entropic stabilisation

Stabilisation by steric repulsion is normally achieved by applying a surfactant to the
magnetite surface. Usually the surfactant molecules have a long chain amphiphilic (fatty)
molecule with a polar head group which binds onto the magnetite surface either
chemically or physicochemically. Particles stabilised in this way can be dispersed in
nonpolar hydrocarbon solvents, such as hexane, with the readily solvated hydrophobic
surfactant hydrocarbon chains extending from the particle surface [60]. The surfactant
thickness must be such that the sum of the energy of van der Waals (E{, equation 1.21)
and magnetic attractive forces (Ed, equation 1.19) is less than or equal to the thermal

energy or Brownian motion of the particle system (equation 1.22) [61, 62].

\Ei + Ed\<kT (1.22)

The stabilisation mechanism can be explained in two ways. When two particles each
containing an adsorbed surfactant layer of thickness 8 approach to a distance of
separation h, where h < 2 8, repulsion occurs as a result of two main effects: (i)
unfavourable mixing of the stabilising chains of the adsorbed layers, (ii) When the
particles approach one another the surfactant tails interpenetrate creating an osmotic
pressure and a repulsive force because of an increase in configurational entropy as the
surfactant chains begin to compress one another. This is referred to as elastic (entropic)

interaction.

Mackor proposed a model for particle-particle collisions where the surfactant tails

compress and repel one another [50]. Rosenswieg et al. modified the Mackor expression
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for the repulsive forces based on a flat surface model to an integrated expression for two

approaching nanospheres

I
kT tm (1.23)
where £ is the concentration of adsorbed surfactant molecules on magnetite particle
surface, and again d is the particle diameter, s = surface to surface separation, 1 =2s/d, t =

25/d, k is Boltzmann’s constant, T is the absolute temperature.

E

Figure 1.12. The potential energy diagram for steric stabilisation where 1 represents
repulsive force due to surfactant, 2 attractive energies of magnetite nanoparticles and 3
net energy.

The surfactant coated nanoparticles will not agglomerate as long as the net energy is
positive. A long carboxylic acid chain creates a potential barrier of ~ 25 KT that is an
order of magnitude greater than the thermal energy for each particle and under this

condition it is unlikely the particles will coalesce [50].

1.4.4 Stabilisation by long chain surfactants

The steric stabilisation of fatty acid coated magnetite nanoparticles in nonpolar and
aqueous carrier liquids has been reported. The carboxylic head group of the primary fatty

acid layer is chemisorbed onto the magnetite surface, see Figure 1.13 [58].

o)

Figure 1.13. Chemisorbed carboxylic acid group on magnetite particle M [58].
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The steric stabilisation of fatty acid coated magnetite nanoparticles in nonpolar and
aqueous carrier liquids is shown schematically in Figure 1.14. The carboxylic functional
group is indicated by the small circles at the surface of the magnetite particles in Figure
1.14b and 1.14c and the hydrophobic tail of the surfactant extends out into the nonpolar

solvent in Figure 1.14b as a curved line.

0

a

Figure 1.14. Schematic diagram of a) uncoated magnetite particle, b) monolayer
surfactant coated in nonpolar solvent and c¢) bilayer stabilised in aqueous suspension.

For fatty acid stabilised nanoparticles in water, partially stable suspensions are obtainable
using a bilayer surfactant coating, [63] with the same or similar surfactants in the outer
physisorbed layer. The second fatty acid layer is then attached to the primary
chemisorbed layer with their hydrophilic carboxylic groups oriented towards the
dispersion medium and it is covered with hydrated NH4+ions. Consequently, the degree
of stability of water based magnetic fluids depends on the pH value of the medium and

the stabilisation mechanism is specific only to water as carrier liquid.

Khalafalla et al. emphasised the importance of the hydrophilic-lipophilic balance (HLB)
number which must be greater than 12 [64]. The HLB number characterises the ratio of
water-loving and oil-loving portions of a surfactant molecule, respectively, in an
arbitrary range of 1- 40. The authors also report that fatty acids with chain length CIO to
CI5 can form water dispersible coated magnetite suspensions [64] and that they are
superior to oleic acid for aqueous suspensions. Wooding et al. [58] note that saturated
fatty acid molecules (C9-C15) can also successfully stabilise the suspensions in water.
The quantity of the surfactant in the primary layer was determined for Cio-Cig and the
surface area occupied per molecule of surfactant was found in the range to be ca. 21 and
38 A with highly organised surfactant bilayer structures [58]. The mean diameter of the

particles was in 7 to 9 nm range. Differential scanning calorimetry indicated the presence
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of a phase transition for the bilayer-coated particles that suggesting partial
interpenetration of the hydrocarbon tails of the primary and secondary surfactants [65,
66].

One limitation of these water based fluids is their instability against dilution with pure
water beyond the CMC (critical micelle concentration) of the surfactant [67]. The
secondary surfactant layer is weakly attached (physisorbed) to the chemisorbed primary
surfactant. Dilution can result in stripping the physisorbed secondary surfactant from the
particle surfaces. Upon loss of the stabilising secondary surfactant, the hydrocarbon tails
of the primary surfactant are exposed to the surrounding water, and the resulting
incompatibility causes the magnetic particles to agglomerate and ultimately precipitate

from solution when the aggregates grow sufficiently large.

Several authors have used oleic acid as a surfactant in their investigation in steric
stabilisation of magnetite particles [58, 65]. The double bond in the hydrocarbon chain of
oleic acid seems to play an important role for an effective stabilisation of iron oxide [68].
This is also the case for suspensions in nonpolar liquids. It is accepted that efficient
packing of adjacent hydrocarbon tails, due to the ‘kink’ in the chain caused by the

unsaturation, facilitates the formation of a stable primary layer [68].

Other surfactants have been used by some investigators. Phosphate containing surfactants
including alkyl phosphate, dodecylphosphonic acid (DDP), hexadecyl phosphonic acid
(HDP) and hexadecyl phosphate (DHDP) [69] have been used for nonpolar magnetite
dispersions. Surfactants with bifunctional head groups like, dodecyldimethylammonium

bromide (DDAB) have also been used.

1.45 Clustering and aggregation in aqueous suspension

It has been reported recently that water-based magnetic fluids consist of a considerable
fraction of non-superparamagnetic particles at room temperature [70]. The presence of a
large number of inherent clusters in the range of 200 nm the in the water-based fluids, as
compared to hydrocarbon based or ionic fluids, may be due to differences in the
preparation technique, which assists the formation of aggregates. It was reported that at

zero field, the formation of rings was favoured over chains for all clusters large enough
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to contain more than three particles due to the strong dipole-dipole interaction between

particles in the aqueous system.

Avdeev et al. [71] investigated the effect of the magnetic particle concentration on the
structure of magnetite based ferrofluid and by means of small-angle neutron scattering.
The suspension was stabilised by oleic acid surfactant dispersed in deuterated benzene.
The authors proposed a model of noninteracting spherical particles covered by a
homogeneous shell which fits experimental data well at magnetite concentration up to 19
vol% revealing a significant decrease in the thickness ofthe shell with an increase in the
magnetite concentration [71]. The results were interpreted as indicating the interlacing of

surfactant tails in the layer caused by the interparticle interactions.

Static light scattering has been used to provide useful insights into the nature of the
aggregates formed in hydrous ferric oxide floes. The assembly of particles appear to
exhibit fractal properties over a significant size range. The aggregates tend to break

easily by agitation resulting in breakup and/or restructuring to denser assemblages [72].

Dynamic light scattering studies of paramagnetic particles containing 67% magnetite
(Fe304) coated with polymer latex showed that the magnetite forms many tiny
ferrimagnetic crystallites of size ~5 nm which are uniformly dispersed in the latex
spheres. The experimental scattering intensity and auto-correlation function, g(t), of the
materials were examined and compared with those from calculations on isotropic and
anisotropic dielectric particles. This demonstrated that the magnetic dipole radiation of
the paramagnetic particles is unusually large and is approximately equal to one third of
the electric dipole radiation of the particles. Dynamic light scattering measurements
showed that the measured g(t) for the depolarised scattering is strongly influenced by the
size distribution of the particles. This is because the large paramagnetic particles contain
more magnetite (are more magnetic) and hence weigh more in the depolarised scattering.
Simple sedimentation methods were found to be effective in size separating the particles

of different sizes to obtain relatively monodispersed scattering samples [73].

1.5 Synthesis of magnetite nanoparticles

The synthesis of magnetic nanoparticles of controlled size has long been of scientific and

technological interest. Stable suspensions of magnetic fluids were first synthesised in
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1964 by Papell [74], There are many synthetic procedures reported in the literature for
preparing nanosized crystalline magnetite. Reported procedures for the synthesis of
magnetite and maghemite are different. However, in practice mixtures of the two are
often obtained even when a high level of care is taken experimentally. The sensitivity to
reagent stoichiometry and a large number of other reaction parameters often complicate
the ability to obtain pure magnetite crystalline structures. The review given here is
mainly focussed on the literature on magnetite. Due to the similarity of their magnetic
properties, and of the synthetic procedures some references on maghemite are included.
The synthetic procedures for magnetite can be broadly classified into three groups:
aqueous precipitation, thermal decomposition of carbonyl complexes/chelates and high

temperature alcohol reduction of Fe3+chemical precursor, usually in non polar solvents.

1.5.1 The synthesis of magnetic nanoparticles by alkaline coprecipitation

Magnetite synthesis by the aqueous precipitation of mixed Fe3+ and Fe2+ salts has been
known since early 1900s [75]. The molar ratio of Fe3+and Fe2+ salts used in the synthesis
is 2:1 as the magnetite can be described as Fe0 .Fe203 [58, 65]. As the Fe2+ion is prone
to oxidation, researchers emphasised the use of closed reactors for magnetite synthesis
with nitrogen or argon gas purging through the reaction mixture. Some authors used the
iron salts with Fe3# Fe2+ratio greater than 2 due to the oxidative instability of Fe2+ion
[64, 76]. The complex mechanism of inverse spinel magnetite formation is not well
understood. A very general mechanistic agreement on the formation of magnetite through
aqueous precipitation is that the Fe2+ precursor hydrolyses to Fe(OH)2 and consequently
reacts with other hydrous oxides to form magnetite [77]. Farley et al. proposed that the
formation of oxides occurs via surface adsorption of cations especially when the bulk
solution concentration is below saturation with the solid phase [78]. There is general
agreement [53, 79] that the process starts with the nucleation of magnetite followed by
crystal growth to obtain monodisperse particles [23]. The sequence of magnetite
formation from the hydrated ferrous and ferric oxides during alkali precipitation may be

given as [79]

[Fe2(OH)33++ FEOH++ 20H~  Fe30(0H)4++ H2 (1.24)

Fe30(0H)4++ 20H”  Fe304+ 3HD (1.25)
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Magnetite nucleates when the concentration of ions becomes supersaturated, from that
point the experimental conditions control the crystal growth process. Once the of Fe3#
Fezj‘ ratio corresponds to the stoichiometry of magnetite, the mean particle size is
determined in the range 2-12 nm by the conditions; the medium, pH and ionic strength,
I, imposed by a salt (8.5 <pH <12 and 0.5 <1< 3 mol.L') [80]. It is known that acidity
and ionic strength, which are responsible for the protonation-deprotonation equilibria of
surface hydroxylated groups, determine the electrostatic surface charge. At higher pH
and ionic strength changes in the chemical composition of the interface, result in a
decrease of the interfacial tension, y. As stated by Gibbs’s law, dy = -Fj d(ij, where Tj is
the density of adsorbed species ‘i’, which increases with pH, of chemical potential (i;. As
the free enthalpy for the formation of particles is defined by dG = ydA, where dA is the
change in surface area, reduced interfacial tension is consistent with a spontaneous

increase in the system surface area [80].

Kim et al. [81] describe an interesting study ofthe effect of pH on the Fe-CI-H20 system.
They detail the operating conditions for co-precipitation of the precursor where it can be

protected from undesired critical oxidation during the synthesis.

1.5.1.1 The effect of oxidation, ionic strength and pH

Complexing agents are also frequently used in magnetite synthesis, but they mostly
affect the morphology of the particles. Such methods raise difficulties in getting particles
free from polymer, surfactant, or ligands [80]. Ammonia precipitation is of special
interest because the resulting particles are free from the organic impurities introduced in
other techniques [82]. Magnetite particles formed under normal kinetically controlled
ammonia precipitation can grow in size, by Ostwald ripening, during ageing [83].
Researchers [30, 56, 80] have observed no particle growth with time when synthesis is
carried out at high ionic strength. The saturation magnetisation of such small magnetite
nanoparticles prepared with 1.0 M ionic strength with NaCl are lower (63 emu/g) than
those prepared in NaCl free solutions (71 emu/g) [30], Jolivet observes that the particles
are smaller when precipitation takes place at pH above the isoelectric pH [56]. Wu et al.
[84] published a similar finding in 2001. TEM micrographs of the particles that were

formed in these reactions showed aggregation at a pH of 12.49.
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Figure 1.15. Mean diameter of magnetite particles as a function of the pH, (O) freshly
precipitated and (m) after 8 day ageing in suspension, ionic strength 3 (M) NaNC=3 at
25°C [56].

However, when the particles were formed at a pH of 13.98, they were spherical and
discrete. Most researchers who describe magnetite synthesis in the laboratory do not
report altering the ionic strength of the reactant suspension. For synthesising magnetite in
the laboratory, the base is added to the mixed iron salts under vigorous stirring conditions
until precipitation is complete at a pH in the range 9-14. However, Gribanov et al., [85]
reversed the process by adding the iron salt solution to the base and described the
limiting concentration of the reactants to be ~0.1 M for producing finest magnetite
particles. The author indicated that the high concentrations limit the mobility of hydrated
trivalent and divalent Fe ions and hence their ability to polycondense via the olation
mechanism. It is also stated that the base should be added to the iron salts rapidly (in 1-2
s) with vigorous stirring, as slow addition creates inhomogeneity in the regions of
hydrated iron species leading to polydispersity in the magnetic properties of the particles
[85],

15.1.2 The effect of temperature and the base

Gribanov et al. investigated the effect of the nature of the cation on the magnetic
properties of product magnetite [85]. The saturation magnetisation increased in
nanoparticulate magnetite in the order KOH > NaOH > LiOH > NH40H. However, X-
ray examination showed the presence of non-magnetic species when KOH and NaOH are
used. Whereas magnetite particles produced between pH 8.5 to 10 using NH40H did not

show the presence of nonmagnetic materials in the product. Bizdoaca et al. produced
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monodisperse magnetite particles of -10 nm diameter by aqueous coprecipitation using
tetrabutylammonium hydroxide [86]. There are many articles regarding the ammonia
coprecipitation of mixed iron salts to crystallise nanosized magnetite. Most of the
researchers report injecting ammonia into deaerated solutions of iron chlorides at 60-
80°C [58, 65, 69]. Some authors have precipitated magnetite at room temperature [55,
87] though Kim et al. used NaOH base for their synthesis [55, 81]. Dresco et al. carried
out chemical coprecipitation in a similar way at low temperature (4-6°C) under vigorous
stirring at pH 9-9.5 and produced small magnetite crystals (5-15 nm) [48]. Several
researchers report the importance of elevated temperature for to obtaining optimum
crystal properties. If the magnetite is prepared at temperatures below 60°C the final iron
oxide formed predominated by a- or y-FeOOH forms. Magnetite dispersions prepared
above 60°C displayed saturation magnetisations of -52 emu/g and XRD confirmed the
magnetite crystal structure [84]. Gribanov et al. investigated the formation kinetics of
magnetite crystal as a function of temperature (Figure 1.16). The rate of formation of
magnetite increases with increase in temperature. However, the authors report that a

reaction temperature of greater than 343K adversely affects the quality of crystal [85].

Goetze et al. report the synthesis of very small (2-30 nm) magnetite particles by
variations of the concentration of reactants, temperature, reaction time, pH and the
electrolyte concentration. Smaller particles were obtained by coprecipitation in diluted

solutions or by coprecipitation at low temperature for a reaction time of few seconds

[88].

Reaction time (min)
Figure 1.16. Plot of magnetite output (a) versus precipitation time (min) at (O0) 268, (O)
283, (O) 290, (O0) 307 and (A) 316K [85].
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Wooding et al. [58] observed micelle formation which prevented complete dispersion of
magnetite by stearic acid and myristic acids, this was overcome by introducing the acid

in several portions.

1.5.2 The synthesis of magnetic nanoparticles by other methods

Other aqueous precipitation methods include: oxidation of Fe2+[89-92], reduction of Fe3+
salt followed by precipitation [93], precipitation through water-in-oil microemulsions

[48, 94-97], vesicles [98] and liposomal preparations [99].

The experimental parameters control the size of these particles and the resulting physical
and chemical properties. A wide range of techniques have been exploited in order to

improve the control of the size distribution of magnetic nanoparticles [100-102].

1.5.2.1 The synthesis of magnetic nanoparticles by oxidation

Domingo et al. demonstrated that [90] the mechanism of formation of magnetite from an
aqueous alkaline slurry of Fe(OH)2 involves the sequence of dissolution, oxidation,
nucleation on Fe(OH)2, and finally growth of Fe304. The dependence of the size and
shape of the particles on experimental conditions is also discussed. Strable et al. [91]
described the formation and stabilisation of ferrimagnetic iron oxide nanoparticles.
Oxidation of Fe(ll) at slightly elevated pH and temperature resulted in the formation of
highly soluble nanocomposites of iron oxides which are stable under a wide range of
temperatures and pH's. Deng et al. described the synthesis of magnetite by the hydrolysis
and precipitation of FeSo04 solution with NaOH. Hydrogen peroxide oxidation produces
nanoparticles of size ~20 nm at pH 13 in presence of surfactant [89], While in another
method [92] described the synthesis of ultrafine (8-10 nm) magnetite particles by the
precipitation of ferrous hydroxide from Fe(NH4)2(S04)2.6H20 with excess NaOH.
Hydrogen peroxide was used to oxidise the resulting green precipitate, in the presence of

oleic acid and a commercial NNO surfactant at 60-70°C.

1.5.2.2 The synthesis of magnetic nanoparticles by reduction

Qu, S. C. etal. [93] successfully synthesised 3 to 10 nm magnetite particles by reduction

of ferric chloride by Na2So03 before precipitating with ammonia. The authors emphasised
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the importance of Fe /SO3 ' ratio and the initial concentration of Fe ion in determining
the particle size and surface properties of the magnetite. The researchers report that the
most appropriate ratio is 3:1, and that the magnetite particle diameter decreased from ca.
11 to ca. 3 nm with a decrease of the concentration of aqueous ferric chloride from 0.45
to 0.075 molL'l The advantage of this method lies in the fact that precipitation is done at
the end of reduction process, and so precautions to prevent oxidation, e.g. by purging

nitrogen or argon, are required.

1.5.2.3 The synthesis of magnetic nanoparticles by water-in-oil methods

A range of techniques where particle growth is limited by precipitating Fe3+and Fe2+ions
in microemulsions, vesicles, polymer solutions, or gels have been reported [29, 103].
Water-in-oil (w/0) microemulsions are created by amphoteric surfactants. Water forms a
microdroplet surrounded by a monolayer of surfactant molecules organised with their
polar heads toward the aqueous core, known as the water-pool, and the hydrophobic tails
in contact with the bulk nonpolar solvent [104]. With appropriate surfactant, chemical
composition and concentration, such micellar cores can serve as nanoreactors for the
coprecipitation of aqueous iron salts. lonic surfactants successfully used include sodium
bis(2-ethyl hexyl sulphosuccinate) (AOT) [105-108] and cetyltrimethyl ammonium
bromide (CTAB) [98, 109].

Water-in-oil microemulsion techniques involving non-ionic surfactants have been
reported [96, 110]. These are simpler techniques in that the surfactant is not also the

complexing species in the synthesis of magnetite.

1.5.2.4 Magnetoliposomes

Magnetoliposomes are phospholipid stabilised magnetic iron oxide particles [99].
Synthetic liposomes are aqueous bodies stabilised with phospholipid bilayers. These
vesicles can also be used as reactors to synthsise small magnetite nanoparticles [111].
Alternatively magnetoliposomes can be prepared by exposing fatty acid stabilised
nanoparticles to lipids in solution. The lipids rapidly displace the fatty acids in a process
analogous to phosphatising in metallurgy [111]. The surface of magnetoliposomes is
partially compatible with biological membranes, and so they have immense potential for

site specific drug targeting and other biomedical applications. Vesicles have also been
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prepared containing didodecyl methyl ammonium bromide, containing an ionic magnetic
fluid [112].

1.5.2.5 The synthesis of magnetic nanoparticles by thermal decomposition

Sapieszko et al. prepared magnetite by the thermal decomposition of alkaline solutions of
Fe3t+chelates in the presence of hydrazine [113]. Vijayakumar and co-authors prepared
pure magnetite crystals with particle size 10 nm by sonochemical decomposition of
hydrated Fe(ll) acetate salt under argon atmosphere [114]. Mild thermal treatment
increased the proportion of the magnetite phase, as characterised by X-ray diffraction.
Rockenberger et al. [115] demonstrated a new non aqueous approach for synthesising
dispersible nanocrystals of iron oxide by the thermal decomposition of iron cupferron
complexes in octylamine in presence of hot trioctylamine surfactants. The reaction

produces y-ferrite with a narrow size distribution around 6-7 nm.

Prozorov et al. reports [116] iron oxide nanoparticles synthesis using sonochemical
radiation of Fe(CO)s at 30°C in presence of oleic acid. TEM expertiments showed that
nanoparticles in fresh liquids were round-shaped and had almost uniform particle size
distribution centred around 10 nm. Magnetisation measurements demonstrated the
change of magnetic signal with time, as compared to the fresh ferrofluids, it was
suggested that this was due to changes in the ordering of the magnetic clusters.

Gunko et al. [117] prepared both magnetite and maghemite by the hydrolysis of the
metallorganic precursor Fe(OBut)2-(THF)2 followed by ultrasound and thermal treatment.
The maghemite nanoparticles (9 £ 2 nm) were superparamagnetic with needle-like

assemblies whereas the Fe304 (19 = 2 nm) formed plate-like 10 pm thick aggregates.

1.5.2.6 Non aqueous synthesis

The disadvantages of the aqueous precipitation method is that the pH value of the
reaction mixture has to be adjusted in both the synthesis and the purification steps and
efforts to produce smaller (<10 nm) monodisperse nanoparticles have had very limited
success. Specifically, in all of the reports which quote the preparation of sub 6 nm
particles characterisation of the preparations was in the solid state only. There is no
precedent for the preparation of stable suspensions of such small particles. Organic

solution phase decomposition of the iron precursor at high temperature had been widely
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used in iron oxide nanoparticle synthesis. Recent advances in the synthesis demonstrated
that direct decomposition of Fe(CO)s followed by oxidation [118] can lead to high

quality monodisperse y-Fe2C3type of nanoparticles.

In a recent article, Sun et al. demonstrated a high temperature (265° C) reflux method for
synthesising suspension a of 4 nm monodispersed superparamagnetic magnetite particles.
The nanoparticles were characterised by high resolution TEM and X-ray diffraction
which indicated single crystal magnetite nanoparticles with very tight size distribution. In
this method iron acetyl acetonate was refluxed in phenyl ether in presence of alcohol, 1,2

hexadecanediol and mixed surfactant oleic acid and oleyl amine [24].

1.6 Applications of magnetic fluids
1.6.1 Superparamagnetic nanoparticles in nanotechnology

The last decade has seen intense research on nano-magnetic materials due to the novel
properties exhibited by these materials of quantum dimensions. Their sizes fall between
the limits of atoms and bulk solids and can produce physical and chemical properties
different from their atomic and bulk counterparts [55]. Due to their size
superparamagnetic nanoparticles have unique physical, tribological, thermal, and
mechanical properties and offer a high potential for several applications in different areas
such as ferrofluids, colour imaging, magnetic refrigeration, detoxification of biological
fluids, magnetically controlled transport of anti-cancer drugs, magnetic resonance

imaging contrast enhancement and magnetic cell separation [39, 119-121].

In materials science, magnetic nanoparticles are the active components of recording tape,
and flexible disk recording media [41]. Magnetite particle dispersions have been used as
ferrofluids in, for example, rotary-shaft sealing, oscillation damping and position sensing
[122] in bearings [61], actuators [123], as magneto-fluidic seals for moving parts in
vacuum systems, fluid film bearings for computer hard disks, damping and cooling

agents in audio speakers [124].

Surfactant coated micron scale magnetite dispersions are used as magnetorheological
fluids (MR fluid). The most attractive feature of MR fluids is that several properties, such

as viscosity, magnetic susceptibility, and optical characteristics, can be rapidly
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manipulated by adjusting the strength and direction of the externally applied magnetic
field. To add reversible properties to magnetic suspensions, surfactants are introduced
into the liquid. Because of the acid-base behaviour of the ferric oxide surface, these
particles have cationic surface charges in acidic aqueous solution. These charges ensure
electrostatic repulsions between grains, which can be dispersed in water to obtain stable
acidic suspension called ferrofluid [57]. Magnetic fluids comprise dispersions of
magnétisable particles (magnetorheological fluids) and of dipolar particles (ferrofluids)
[57]. The possibility of creating chains and controlling their spacing by applying
magnetic fields, introduces the possibility of using these fluids in optical applications

such as colour displays or controlled diffraction gratings [125].

Much attention has been focused on magnetic recording media materials, due to the
demands for further miniaturisation of devices [37] and increased need for high memory
density. Efforts to reduce the anisotropy energy per particle continue with a view to
stretching to the so-called *“superparamagnetic limit” in recording media [126-128].
Incorporating these materials into thin films enables the fabrication of a recording media
by using a recording head, which can flip the magnetic spin of metal oxide by either a

magnetic or an electric field [127].

Magnetite nanoparticles (Fe304)-cross-linked polyaniline with both conducting and
ferromagnetic properties are also extremely useful due to their unique properties and
potential applications as batteries, electro-chemical display devices, molecular electronic,

non-linear optics, sensor, electrical-magnetic shields and wave-absorbing materials [89].

Biological applications of magnetic nanoparticles include their use as cell separators in
biological/medical processes [129], for targeted drug delivery, and in tissue engineering.
The use of properly coated magnetite nanoparticles in clinical medicine has also
intensified. Stable water-based suspensions of magnetite nanoparticles [87] can interact
with external magnetic fields, and be positioned in the body, facilitating magnetic
resonance imaging for medical diagnosis [130] and AC magnetic field assisted cancer
therapy [131]. These medical applications, which will be discussed in detail below,
require firstly that the nanoparticles are superparamagnetic with sizes smaller than 20
nm, that the particle size distribution is narrow so that the particles have uniform physical
and chemical properties, and finally that a suitable surfactant coating is present to

maintain an electrostatically stable suspension.
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1.6.2 Magnetic nanoparticles as mediators for magnetic hyperthermia.

Hyperthermia is a type of cancer treatment in which body tissue is exposed to high
temperatures. It is also called thermal therapy or thermotherapy. Heat was proposed as a
potential treatment for breast cancer more than 5000 years ago [132]. For treatment of
surface tumours devices like heating rods, thermal blankets, or microwave,
radiofrequency and ultrasound radiation can be applied to the body. For internal
treatment substances called pyrogens are administered to the patient in order to induce

fever evoking a febrile response from the patient’s immune system.

Research has shown that high temperatures can damage and kill cancer cells, usually
with minimal injury to normal tissues [133]. By killing cancer cells and damaging

proteins and structures within cells [134], hyperthermia may shrink tumours.

Today, hyperthermia remains a promising form of cancer therapy aside from the well-
known methods of surgery, chemotherapy and radiotherapy. Two kinds of heating
treatments are currently available; (mild) hyperthermia refers to temperatures between 41
and 46°C, which stimulates the immune response for non-specific immunotherapy of
cancers, while thermoablation, which refers to temperatures from 46 to 56°C, leads to
tumour destruction by direct cell necrosis, coagulation or carbonisation [131]. Clinical
experiments taking advantage of the higher sensitivity of tumour cells, to temperature in
the range of 42—45°C than normal tissue cells were reported in the 1970s [135]. It is
thought that, in such a temperature range, the function of structural and enzymatic
proteins within the cells is modified, which in turn alters cell growth and differentiation
and can induce apoptosis [136]. The synergistic effects of (mild) hyperthermia combined
with radiation have been studied the most. Hyperthermia has been used for the treatment
of resistant tumours of many kinds, with very good results. Combined hyperthermia and
radiation have been reported to yield higher complete and durable responses than

radiation alone in superficial tumours [137].

Recently devices for clinical hyperthermia based on either focused ultrasound or
electromagnetic radiation have become commercially available. However these devices
are not able to accurately deliver high heat energy to deeply situated cancers without
destroying the surrounding normal tissues. Thus there is interest in developing

technologies based on inserted heating sources.
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Biomaterials, called mediators can convert the electromagnetic energy into heat when
exposed to an external electrical or magnetic field. In this method suspensions of
magnetic nanoparticles are injected at the site of the tumour. The tissue is then heated
either by capacitive applicators, which are designed to maximise the electric component
of electromagnetic fields (E-field), or by inductive applicators where the magnetic
component is maximised (H-field) [138]. For capacitive hyperthermia, mediators are
made from materials with high electric conductivity, as the heating is via eddy currents.
While for inductive hyperthermia the materials must be magnétisable. Capacitive
applicators may lead to uncontrolled heating of the body because of the tissue’s intrinsic
electrical conductivity and/or to electrical field heterogeneities due to differences in
tissue dielectrical permeabilities. Therefore inductive mediators are currently of greater
interest as tissues do not contain intrinsic magnetic materials. Nevertheless, it is
impossible to completely prevent tissue heating by eddy currents, since the E-field
component is never equal to zero. Therefore, for patient comfort, it was found that the
product Hv (where H is the amplitude and v the frequency of the AC magnetic field)
should be lower than 4.85 xIOO Aim'ls' for a treatment duration of one hour [139].
Moreover, the frequency must be above 50 kHz to avoid neuromuscular
electrostimulation and lower than 10 MHz for appropriate penetration depth of the rf-
field [140].

1.6.3 Magnetic nanoparticles as contrast agents for MR

Ultra small (superparamagnetic) particles of iron oxide (USPIO) have been evaluated in
multicentre clinical trials for lymph node MR imaging and MR angiography, with the
clinical impact currently under discussion [141]. In addition, a wide variety of vector and
carrier molecules, including antibodies, peptides, proteins, polysaccharides, liposomes,
and cells have been developed to deliver magnetic labels to specific sites. Technical
advances in MR imaging will further increase the efficacy and necessity of tissue-

specific MRI contrast agents.

Superparamagnetic contrast agents usually change the rate at which *Hnuclei decay from
their excited state to the ground state, allowing more effective decay through energy
transfer to a neighbouring nucleus, by the spin-spin or T2 effect. As a result, regions

containing the superparamagnetic contrast agent appear darker (negative contrast) in an
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MRI than regions without the agent. For instance, when superparamagnetic nanoparticles
are delivered to the liver, healthy liver cells can uptake the particles; diseased cells
cannot. Consequently, the healthy regions are darkened, although the diseased regions
remain bright [142],

Superparamagnetic Fe3C4 nanoparticles in suspension are useful as magnetic resonance
imaging (MRI) contrast agents [143]. Their applications rely on the stability of magnetic
order of the nanoparticles and suspensions over time [124]. Superparamagnetic particles
have many advantages over other contrast agents. Compared with other magnetic
contrast agents (e.g., gadolinium chelates), they are much more potent (as much as 50
times more effective per mole) [144]. Unlike agents such as perfluorochemicals, oils, and
fats, superparamagnetic particles are miscible with agueous systems, which means they
can mix with material in the bowel and be used in small volumes. This miscibility also
allows them to be used intravenously. Another advantage is that the particles do not pass
the blood-brain barrier; thus, they are well suited for tracking blood flow in the brain
[145]. Immiscible agents must be used in sufficient quantity to displace intestinal matter
[146].

1.6.4 The NMR relaxation mechanism in aqueous magnetic fluids

The relaxation mechanism of water *H nuclei in presence of superparamagnetic iron
oxide contrast agents is based on the original theory developed for paramagnetic
molecules. In aqueous solutions there are two types of interactions or “-electron
couplings: intramolecular and intermolecular. These are modulated by molecular rotation
and diffusion, for the intramolecular and intermolecular interactions respectively. These
interactions are weak in pure water and hence the Ti values are relatively large (>2 s).
However, in the presence of paramagnetic molecules of high anisotropy energy, the

relaxation times are significantly reduced.

The longitudinal (Ri) and transverse (R2) relaxation rates of water 'H nuclei diffusing
past unpaired electrons are well predicted by outer sphere relaxation theory [147]. The
interaction between the H nuclear spin and the particle moment is a dipolar interaction,
scalar coupling is not possible as there is no direct contact between the [H nuclei and the
paramagnetic ions. The interaction is modulated by the diffusion of the water molecules

td and the electronic relaxation of the spin of the ion, xsi.
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The field dependence of the water H relaxation rates in agueous suspensions of
superparamagnetic iron oxide particles is due to so-called Curie relaxation [148] which
dominates essentially in the high magnetic field part (> 0.02 T) of a nuclear magnetic
relaxation dispersion (NMRD) profile. These profiles show an inflection point (high field
maximum) where the total energy E, (sum of the Zeeman, Ez and the anisotropy, EA
energies) of the system satisfy the condition E x «<= h. rcis the correlation time for the
energy fluctutations. This is the familiar aTc = 1 relationship, it holds for small

superparamagnetic crystals where the energy is mainly due to Zeeman contributions.

On the other hand, inner-sphere effects arise from the direct exchange of energy between
the *H nuclei and the electrons, when the nucleus is located in the hydration sphere of a
paramagnetic ion. There are both dipolar and scalar couplings involved, but the dipolar
component dominates and is determined by the exchange rate with the bulk water in the
hydration sphere of the paramagnetic ion. If the electronic fluctuations are slow, the *H
nucleus experiences a constant electronic field and undergoes effective dipolar coupling
with the electron spin. If the fluctuations are fast, then 'H nuclei experience fluctuating
electron fields and the dipolar coupling may be limited. The modulations of the dipolar

couplings may be described by a correlation time rc by the relation

[/rce=21/rr+ 1/rm+1/rsi (1-26)

where rris the rotational correlation time of the paramagnetic centres, rcthe exchange
rate of water molecule in and out of the hydration sphere and rsi. the electron relaxation
of the electronic spin of the paramagnetic ion [149, 150], So the fastest modulation or the
highest value for 1/x will dominate the equation 11 above and will influence maximum
on the correlation time xc. For most gadolinium chelates the limiting factor is molecular
rotation, hence a new generation of contrast agents has recently been developed where
the chelate is bound to serum albumins to slow down the molecular tumbling. This

increases the magnetic interaction and results in faster water relaxation.

Nuclear magnetic relaxation dispersion (NMRD) profiles are used to estimate the
spectral density functions which reflect the correlation between the Larmor frequency
and the electron-'H nuclei exchange modulation expressed as the IH relaxation rates Rj

and R2. The relaxation rates in the NMRD profile reflect the averages of all the
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mechanisms that drive the relaxation of water *H nuclei. The inflection points of the
spectral density functions give some additional features. NMRD profiles of
superparamagnetic magnetite suspensions (particle size > 15 nm) are normally
recognised by two inflection points. In the outer sphere, diffusion dominated high
frequency region, the inflection occurs at the precession frequency of the 'H nucleus
(when Tp=1). While the inner sphere mechanism operates in the low frequency region

at the precession frequency of the electron (when cotc= 1).

Many authors proposed simplified equations [149-151] to describe the relaxation rates in
the inner sphere and outer-sphere regime. While these equations are relevant for low
molecular weight iron complexes, such as ferritin, the simplified models do not
accurately describe the relaxation for superparamagnetic iron oxide. Most of the theories
do not take into account the Curie contribution which is prevalent in the high field and
the anisotropic energy that modulates the relaxation at the low field. Finally Alan Roch
and Muller proposed a successful model in 1999 [152] that describes the ~ relaxation by
magnetic particles at all Larmor frequencies. Importantly, they also succeeded in
accounting for the behaviour of aqueous suspensions of magnetite, including some
commercial contrast agents, by applying the theory and using reasonable values for the

physical parameters.

All the NMRD profiles of USPIO have a common feature, after the low field plateau,
there is a inflection downwards, the so-called low-field dispersion, before a sharp

increase with a maximum in the high field region (high-field dispersion) and finally a
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Figure 1.17. Simulated NMRD dispersion curve, using Muller’s theory [152], showing
the characteristic features for USPIO, the low field plateau and inflections at high field
due to outer-sphere relaxation and c. 0.8 MHz due to the Neel process. Note clinical MRI
fields are typically 60-100 MHz.

decrease to zero. The transverse relaxation profiles are essentially of the same shape
except for the fact that they do not go to zero at the high field limit. An increase in the
anisotropy energy attenuates the low-field dispersion, until it disappears and the same
effect is produced by an increase of the particle size. The anisotropy energy is also
increased when smaller crystals become agglomerated, as intercrystal interactions
produce a high anisotropy field. Thus the low-field dispersion vanishes when the small

nanocrystals become agglomerated.

At intermediate fields the relaxation is modulated by both the spectral density functions.

The mean magnetisation at any frequency can be described by the equation 1.27.

Me= < Mz> - L(a).|x (1-27)

Equation 1.27 is very similar to the Langevin function discussed before (equation 1.17).
However, the average magnetisation < \\z > takes care of all possible fluctuations of the
magnetic moment due to anisotropy. This is critical in the mid-field range where the
magnetic field is not strong enough to orient all the spins parallel to the field. The
amount of spins will increase according to Boltzmann statistics until the applied field is
strong enough to align and lock them. At high field, the magnetisation is locked parallel
to the applied field (no Neel relaxation) so that the relaxation values reflect the influence

of the diffusional interaction only. The Neel correlation time characterises the rate at
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which the magnetisation flips from one easy axis of magnetisation to another. For a

uniaxial single domain particle, this motion is between two antiparallel directions.

Muller and Roch formulated their theory in a fortran program which they have made
available to our group. Thus it is possible for us to illustrate the effect of the parameters
of the model on the predicted NMRD profiles. The program is also used in this thesis to

fit some ofthe NMRD profiles. The parameters of the model include; the temperature,

MHz

Figure 1.18. Simulated NMRD dispersion curves, showing the effect of increasing the
particle size, the diameter of the particles are (—) 8, (—) 7, (—) 6.4, (—) 6 and (—) 5
nm. The other parameters are Ms= 26 Am’kg", D = 4.7x10' cm’s ', tn=7x10* °s, VaniS=
1GHz.

the diffusion coefficient of the medium, the concentration of iron, the radius of the
magnetite core, the anisotropy energy (expressed as a frequency Vanis, in GHz), the Néel
correlation time, tn and the saturation magnetisation, Ms. The major experimental
observation for USPIO is that reducing the core size moves the high field maximum to
higher frequency. This trend is predicted by the theory.

The effect of increasing the saturation magnetisation, Ms, is, as expected, to increase the
relaxivity. Note, applying Muller’s convention, the “Ms” value has been expressed in the

units of mass magnetisation, Am2kg 1, where 1 Am2kg 1= lemg ¢g"1 The scaling is close
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VL(MHZz)
Figure 1.19. Simulated NMRD dispersion curves, showing the effect of increasing the
saturation magnetisation, the values used are (—) 28, (—) 27, (—) 26, (—) 25 and (—)
23 Am2kg_1 The other parameters are Dooe = 6.4 nm, Deff= 4.7x10'6cm2s'], tn= 7x10'9s
and Vais= | GHz.

to being linear over a small range. However as the anistropy energy is inversely related to

Ms, there is some alteration to the shape ofthe profile at low field.

The effect of increasing the Neel correlation time, tn is to attenuate the low field

VvL(MHZz)

Figure 1.20. Simulated NMRD dispersion curves, showing the effect of increasing the
Neel correlation time, tn, the values are (—) 13, (—) 10, (—) 7, (—) 5,3 (—)and ( )2
ns. The other parameters are Daoxe= 6.4 nm, Ms= 26 Am kg' , D =4.7x10"' cm s,

TN=7x10"9S, Vanis = 1 GHz.
dispersion and increase the relaxivity ofthe low-field plateau.

Finally, the effect of increasing the anisotropy frequency, Vanis, is similar to the effect of

altering tn. The relaxivity of the low field dispersion is reduced. There are also
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significant changes in the shape of the mid-field minimum. It should also be pointed out
that the anisotropy frequency, and the Neel correlation time are related, by the Arrhenius,
or a similar, law. However, the simulation below is useful as it illustrates the general

behaviour predicted by the model.

vL (MHZz)

Figure 1.21. Simulated NMRD dispersion curves, showing the effect of increasing the
anisotropy frequency, v:inis the values used are (—) 5, (— 2, (45 1, (5 0.5 and (— 0.25
GHz. The other parameters are o core - 6.4 Nm, Ms= 26 Am2kg I, D = 4.7x1 06

cmV ] tn=7x10s.

While the mathematical details of SPM theory are beyond the scope of this thesis, it is
worthwhile drawing the analogy to relaxation by modulation of the dipolar interaction
due to molecular motion, as described earlier in this introduction. The relaxation is
dominated at high field by the rapid diffusional process, resulting in a high field
dispersion. There is a second dispersion in the low MHz range when coxc=1 for the
slower, Neel process, i.e. in the range where relaxation is due to the motion of the

nanoparticles magnetic moment.

Finally, it important to mention the limitations of the model. The major problem is that
the theory only predicts the NMRD profile due to single-sized spherical particles, while
invariably there is some polydispersity in the nanoparticle sizes. This problem is
compounded by the fact that the predictions of the theory are size-dependent, and indeed
many of the parameters, for example the anisotropy energy are also size dependent. Thus
the theory is only applicable to reasonably monodisperse suspensions. It is also assumed

that there is no “inner-sphere” interaction.
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The theory is limited to particles of less than 20 nm. This is because it is assumed that the
crystals magnetic moment is a “superspin” and the exchange interactions are ignored.
Magnetic measurements in the solid state indicate that for larger particles the existence of
spin waves should become important. It is also assumed that the Neel correlation time is
much shorter than the particle rotation correlation time (xn « X, ), so the particle can be
regarded as static. However, the Neel relaxation time is an exponential function of the
particle volume while the rotational correlation time varies linearly with volume. So the
assumption that the particle is static breaks down for magnetite cores of diameter greater
than about 20nm. Lastly, it is assumed that xn is the same irrespective of the electronic
spin energy level. This is reasonable if the populations of all such levels are the same, i.e.

if the anisotropy energy is small, which again is the case for small crystals.

Despite these difficulties SPM theory does reproduce the relaxation profiles of aqueous
suspensions of superpramagnetic iron-oxide. The parameters extracted by fitting the
theory to experimental data can be useful, though they do need to be treated with some
caution. In this thesis SPM theory is used firstly to interpret the relaxation profiles of
agqueous suspensions of iron-oxide nanoparticles stabilised with bio-polymers which
show some degree of clustering. Secondly, the theory is extended to interpret, for the first

time, the profiles of non-aqueous suspensions of dispersed nanoparticles.
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Chapter 2

Experimental Section
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2.1 Introduction

In this section the experimental techniques which are applied throughout the thesis will
be described. The thesis is based on characterisation of surfactant coated and uncoated
magnetite nanoparticles with a view to assessing their suitability for use as MRI contrast
agents. Uncoated magnetite nanoparticles were synthesised in Trinity College by our
project partner and most of the monolayer and bilayer coated particles were synthesised
in DCU. Details of the syntheses are given in the relevant chapter. Methods of
application of surfactants on uncoated dry magnetites are also discussed in their

respective section (Section 3).

NMRD and hydrodynamic size measurements by photon correlation spectroscopy are the
two most widely used techniques and are described in detail in this section. Also
included are analytical methods which were used for materials analysis; atomic
absorption for estimation of iron, permanganetometry for estimation of Fe™ and gas
chromatography for oleic acid estimation. Brief descriptions of the techniques of
Transmission and Scanning electron microscopy and Raman spectroscopy are also

included.

They include fast field cycling NMR, photon correlation spectroscopy and the analytical
techniques used in materials analysis. All the NMRD profiles were taken using a Stelar
SPINMASTER-FFC 2000 relaxometer.

2.2  Fast field cycling NMR

2.2.1 Historical development of the technique

Fast Field cycling relaxometry is a preferred [153-155] method for measuring the
dependence of NMR relaxation times on the magnetic field strength. It is also known as
nuclear magnetic relaxation dispersion (NMRD). Since the very beginning of Nuclear
Magnetic Resonance there had been great interest in relaxation phenomena and their field
dependence [156-161]. Both Ti and T2vary with field-strength, more so in the case of Ti.
The mechanism of field strength dependence is complex and it is difficult to extrapolate
measured relaxation times from one field to another. Thus, in field cycling relaxometry

the dependence is measured directly using a single spectrometer. Field dependent
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information can be obtained by using multiple spectrometers each operating at a fixed

field, but the number of fields required make this approach prohibitively expensive.

In field cycling a high magnetic field (polarisation field) is applied to pre-polarise the
sample in order to boost signal intensity. Thereafter, the sample is allowed to relax in a
second field (relaxation field) which can be set to any desired value, including zero. The
signal remaining after this relaxation interval, which is determined by Ti at the relaxation
field and the time spent at that field, is detected in a field of fixed flux density Ban,
which again is as high as possible. By measuring the dependence of the recovered
magnetisation on the time spent at the relaxation field, Ti can be determined. The signals
are acquired with a radio frequency (RF) unit tuned to a predetermined field (frequency)
irrespective of the relaxation field chosen. As the shortest measurable Ti is directly
dependent on the field switching time, fast electronic methods for switching the magnetic
field are applied. This requires the development of low-inductance, air-coil magnets and
power supplies capable of switching the field electronically to any desired value in a
matter of milliseconds while, at the same time, maintaining the high field stability and
homogeneity required by NMR. Despite this, it is not possible with current technology to
obtain the field homogeneity required to perform spectroscopy. This approach, known as

fast field cycling, has been tried with success in several laboratories [162].

The field cycling NMR technique was developed in 1953, within a few years of the first
NMR experiments, by Packard and Varian [163]. They used a rudimentary field cycling
device to observe nuclear magnetism in the earth’s field. In the late 1950’s Abragam and
Proctor were responsible for introducing the technique in France, while studying the
concept of spin temperature. In this case, the magnetic field cycle was effected by
extracting the sample from the magnet by hand. The relaxation times of the studied

samples had to be extremely long (of the order of minutes to hours).

In 1959 A. G. Anderson [161] used a field cycling apparatus to study the absorption of
audio frequency radiation by local fields. A magnetic field cycle was required to achieve
a suitable spin polarization before switching down the field for the irradiation step. The

design was based on relays, batteries, capacitor banks and variable resistances.

In Germany during the 1960’s, Friederich Noack introduced the concept of “relaxation

spectroscopy” through his Ph.D. thesis at University of Stuttgart. The first electronically
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field cycled NMR instrument in Europe was constructed by Reiner Kimmich in Noack’s
laboratory in the late 1960’s. The nested solenoid design of the magnet was originally
due to Noack and Schweikert, where each coil is cut from a single cylinder of metal with
a variable step of the helix [164]. Since then development has progressed along two
principal paths; switching the field while keeping the sample in place (usually referred to
as fast field cycling) and combining two magnets and shuttling the sample between them.
The main advantage of the latter technique is that the detection magnet can have high
sensitivity and resolution comparable to a modem fixed field spectrometer, from which
they are usually constructed. However, this approach is limited to samples with long Ti

values and the accessible temperature range is severely restricted.

The use of field cycling was limited to research groups able to build their own field
cycling instruments. An Italian company Stelar SRL started a project to develop a
commercial Fast Field Cycling instrument for NMR relaxometry studies in 1994. In the
recent years fast field cycling instruments have become available commercially through
Stelar. It is now possible to measure relaxation times in the entire range from 10 kHz to
40 MHz [165]. Another advantage with field cycling is that the measurements can be
automated, it is often, but not always, possible to set up the experiment at the highest
field and then automatically step down to the lowest frequency. This provides an
essential gain in time compared to a conventional field variable magnet where all fields
have to be set manually. The development of field cycling devices has not stopped;
however, new magnets continue to emerge [166]. In addition, the field cycling technique
is versatile [165, 167] and not limited to what is often referred to as relaxometry i.e. the
measurement of Ti. Inversion recovery experiment as well as spin echo like sequences

are also possible with the fast field cycling technique [165, 167].

2.2.2 The field cycling experiment

One of the pulse sequences is the prepolarised sequence, which is composed of a
polarisation time (approximately 5 times the relaxation time) in a relatively high field
(typically 10-14 MHz) to obtain reproducible initial magnetisation, followed by an
evolution time where the sample is left to relax in the actual field of interest and finally a
detection time with a relatively high field (typically 9.25 MHz) when a 90° detection

pulse is applied and subsequently the sample magnetisation from the free induction decay
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(FID) is detected in the xy-plane. The sequence is outlined in Figure 2.1 below. Even
with this sequence some residual effects of the field switch can influence the signal, it
may be necessary to omit short evolution times. As the detection field is reproduced in
subsequent cycles phase sensitive detection is feasible. This ‘quadrature’ detection
allows further compensation for the effects of the field switch by using the magnitude for
evaluation of the magnetisation intensity. It also means that signals can be accumulated

to improve the sensitivity [168].

Figure 2.1. The basic pre-polarised pulse sequence iInNMRD experiment.

The pre-polarised sequence can be used to measure Ti, by repeating the sequence and
varying the time t. When x is short the intensity of the magnetisation will reflect the
polarisation period, when x is long compared to Ti at Brix, the intensity of the
magnetisation will reflect the equilibrium magnetisation at Brix So from the dependence
of the magnetisation on X, the value of Ti can be extracted by least squares fitting of an
exponential decay function. Typically 16 values of x are chosen, ranging from 1ms to
5xTiest, where Tiet is an estimate of Ti. In this thesis the magnetisation recovery of the
magnetic fluids studied was invariable mono-exponential. This was confirmed from time
to time by recording recovery curves at a given filed, but using upwards of 30 x values.
The data was always followed a single exponential recovery. In order to get good

statistics, typically 16 scans were required.

The pre-polarised sequence is not always suitable for measuring the Ti, when the
evolution and polarisation field become close, the difference in initial (short x) and final

(long x) magnetisation in the exponential decay curve becomes small and it becomes
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difficult to obtain an accurate value for Ti. Therefore the zero or non-polarised method is
employed in this regime (typically > 6 MHz). One of the central blocks of this sequence

is outlined in Figure 2.2. This technique maintains significant difference between the

BRLX

Figure 2.2. The zero or non-polarised pulse sequence in NMRD experiment,

magnetisation observed between short and long delays, at high Brix Balanced sequences
with an array of evolution times are employed for the actual Ti measurement exactly in

both the pre-polarised and non-polarised sequences.

One of the crucial limitations of field-cycling applications is the signal-to-noise ratio.
However, averaging a number of transient measurements, as is standard in high-
resolution NMR spectroscopy may conflict with the limited stability intrinsic to field-

cycling systems [9]. The signal-to-noise ratio can be expressed by [169-171].

S/N ocBo % h QVs E“ @:D

V ksT \Avj

where 77is the filling factor of the RF coil, Q is the quality factor of that coil, Vs is the
sample volume, ks is the Boltzmann constant, T is the absolute temperature, vO=yBQ'2n is
the Larmor frequency, Av is the bandwidth of the receiver filtering and amplification
system, and E<1 represents the reciprocal of the noise level of the receiver electronics.
This equation indicates that the S/N ratio increases proportional to BO™. On the other
hand, the use of high polarisation and detection flux densities, large samples, high Q
coils, low-noise receivers and narrow RF filters are all employed to maximise the

sensitivity of the instrument. Despite this the sensitivity is poor, errors in Ti of less than
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1% can be achieved for water suspensions. However when detecting the solute, the best
achievable concentration is c. 5M for *H in the solution state, with errors at 3-5%. The
situation is worse for solids than liquids, due to shorter T2, and worse again for nuclei
other than 1H. Profiles can be obtained for 19 [172] and isotropically enriched 2H and
10.

2.2.3 Practical considerations

Samples are maintained at a constant temperature during the NMRD experiments. The
Spinmaster Variable Temperature Controller attached to the Stelar FFC allows setting of
the sample temperature between -140 and 140°C with control of about 0.1°C. Most of
our measurements were carried out, unless stated otherwise, at sample temperature of

24°C.

The cooling pump for the Bo magnet and rf transmitter are turned on. Then the sample, in
a 10 mm diameter NMR tube, is placed in the probe. The measurement starts with the
setting of acquisition frequency (Bacq) normally 9.25 MHz. The probe is tuned to be
resonant at 9.25 MHz. Optimal acquisition parameters are found by trial and error,

typical values for the samples studied in this thesis are:

RF attenuator =35

AF Gain =1
EXP =PP
Recycle delay = 0.2
TPOL =02
Switching time= 0.003
TAU = 0.001
BRLX =0.1
Block size =256
Sweep width = 500000
FLTR = 270000

Max. Scans =4
Dummy Scan =0
PW90 =7
RINH =16

The signal intensity after theapplication of the 90° pulse is recordedas afunction ofthe

evolution time. The intensities are then fitted toa decayexponentialcurve toobtain the
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actual Ti. The signal intensity is detected as the first points on the FID, after some
clipping to remove instrumental artefacts including magnet settling and probe ringing.
This immediately points at one of the difficulties with fast field cycling. In order to get
reliable results the signal must be kept on resonance frequency for all evolution times.
When a high current passes through the magnet coils during the experiment, the resulting
heat causes a change in the geometry of the magnet coil due to thermal expansion that
shifts the magnetic field produced. The magnet temperature may fall as much as 20-30°
C betweenpolarisation and evolution for long time pulses. This is compensated for by a
circuit that senses the magnet temperature and adds a current proportional to the
temperature increase to stabilise the magnetic field, this is referred to as temperature
compensation and is one of the set up variables in an FFC experiment. The cooling-
heating cycle is normally less than couple of seconds due to an efficient cooling system.
With varied evolution times, as in a typical Ti experiment, the magnet will have different
temperatures for different evolution times, which will produce small variable field
offsets. To remove this one may introduce a so-called balanced multiblock sequence
[164] as the one employed in Stelar FFC relaxometer consisting of typically 16-32

evolution times (X).

To record an NMRD profile successive Ti measurements as a function of field are
performed using a macro on which most of the parameters are preset. The general
procedure is:

* The sample temperature is set

» Using NP sequence all the parameters concerning the magnet cycle(switching
time, slew rate, pre-scan delay etc.,), RF (90° pulse width, receiver gain etc.) and
acquisition (scan size, spectral width, etc.) at the maximum desired Larmor
frequency of the profile are optimised and fixed.

» An appropriate magnet temperature compensation factor is chosen.

* The maximum expected Ti, polarisation time, pre-scan delay are then set in the
loaded NP/S sequence (normally for the profile range 20 to 0.01 MHz). Ti is
measured and saved in a pre defined data and results file.

* When all these parameters are optimised, the macro is started to acquire the
NMRD profile automatically.

Some parameters, e.g. the estimate for Ti which determines the range of x values used,

are updated after each field.
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For the samples prepared in this project, as there is the possibility of some precipitation
due to the applied field, after completing a profile the first (highest field) point was

always re-measured, to check the stability ofthe suspensions.

2.3 Photon correlation spectroscopy
2.3.1 Principles of the technique

Photon correlation spectroscopy (PCS) or dynamic light scattering (DLS) is a technique
used for particle sizing of samples, typically in the sub-micron range. The technique
measures time-dependent fluctuations in the intensity of light scattered by colloidal
particles in suspension. In the fields of electronics, biotechnology, and materials [173]
nanoparticle size distributions are usually determined, after drying, by electron

microscopy. However, this method cannot be used to characterise particles in suspension.

The modem roots of the PCS technique date from the early 1960's [174, 175]. Since that
time PCS has been used to investigate a wide variety of colloidal suspensions [176, 177].
A low intensity laser beam is scattered by particles in suspension. The diffusion of
particles causes rapid fluctuations in backscattered intensity around a mean value at a
certain angle. The instrument determines the particle size by measuring the rate of
fluctuations in the scattered laser light. The time scale of the fluctuations depends on the
particle size [177]. The experimental scattering time autocorrelation function is directly
obtained from the measurement. This is then fitted to a calculated function and the
diffusion coefficient of the particles obtained. For a given temperature and viscosity the

particle size can be determined.

Despite its practical success, standard PCS techniques are limited to very dilute (single
scattering) samples. This makes it impossible to apply the technique to study the particle
dynamics of a wide range of naturally occuring colloidal suspensions without dilution.
The advantages are that PCS is a non-destructive method and it can measure in-situ
average particle size [178] in a range between 0.6 and 6000 nm. In addition to giving
information on the average hydrodynamic diameter, the technique also provides a

measure of the width of the distribution, called the polydispersity index (PDI).
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All reliable methods for interpreting the experimental time autocorrelation function are
based on the assumption that the particles under consideration are spherical and are based
on the established data on the interaction between the spherical particles and its
surroundings, i.e. the particle is assumed to tumble freely in suspension without
interacting with other particles [179]. There are some models for dealing with PCS data
from anisotropic particles, like rods and disks [180] and non-spherical or even cluster-
like particles [181]. The results obtained are invariably very sensitive to the shape
information built into the model. Shape information can more reliably be obtained from
static light scattering approaches [182], where the intensity is measured as a function of
the scattering angle. However limitations remain and the static scattering techniques are

not suitable for particles of size close to or below 100 nm.

From PCS analysis the particle size is given as diameter, in this case the hydrodynamic
diameter. This is the true particle size only when the particles measured are spherical. For
non-spherical particles, the technique does not provide any information about the actual
particle shape but rather indicates the “equivalent spherical diameter”, the diameter of an

imaginary sphere of the same volume [180].

A correlation function can be used to determine the correlation or relationship between
the measurements of a fluctuating signal. An example of the intensity autocorrelation

function due to the diffusional motion is shown in Figure 2.3 below.

Time (us)

Figure 2.3. The intensity autocorrelation function of the counts trace which shown in the
inset. The sample is 1:10 diluted 10.25 nm magnetite in heptane.

The electric field correlation function, gi(t) which is directly related to the dynamics of

the scatterers may be defined as;
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g,(t) = <I(t)I(t+ T» (2.2)

where | is the intensity, x is delay time, the angle brackets denote the time averaging. The
normalised intensity autocorrelation function g2(t) is related to the field correlation

function by the relation [177].

g2At) = 1+ a |gi(t) |2 (2.3)

where o is an instrumental coherence factor mainly determined by the number of

coherence areas exposed on the detector. The coherence area is defined by

— *2r
coherence na (2.4)
where R is the distance between the detector and the scattering volume of radius a, X
being the wavelength of the incident light. The optics of the PCS spectrometer are
designed so that a is close to the ideal value of one. The ‘R’ in Malvern HPPS

spectrometer is in the range from -3.5 mm to 5 mm.

Brownian motion can be used to obtain information about the dimensions of the solvated
particles. For a monodisperse system in Brownian motion, the random diffusion of the
particles causes the intensity autocorrelation equation to decay exponentially. The
Stokes-Einstein equation for the diffusivity of particles of radius r in a liquid defines the

diffusion coefficient, D, of the particles as

r (2.5)

where ke is Boltzmann’s constant, T is the temperature in Kelvin, n\ is the viscosity of the
liquid in which the particles are suspended. Since the fluctuation of the intensity signal is
caused by the motion of particles, those particles that diffuse more quickly are
characterized by a smaller fluctuation time. As seen in equation 2.4, the diffusion
coefficient is inversely proportional to the size of the particles, and, consequently, the
smaller the particle, the shorter the fluctuation time. For a monodisperse suspension the

autocorrelation function is a single exponential and may be expressed as;
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gi(t) = exp(-tr) (2.6)

where 1/r is the characteristic time constant of the correlation function. It is related to

the diffusion coefficient by T = Dqg2, and the scattering vector, q, is given by

] (2.7)

in which n is the index of refraction of the liquid medium, 0 is the scattering angle and Xo
is the laser wavelength in air. Geometrically, the scattering vector is defined as the
difference between the scattered wave vector and the incident wave vector. By
combining equation (2.5) and the equation for the linewidth, T, an equation for the radius

of the scattering particle is obtained as

r=KkBTq267rr|r (2.8)

Using equation (2.8) the size of the scattering particles can then be determined if the
temperature and viscosity are known. When the logarithm of the autocorrelation function

is graphed versus time, the slope of the resulting line is the linewidth, T.

2.3.2 Practical considerations

All measurements were done on a Malvern High Performance Particle Sizer at 25°C.
Aqueous samples were taken in standard (12.5 x 12.5 x 45 mm) disposable cuvettes and
loaded in the press-fit sample chamber in the machine. For heptane suspensions UV-YIS
spectroscopic (200-3800 nm) quartz cuvettes were used. The temperature of the sample
was maintained constant with an internal heating system attached in the instrument. A
low power (60 mW) He-Ne laser, with X= 632.8 nm is used as a light source and the
measurements were made at a detection angle of 7° (backscatter). The scattered light is
detected by the photomultiplier tube and the signal is then converted into digital pulses
by a pulse amplifier discriminator (PAD). The output, a stream of digital pulses, is then
fed to the correlator which calculates the normalized autocorrelation function of the
incoming pulses, i.e. the detected intensity. The laser power is automatically attenuated
so that the count rate from the sample, especially high scattering samples, is within
acceptable limits. An attenuation index of 11 denotes no attenuation (full laser power),

while 0 denotes full attenuation (total laser block). The measurement position within the
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cuvette was automatically determined by the software to allow a large range of sample
concentrations to be measured. Lower range of numbers indicates that the measurement

position is closer to the cuvette wall (when sample is turbid).

The results of the measurement are available based either on intensity, volume or

number. The results section gives three pieces of information as shown in Figure 2.4.

Figure 2.4. The HPPS results window indicating the Z average, PDI, width and count
rate for the same 10.25 nm superparamagnetic magnetite particle.

The z-average diameter, also known as the “cumulants mean”, is the mean diameter
based on the intensity of scattered light and is sensitive to the presence of aggregates
and/or large particles. This is the size to use if a number is required for quality control
purposes. It will only be comparable with other techniques if the sample is monomodal
(i.e. only one peak in the size distribution), spherical and monodisperse (i.e. there is no

width to the distribution), and the sample is prepared in the correct dispersant.

For a monodisperse suspension gi(t) is a single exponential. For all practical samples the
size distribution is multimodal or at least has some polydispersity. So gi(t) is not of
singly exponential. There are many methods available for “inverting” such data to get
distribution of characteristic times (Laplace inversion etc.). One of the methods, which is
implemented in the HPPS software is cumulants analysis. This gives two values, a mean
value for the size, and a width parameter known as the polydispersity index (PDI). It is
important to note that the mean size (often given the symbol Z or z-average) is an

intensity mean. It is not a mass or number mean because it is calculated from the signal
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intensity. The scattering intensity is approximately proportional to the volume of the

scattering particle.

The cumulants analysis is a fit of a polynomial to the log of the gi correlation function

(equation 2.8).

Ln[g}] =a + bt + ct2 + dt3 + etd+ ........... (2.9)

The value of b is known as the second order cumulant, or the z-average diffusion
coefficient. This is converted to a size using the dispersant viscosity and some
instrumental constants. Only the first three terms a, b, ¢ are used in the standard analysis
to avoid over-resolving the data; however this does mean that the Z-average size is likely
to be interpreted incorrectly if the distribution is very broad (i.e. has a high

polydispersity).

The polydispersity index, PDI, is defined as equal to 2c/b [183]. Note that unlike the
polydisperity familiar from polymer science, a PDI value close to zero is indicative of a
monodisperse suspension and a larger PDI is indicative of a broader distribution. A PDI
value of 1 indicates the later term ‘c’, in the cumulants expansion is of more importance
than the term ‘b’. This situation corresponds to a very broad, or, more commonly, a

multimodal distribution. PDI ‘values’ above 1are is reported as 1.0 by the software.

The software also displays the size and percentage by either intensity, volume or number
for up to three peaks within the result. The cumulants analysis gives a good description
of the size that is comparable with other methods of analysis for spherical, reasonably
narrow monomodal samples, i.e. with polydispersity below a value of 0.1. For samples
with a slightly increased width, the Z-average size and polydispersity will give values
that can be used for comparative purposes, as they reasonably represent the distribution.
For broader distributions, where the polydispersity is over 0.5, it is unwise to rely on the
Z-average mean, and a distribution analysis should be used to determine the peak

positions.
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2.4 Other analytical techniques

2.4.1 Atomic absorption spectroscopy

Accuracy, precision and long term reproducibility in the determination of iron in the
magnetite suspensions is required to assess the relaxivity (relaxation rate per mMol of
Fe) of the nanoparticles. The analyst must have the knowledge of limitations of different
methods and be aware of sources of error, which may be introduced. The accuracy of a
determination may be defined as the concordance between it and the true or most
probable value. Iron content with less than 1% random error can accurately be

determined by both colorimetric and spectrophotometric methods.

In 1955 the Australian physicist Alan Walsh reported the first application of atomic
absorption spectra to chemical analysis [184]. Atomic absorption spectroscopy (AAS) is
employed in the determination of metals (in soluble form) in liquid samples. Metals
include Fe, Cu, Al, Pb, Ca, Zn, Cd and many more [185]. The flame atomic absorption
spectroscopy (FAAS) technique is used by many researchers for determining Fe at
milimolar levels [185-187]. The technique of flame atomic absorption spectroscopy
(FAAS) requires a liquid sample to be aspirated, aerosolised, and mixed with
combustible gases, such as acetylene and air or acetylene and nitrous oxide. The mixture

is ignited in a flame whose temperature ranges from 2100 to 2800 °C.

During combustion, atoms of the element of interest in the sample are reduced to free,
unexcited ground state atoms, which absorb light at characteristic wavelengths. The
characteristic wavelengths are element specific and accurate to 0.01-0.1 nm. For iron
estimation Fe-cathode lamp is used whose characteristic wave length is 248.3 nm. A light
beam from a lamp whose cathode is made of iron is passed through the flame. A device
such as photomultiplier can detect the amount of reduction of the light intensity due to
absorption by the analyte, and this can be directly related to the amount of the element in
the sample. The sample in aqueous solution is aspirated into the flame through a device
called the ‘atom cell’. The atom cell has two major functions, nebulisation of the sample
solution into a fine aerosol and dissociation of the analyte elements into the free gaseous
ground state form. As the sample passes through the flame, a beam of light passes
through it into a monochromator. The monochromator isolates the specific spectrum line

emitted by the light source through spectral dispersion, and focuses it upon a
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photomultiplier detector whose function is to convert the light signal into an electrical

signal. A computer data system converts the change in intensity into an absorbance.

For determining iron in the iron oxide sample, calibration data was generated by
aspirating into the flame samples of solutions containing known concentrations of iron
(typically 0.5, 1.0, 1.5, 2.0 and 2.5 mM Fe), and measuring the absorption of each
solution. At least five solutions were used covering the absorbance range 0.02 to 0.2 as it
is found that the calibration curve is not linear beyond this absorbance rage (fitting error
< 0.99). A blank (Milli q water used in all preparation and dilutions) was also included in
the standards for ‘zero’ ppm iron. Special care was taken in preparing and diluting the
test solutions using Gilson pipettes. The values of absorbance were plotted against the
Fe3J‘ concentratEon tin ppm. A stratight I?ne fit through the data could then be used to
determine the iron concentration of a solution from the absorbance of this solution. One
of the calibration curves for the estimation of iron in magnetite samples is given in

Figure 2.3 below.

Concentration of Fe (ppm)

Figure 2.5. A standard calibration curve for iron using solutions with known
concentration of Fe in the range 0.5 to 2.5 mM by AAS.

To produce a sample for estimation 0.3-0.5 ml aliquots were removed from the NMR
tube after the NMRD profile had been recorded. The Atomic absorption spectra were
taken on a Varian SpectrAA Spectrometer. Thus given the initial iron content, the sample
was already in the Ti range conveniently measurable with the NMRD instrument (Ti = 5-
200 ms). Five drops of 6N analar grade hydrochloric acid were then added and the

solution boiled on a hot plate with 1 mL of deionised water (in a fume hood). The heating
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was continued until the solution reduced to a couple of drops. 25 mL of Milli-Q water
was added and the solution heated to boiling. The solution was then cooled to room
temperature, transferred to a 100 mL flask and diluted to the mark with Milli-Q water. To
produce a sample solution in the range of our standard calibration curve (iron of -0.5-3

ppm), these solutions were further diluted as necessary.

2.4.2 Redox distribution of iron in iron oxide samples

The oxidation states of iron in magnetite synthesised in two sets were evaluated by
estimating the Fe2+and Fe3+iron with standard potassium permanganate. For this purpose
a small aliquot (0.5 ml) of magnetite suspension in heptane was digested in 10 drops of
1:4 hydrochloric acid by slowly boiling it. The digested mass was carefully dried taking
care that the dried mass is not overheated. The dried solid was redissolved and boiled
again by adding about 20 ml water. The solution was cooled and the volume was
adjusted to 100 ml in a volumetric flask. Aliquots of 10 ml were lifted for estimating the
FeOI present by titrating (oxidising) it with 0.1 M standard potassium permanganate from

purple to colourless end point.

For estimating the total iron (Fe2+and Fe3t), 10 ml aliquot was boiled with 1ml 1M
sulphuric acid and a pinch of granular zinc for about 5 minutes. The solution was filtered
and washed to remove the unreacted zinc after cooling. All the washings and filtrate were
collected in the same container (100 ml conical flask) and titrated against same standard
potassium permanganate for quantitative estimation of total iron. The difference of these
two data gives the amount of iron in the Fe state and the results are given in table 5.6 in

chapter 5.

2.4.3 Fatty acid determination

Gas chromatography is a chromatographic technique that is generally used to separate
organic compounds that are volatile. The organic compounds are separated due to
differences in their partitioning behaviour between the mobile gas phase and the

stationary phase in the column.

Fatty acid quantification is commonly investigated by gas chromatographic analysis of
their methyl ester derivatives. Methyl esters offer increased volatility and sensitivity,

while eliminating the problem of fatty acid adsorption on the injector [188, 189]. Oleic
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acid, both free in suspension and chemisorbed on magnetite particle surfaces were
analysed by gas chromatography. The derivatisation process was performed by a reflux
with a BF3-methanol complex reagent, and the resulting methyl esters were extracted into
n-hexane. For quantification purposes, five standard solutions of oleic acid methyl ester

were prepared in a concentration range of2-10 mM.

Samples were analyzed on a Varian Star 3400 CX Gas Chromatograph. The oven
temperature was isothermal at 230°C and nitrogen was employed as the carrier gas at a
flow of 1.0 mL/min. The injector temperature was set to 260°C and the oven
temperature was 300°C. The split ratio was set at 1:33 and the injected volume was I(j,L.
A standard curve of peak area versus concentration was prepared, allowing for the

determination of oleic acid concentrations in chemisorbed magnetite samples.

2.4.4 Raman spectroscopy of iron oxide samples

Raman spectra were recorded with a Renishaw 1000 micro-Raman spectrometer. The
excitation wavelength was 514.5 nm from an Ar+ lon laser (Laser Physics Reliant 150
Select Multi-Line) with a typical laser power of ~20 mW in order to avoid excessive
heating. The incident and scattered beams were focussed using a Leica microscope with
I0Ox objective and a laser spot of approximately 4-5 (jm diameter. All measurements

were carried out at room temperature. The spectra are presented in figure 5.10 and 5.11.

2.4.5 Electrn Microscopy

Scanning electron microscopy, SEM, was performed on a general purpose Hitachi S-
3000N Scanning electron microscope. Powder samples were mounted on an adhessive
carbon film fixed on a specimen stub. Magnetite suspensions were mounted by drying a
drop of stable suspension of magnetite on the carbon film. High magnification SEM
pictures were taken with a typical acceleration voltage of 20KV and suitable filament

current/ emission. Special care was taken to avoid any stigmation in the image.

Transmission electron microscopy, TEM, was performed on a 125 kV Hitachi H7000-

H7110 Transmission electron microscope.
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Chapter 3

Preparation and characterisation of aqueous magnetic
fluids
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3.1 Introduction

In the first part of this chapter attempts to prepare stable aqueous suspensions from dry
precipitated uncoated magnetic nanoparticles are described. For this purpose a few
commonly used surfactants i.e., sodium oleate, sodium stearate, NNO surfactant and
gelatin were selected. The preparations in sodium oleate and gelatin are described in
particular. The surfactants were applied to the nanoparticle surface using different

methods, and in different ratios to the iron oxide.

In the second part the characterisation of some dry samples and suspensions prepared by
our project partner are described. In particular the temperature and frequency dependence
of the relaxation times of the suspensions were investigated. The characteristics of the
resulting nanoclusters are investigated. Finally, some data for DNA stabilised

suspensions are presented.

3.2 Experimental

3.2.1 Uncoated nanoparticles suspended in water

3.2.1.1  Aqueous suspensions of uncoated maghemite

A magnetic fluid (~ 5 mM of iron) was prepared by suspending fine maghemite (y-
Fe2C9) particles [190] in 10 ml water and ultrasonicating the suspension at 50°C in an
ultrasonic bath for 30 min. The maghemite powder was synthesised by hydrolysis of the
metallorganic precursor, Fe(OBut)2-(THF)2, followed by ultrasound treatment. Drying
the washed powder in air oven at 200°C yielded maghemite (y-Fe203) [117]. It was found
that less than 50% of the solid could be brought into suspension. Pure Milli-Q water was

used in all the laboratory preparations.

3.2.1.2 Aqueous suspensions of uncoated magnetite

The magnetite powder (Fe304) used in this experiment [190] was prepared through a
non-aqueous route giving crystalline particles in the size range 12 to 25 nm as
characterised by TEM, Figure 3.1. The particles were synthesised by the procedure
mentioned above for maghemite, except that the product powder was dried in vacuum for

3 h atroom temperature [117].
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Figure 3.1. TEM micrograph of uncoated magnetite (sample no-2) showing
agglomerated primary particles of size 12-25 nm.

Accurately weighed magnetite powder was added to 10 ml of water so as to make a~10
mM of iron solution. The suspension was sonicated in a 440W ultra sonic bath for 30

minute at 50°C.

3.2.1.3 Stability of the suspensions

The magnetic fluids were kept sealed in 10 mm diameter NMRD sample tubes for
evaluation of Ti relaxation time over time. The measurements were performed at 25°C,
over the frequency range 10 kHz to 20 MHz, which are the standard NMRD operating

conditions throughout the thesis.

3.2.2 DNA stabilised magnetic suspensions

Magnetite nanoparticles were prepared by the collaborators [190] by coprecipitation of a
mixture of ferrous (2x1 02 molL') and ferric (IxIO'2 molL') chlorides with ammonia.
The precipitation was carried out, at room temperature, in presence of either natural,
double-stranded, or heat induced denatured, substantially single-stranded, herring or
salmon sperm DNA (hs-DNA, ss-DNA) of concentration 1.7x10°3 molL'1 [191]. The
DNA coated nanocomposites were then characterised by XRD, IR, TEM and NMRD.

Similar to the fatty acid suspensions, after some months the suspensions mature. Before

this stage the Ri values decrease as precipitation continues. After maturation there is no
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observable precipitation, indeed on maturing, the Ri values also increase slightly and
remain stable from that point. The suspensions which were somewhat opaque rust
coloured, clarify although the colour does not change. All the data reported is for mature

suspensions.

This ageing behaviour is somewhat different for the fatty acid stabilised suspensions,
presented below. The fatty acid stabilised materials continue to precipitate until after
some months, when the precipitation, and associated decrease in Ri, almost cease. For
the fatty acid stabilised suspensions, after some months a fatty layer forms on the surface,
the suspension immediately re-homogenises on exposing to the NMRD field and the Ri

values recover to their former values.

3.2.3 Surfactant coated nanoparticle suspensions in water

3.231 Ultrasonication with surfactant

All the experiments described in this section were carried out using the same sample of
spherical magnetite nanoparticles, in the size range 12-25 nm [190]. The magnetic fluids
were prepared by suspending magnetite nanoparticles in water using gelatin powder
(>98%, Riedel-de Haen) or sodium oleate (Sigma-aldrich -99%) as surfactants.
Experiments were conducted to investigate the effect of magnetite/surfactant ratio on the
stability the suspensions. The same mass, 4mg, of magnetite powder was added to 5 ml
water in all the preparations, to produce c. 5 mM Fe. Different amounts of gelatin or
sodium oleate were added to the suspension to generate different Fe:surfactant ratios.
The weight ratios (iron oxide: surfactant) used in these experiment were 1:1.5, 1:1, 1:0.5,
1:0.25 and 1:0.125. The mixtures were sonicated at 50°C for 2 h. The stability of the
fluid was monitored by measuring transmittance at 540 nm using a UV-Visible

spectrometer over two months as well as by NMRD.

3.2.3.2 Wetgrinding in agate mortar

The possibility of making stable aqueous magnetic fluids by grinding magnetite powder
with an agate mortar and pestle (agating) in presence/absence of sodium oleate with few
drops of water was explored. In a typical experiment 8 mg of dry magnetite was agated
with a few drops of water either with and without surfactant, in the ratio of magnetite/

surfactant 1:1.5. The agated mass was diluted to 10 ml with Milli-Q water followed by
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sonication in an ultrasonic bath maintained at 50°C for 2 h. The concentration of Fe in
the suspension was ~ 4 mM. The surfactant was added either during the sonication after
the grinding or was added prior to the wet grinding. NMRD characterisation of the fluids
produced by agating with and without the surfactant, showed that they displayed very
similar characteristics and changes with ageing to the fluids prepared purely by
ultrasonication. After some months, the agated (both types) and the sonicated suspension
stabilise, with mM concentrations of Fe present. The NMRD profiles of the suspensions

are very similar and will be discussed below.

3.3 Results
3.3.1 Uncoated agueous nanoparticle suspensions

3.3.1.1 Stability of the uncoated nanoparticle suspensions

For the maghemite suspension NMRD profiles recorded over a period of 10 days indicate
slight precipitation, Figure 3.2. The suspensions are quite stable in spite of the fact that
these maghemite particles are not coated with surfactants. The high field maximum at
7.36 MHz in the profile may be correlated with an average primary particle size of ~ 11.2
nm in accordance with Muller’s theory [152]. A scaled simulated NMRD profile is

included in the figure for comparison.

Larmor frquency (MHz)

Figure 3.2. NMRD profiles for the maghemite suspension recorded on day 0 (m), day 6
(m) and day 10 (m). The solid line (—) is the simulation for an 11.2 nm magnetite core,
scaled by an arbitrary concentration to match the data.
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At the time of this experiment a method for the estimation of iron was not available.
From the amount of precipitate, we roughly estimate that the concentration was ImM.
This would correspond to an initial approximate ri of 2.1 s'ImM'lat 7.4 MHz and 0.8 s'1
mM'lat 0.01 MHz. These values are lower than expected. According to Muller [152],
superparamagnetic magnetite particles of size 11.4 nm should have a relaxivity of-12 s'
'mM'lon the low field plateau, and of -21 s"mM"1at the high field maximum at 7.4
MHz.

The magnetite suspension was found to be less stable than that of maghemite, as
evidenced by gradual precipitation over time (Figure 3.3) The precipitation is due to
strong dipolar interactions among fine magnetite particles leading to aggregation [60,

86].

coutt S 4

2473
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Figure 3.3. NMRD profile of magnetite suspension in water over time where (—) is the
fit to the equation, y=avb+ cvdwhere a=0.228, b=-0.00233, ¢=0.0116, d=1.24.

There is a distinctive high field maximum in the NMRD profile from day 0. This is
probably due to presence of a superparamagnetic fraction. In the case of the other profiles
(day 3-6), the data can be fitted to a dual power law dependence of the relaxation rate on
frequency. The curves above (for day 3-6) are fitted to the function y = avb+ cvd. One of
the fits to the data from day 6 is included. Within the error there is no change in the
powers between day 3 and day 6. The data suggests that the superparamagnetic fraction
precipitates first and that the residual fraction, which gives rise to the dual power law

frequency dependence continues to precipitate up to day 6. We will demonstrate later that
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the observed frequency dependence of the relaxation rate is characteristic of nanoparticle

clusters of high effective magnetic anisotropy.

3.3.1.2  Effect of pH on the uncoated nanoparticle suspensions

Dilute hydrochloric acid (0.1 M) was used to adjust the pH of the maghemite suspension.
NMRD profiles for the maghemite suspension were recorded at two different pH values.
The pH of the water used was 6.5. The pH of the suspension was not raised above 7. The

NMRD data (Figure 3.4) in high field region was poor with relatively high errors.

20
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Figure 3.4. The NMRD profiles of the maghemite suspension at room temperature.
Profiles were recorded at pH 7 (m) and 3.5 (m).

The longitudinal relaxation time Ti was comparatively long. It is likely that the
concentration of particles in suspension was low. The surface charge of the sample
determines the stability, but this is sensitive to the preparation and is not known for this
sample. Apparently there was no effect of pH on the relaxation mechanism of y-Fe2C3 in
the complete frequency range and the suspension was stable after changing the pH in this

range. The initial precipitate was examined under SEM for its morphology and sizes.
Tightly packed large aggregates of 100 to 150 nm primary particles with amorphous

surfaces were seen under scanning electron microscope (Figure not presented). The

magnetite suspension after day 6, was acidified to apH of 4.9 see Figure 3.5.
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Figure 3.5. Scanning electron microscope image of maghemite precipitate (uncoated)
while making the suspension.

The resulting NMRD profiles, shown in Figure 3.6, indicate that on lowering the pH the
contribution from the superparamagnetic fraction to the water relaxation decreases and
the fraction exhibiting a dual power law dependence on frequency increases, in a manner
similar to the changes observed on ageing the suspension. The reversibility of this change
was not tested, as there was visible precipitation of the sample. NMRD experiments that
will be described later demonstrate that pH stability can be achieved when the magnetite

sample is coated with surfactants.

0.01 01 1 10
Proton Larmor Frequency (MHz)

Figure 3.6. Relaxation profiles for the uncoated magnetite suspension in water at pH 7
(m) and 4.9 (m).
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The natural pH of the suspension was 6.5. This is explained by the fact that the pH of
Milli-Q water used in the experiment is -6.5 and the pH of zero surface charge (pH)
for magnetite is 6.53 [192]. Pure magnetite nanoparticles prepared by ammonia
coprecipitation are expected to have a slightly electron deficient core with a net negative
electrostatic charge on the surface [56] and so are acidic in nature. Due to the magnetic
interactions and very high surface area, the fine magnetite particles have a tendency to

agglomerate to reduce the surface energy.

3.3.2 DNA stabilised magnetic suspensions

NMRD profiles for two samples of double stranded (DS) herring and salmon sperm
DNA stabilised magnetic fluids were recorded, the data is given in Figure 3.7. The
magnetite suspensions were stable without any loss of particles by precipitation over a
year. Both types of DNA surfactants have produced fluids with very similar profiles.
There is apparent mixed behaviour of superparamagnetism and large magnetic clusters in
suspension. The Z-average size by PCS was about 115 nm with PDI 0.2. The suspensions
have broadly the same relaxivities and the profiles have very similar shape. The
frequency of the high field maximum corresponds to magnetite cores of about 17 nm,

according to Muller [152].

140

40

0.01 01 1 10
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Figure 3.7. NMRD profiles of double stranded salmon sperm DNA (m) and (m), and
double stranded herring sperm DNA (m) and (m) stabilised magnetic suspensions.
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A transmission electron microscopy (TEM) image of DS herring sperm DNA coated
magnetite is given in Figure 3.8. The 100 particle average size for the nanoparticles was
7-11 nm by TEM. Size analyses from TEM are not very authentic for coated
nanoparticles. During the drying the test suspension on TEM copper mesh grid, there
may be artefacts caused by drying induced aggregation during the TEM sample

preparation [121].

Figure 3.8. TEM image of double stranded herring sperm DNA coated magnetite
particles showing entangled chains of a network structure.

Conversely there may be experimental effects on the particle size such as shrinkage
under the electron beam [193] during TEM analysis. But there was a general trend that
denatured double-stranded hs-DNA magnetite samples have particles in distributed

entangled chains.
NMRD profiles for two samples of single stranded herring sperm DNA stabilised

magnetic fluids were recorded, the data is given in Figure 3.9. The magnetite suspensions

were stable without any loss of particles by precipitation over a year.
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Larmor frequency (MHz)

Figure 3.9. NMRD profiles of two single stranded SS herring sperm DNA stabilised
magnetic suspensions.

These two preparations also show reasonable reproducibility and have profiles of very
similar shape. The profiles can again be fitted to a dual power law dependence of
relaxation rate on Larmor frequency. However the low frequency power is much lower in
this case than was observed for the fatty acid stabilised fluids. For the single stranded
preparations the Z-average size by PCS was typically around 75-80 nm with slightly
higher PDI of 0.3.

3.3.3 Surfactant coated nanoparticle suspensions in water

3.3.3.1 Stability of the suspensions

For the gelatin stabilised suspensions the transmittance data is presented in Figure 3.10.
The transmittance increased significantly during the first week due to precipitation. After
about 10-12 days equilibrium was reached and there was almost no further loss of
particles from the suspensions, as indicated by a plateau in the transmittance. The stable
magnetite suspension was more translucent than the initial turbid suspension. The net
transmittance increased for samples where more surfactant was used, with the exception

of ratio 1:0.125.



100

80

—
(R

0 5 10 15 20 25 30
Time (day)

Figure 3.10. Transmittance data of gelatin coated magnetite suspension through
ultrasonication against time. The magnetite:gelatin ratio used were (m) 1:1.5, (m) 1:1, (m)
1:0.5, (m) 1:0.25 and (m) 1:0.125. Transmittance values were recorded for at 540 nm.

The most stable suspension, or at least the one of highest transmittance, with a ratio of
1:15. The most stable suspension (1:1.5) was examined by scanning electron

microscope.

A drop ofthe suspension was spread and dried slowly over an adhesive carbon film on a
standard SEM stub and the micrograph is shown (Figure 3.11). Clusters of size 0.3 to 1
(-m were observed to be homogeneously distributed in all fields of view, for example in
Figure 3.11. The clusters were large and of irregular three dimensional shape with 30-50
nm primary particles, although features of this size are at the limit of resolution. Given
the magnification (60,000) of the image and the amount of signal, it was not possible to

observe the gelatin coating on the magnetite surface.
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Figure 3.11. SEM micrograph of gelatin coated magnetite (sample No. 2) in stable
suspension

The transmittance data for the magnetite suspensions surfacted with sodium oleate is
given in Figure 3.12. The different ratios of Fe304/sodium oleate used in this experiment
were the same as used in the gelatin experiment in the previous section. The loss of
material from the suspension continued for somewhat longer than for the other
surfactants (about 15 days). A very similar trend of stabilising effects was observed. An

iron:surfactant ratio of 1:1.5 again produced the most stable suspension.

30Zn RoqeDd

Time (day)

Figure 3.12. The UV transmittance data of sodium oleate coated magnetite suspension.
The different ratios of magnetite to surfactant ratio are given in the legend.

Ultrasonication of magnetite with gelatin or sodium oleate surfactant produced magnetic

fluids. However sodium oleate was found to be more effective in making a concentrated
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fluid. The precipitation of the coated nanoparticles is more in case of gelatin addition.
The net transmittance at the plateau for sodium oleate fluid is much less (-20% for the
ratio 1:1.5) than in the case of gelatin surfactant (-30-35% for the same ratio) which
indicates the presence of more nanoparticles in the oleate suspension. Sodium oleate was
more effective in stabilising uncoated magnetite particles in all the ratios used in the

sonication experiments.

3.3.3.2 NMRD characterisation

The suspensions of magnetite coated with gelatin (1:1.5) by ultrasonication were
characterised by NMRD. Profiles were recorded for the suspensions over a period of
nearly 2 months to monitor precipitation and magnetic changes. The NMRD data for
gelatin stabilised magnetite suspensions are presented in Figure 3.13. The dual power law

fit to the frequency for the day 55 data is also included in the figure.

Larmor Frequency (MHz)
Figure 3.13. NMRD profiles of gelatin coated magnetite in the ratio 1:1.5 prepared by
sonication after (m) day O, (w) day 1, (m) day 6, (m) day 13, (O0) day 28, (O) day 55. The
continuous line (—) is an example ofthe fit to a dual power law. Profiles for the ratio
1:0.125 are also shown as ('k) day 0 and (m&) day 7.

Although the UV transmittance measurements indicated that the suspension with ratio
1:1.5 was stable after about 15 days, NMRD demonstrates that the suspension continued
to change even after 55 days. The observed decrease in Ri over this period of time is not
simply due to the loss of magnetite by precipitation. The Ri value at 10 MHz is almost
unchanged over 55 days, while there is a 21% decrease in Ri at 10 kHz. A dual power
law dependence of Ri on frequency was again observed, on this occasion the shape of the

profiles changed with time. Interestingly the suspension with surfactant ratio 1:0.125,
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which was stable during the transmittance measurements, precipitated completely during

the NMRD experiments, where the field reaches 0.5 T.

The sodium oleate surfactant coated magnetite suspensions were also characterised by
NMRD. Profiles recorded over a period of over 4 months are presented in Figure 3.14
below. The surfactant ratios selected for this study were 1:1.5 and 1:0.125 as was
selected in gelatin study. Although it was found that sodium oleate surfactant in the ratio
1:1.5 were stable after 18 days, there was ongoing slight precipitation as indicated by
NMRD and continued even after 143 days.

Again the changes are unlikely to be due to precipitation, the relaxation rate at 0.01 MHz
fell by about 11% in the between day O and day 53. For the gelatin coated suspensions
processed under the identical conditions Ri reduced by about 21% over a similar time (55
days). The magnetite suspension with a Fe3O4/surfactant ratio of 1:0.125 which were
stable for the UV transmittance study again precipitated when exposed to magnetic field
of the NMRD experiment.
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Figure 3.14. NMRD data for sodium oleate coated suspension (ratio 1:1.5) by
ultrasonication. The data with Fe/surfactant ratio 1:1.5 is shown as (m) day O, (m) day 7,

(w) day 16, (m) day 26, (O0) day 53 and (OJ0) day 143. NMRD profiles for the ratio 1:0.125
are shownas ( )day O, ( )day7 ( )day 17 and ( ) day 30.
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3.3.3.3 Temperature dependence of the NMRD profiles

Experiments were conducted to study the effect of temperature on the relaxation rates
operating in the NMRD frequency range. Relaxation data on sodium oleate coated
magnetite [190], by wet grinding in agate mortar followed by sonication is given in
Figure 3.15. The profiles were recorded in the temperature range of 19.4 to 33.4°C. The
monolayer surfactant coated magnetite suspension was very stable. There was no change
in the relaxation rates with temperature, in the high frequency region (>1 MHz). The
change in Ti in the low frequency regime was completely reversible, indicating the

stability of the suspensions in this temperature range.

Proton Larmor Frequency (MHz)

Figure 3.15. Effect of temperature on the relaxation rates of a magnetite suspension
agated with sodium oleate. The insert shows successive profiles recorded at 23.4°C.

3.3.3.4 pH dependence of the NMRD profiles

Experiments were conducted to study the effect of pH on the relaxation rates operating in
the NMRD frequency range. Relaxation data on a sodium decenoate stabilised
suspension is shown below (Figure 3.16). The sample was stable in the range studied.
The PCS size was 100 nm.
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Figure 3.16. Effect of pH on the relaxation rates, at 23.4°C, of a magnetite suspension
agated with sodium decenoate. The pH cycle was pH 6 (¢) initial, pH 4.9 (¢), pH 6 (¢),
pH 4.9 () final.

3.4 Discussion

3.4.1 Uncoated agueous nanoparticle suspensions

It is clear that maghemite nanoparticles produce more stable suspensions than magnetite.
Despite the similarity of the two phases it is likely that this is due to a difference in
surface chemistry. Maghemite suspensions have been shown to be more stable to
acidification. This observation is also consistent with the presence of a passivated surface
layer in maghemite [29, 38], which would be expected to reduce the attractive magnetic
interactions between the particles in suspension. For both types of suspension there is
strong evidence for the presence of two phases or magnetic fractions; a magnetically
dispersed, superparamagnetic, phase and a phase which does not have the NMRD
signature of superparamagnetism. For this phase, or fraction, of the iron-oxide it is
reasonable to assume that random re-orientation of the magnetic moments is blocked,
due to dipolar particle-particle interactions, which effectively increase the magnetic

anisotropy.
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3.4.2 DNA stabilised magnetic suspensions

3.4.2.1 Double- and single-stranded DNA stabilised suspensions

The NMRD curves obtained for both DNA composites differ dramatically from that
expected [12, 194] for a purely superparamagnetic dispersed magnetite sample, Figure
3.17. In particular the relaxivity at low field in both cases but especially for the single
stranded sample, is extraordinarily high. The denatured DNA nanocomposites show dual
power law dependence of Ti on frequency, which is not consistent with the predictions of
outer sphere theory [147], In the figure below typical data for single stranded and double
stranded preparations using herring sperm DNA, are overplotted. Also included is the
simulated [152] response for a population of polydisperse superparamagnetic magnetite

nanoparticles.

The simulation shown was generated by simulating the profiles of a range of particle
sizes, corresponding to the TEM particle size distribution of the double stranded DNA
sample whose profile is shown in the figure. Only the core size was adjusted, with
reasonable values chosen for the other parameters. The individual simulations were
scaled by their weights in the particle size distribution, which is centered at 9 nm, and the
results were added to give the final simulation. Thus there were no free parameters used

to generate the simulation.

Proton Larmor Frequency (MHz)

Figure 3.17. NMRD profiles for (V) denatured hs-DNA-magnetite nanocomposites, ()
double-stranded hs-DNA-magnetite nanocomposites; (J) double-stranded salmon sperm-
DNA-magnetite nanocomposites. (—) simulated curve for a distribution of
superparamagnetic particles of magnetite.
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For complex particulate systems, there is precedent that the contributions to the overall
relaxivity from magnetic material in different components of the suspension is additive
[195]. In such cases the paramagnetic contribution to the relaxivity is given by equation
3.1

riobs = Hi Xu Th (3.1)

We propose that the behaviour of the two different DNA-stabilised systems (Figure 3.18)
can be explained on the basis that the denatured DNA material is composed of
‘magnetically aggregated’ particles of relaxivity riagg while the double-stranded DNA
composite also contains ‘magnetically dispersed’ superparamagnetic particles. The solid
curve in blue in Figure 3.18 below, is a fit to the data for the double stranded hs-DNA
sample based on equation 3.1. Assuming a two-phase system, using rigam from the
simulated NMRD response (Figure 3.18, solid line in black) and riag from the denatured
DNA nanocomposites and further postulating that the relaxation due to the magnetically
dispersed and aggregated populations is additive, one can obtain the mole fractions xgn=
0.59 and xa= 0.41, by fitting the ds-DNA data.

Proton Larmor Frequency (MHz)

Figure 3.18. NMRD relaxation curves for the DNA-magnetite nanocomposites, the
simulated curve (—) for a two component system calculated from the sum; 0.59*(—) +
0.41*(V) data.

The differing behaviour of the two types of DNA samples may be attributed to the
greater binding efficiency of the single stranded segments of the denatured DNA which

results in a higher concentration of the magnetite particles. As a result, for the single
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stranded nanocomposites in particular, there are stronger blocking magnetic interactions
between particles, equivalent to a higher magnetocrystalline anisotropy, and hence very

high relaxivity at low field.

3A.2.2 Effect of magnetic fields on structural ordering in DNA nanocomposites

In a recent paper [191] communicating the findings of our research on DNA magnetic
nanocomposites, including the NMRD studies summarised here, we noted that on drying
in the presence of a 7T magnetic field, there is reorientation and controlled alignment of
the DNA nanocomposites. We investigated the effect of the magnetic field on the
magnetic clustering, as indicated by the NMRD response, to establish whether a similar

effect is observed in suspension.

NMRD profiles were recorded in two ways. In this first method the data for a fresh
sample was recorded from 2.87MHz (c.0.06T) down, without exposing sample to a field
greater than 2.87MHz. Then mid frequency part of the profile, up to 7.9MHz, was
acquired using a polarisation field of 7.9MHz. Then high frequency part of the profile up
to 20MHz (0.5T), was acquired field by field. Then the profile was acquired in the

normal way, using a high polarisation field throughout.

This experiment and other related variations were undertaken on several samples. In all
cases the profiles were superimposable. Typical data is shown for salmon DS DNA
coated magnetite suspension in Figure 3.19 below. It can be concluded that there is no
magnetic alignment of the nanocomposites in suspension during the NMRD experiments.
Or, alternatively, that the samples do align and that a field of 0.06T is sufficient to
accomplish this, and it is irreversibly. This is unlikely given the high magnetic field that

was required to align the drying samples.
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Figure 3.19. Magnetisation studies on the second sample of salmon sperm DNA-
magnetite suspension, (m) profile with Bpol=2.87 MHz, (m) profile with Bpol = 7.9 MHz,
(m) profile Bpol =18 MHz and ( ) Ri at 2.87 to 20 MHz with repetitions at 2.87 MHz.

3.4.3 Coated nanoparticle suspensions in water
3.4.3.1 Presence of nanoclusters in suspension

The first observation is that the addition of a surfactant has significantly improved the
stability of the magnetic fluids relative to the uncoated nanoparticles. It is difficult to
assess the exact nature of the coating, but given the surface activity of the stabilising
agents, it is likely that a partial monolayer has been formed on the surface of some or all

of the nanoparticles.

The PCS size, at 25°C, of the suspension also characterised by NMRD, was 100 nm with
PDI 0.2. The PCS measurements were then made at a temperature of 35°C. The Z-
average size did not change, within the measurement error. Two days later, the PCS
measurement at 25°C was then repeated, on the same sample. Once again there was no
change in the size and distribution of the particles in the suspension, as indicated in
Figure 3.20.
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Figure 3.20. The intensity distribution and actual correlation data fit for the suspension
at 25°C (—) Z-average=100.4nm (PDI =0.2). At 35°C (—) on the same day, Z-
average=99.4nm (PDI =0.21), and at 25°C (—) two days later, Z-average=98.2nm (PDI
=0.19).

The appropriate solvent viscosity for 35°C was used in the calculation and the same Z-
average and PDI were obtained as at lower temperature. The correlation function
measured at 35°C decays slightly faster, as is expected given the change in viscosity with
temperature. The correlation functions also strongly indicate that there are no dispersed
primary nanoparticles in suspension at 25 or 35°C. The suspensions are stable to dilution

with water and with 5, and 25, mM aqueous solutions of sodium oleate.

3.4.3.2  Ageing of the suspensions studied by NMRD

The NMRD profiles show that the suspensions are not superparamagnetic, the expected
maximum in the low MHz range is not observed. However the relaxation of the water 'H
nuclei is greatly enhanced by the suspended magnetic particles, Ri = 0.39 s"1 for pure
water. The NMRD data for both the gelatin and sodium oleate stabilised suspensions

fitted well to a dual power law dependence of the relaxation rate on Larmor frequency.

Rl =avb+cvd (3.2)
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The changes in the values for the intercepts, a and c, with time are given for the two

suspensions in Figure 3.21 below.

Figure 3.21. Left hand side, change in the high frequency (O), and low frequency (O),
intercepts with time for the sodium oleate stabilised suspension. Right hand side, the
equivalent data for the gelatin stabilised suspension.

If the changes in the profiles were due to precipitation of some of the suspended iron
oxide, a proportionate change in the high and low frequency intercepts would be
expected. This figure suggests that there is some reorganisation of the nanoclusters as
they age. To gain insight into the changes, attempts were made to fit the high frequency
data, only, to outer-sphere theory [147]. This was unsuccessful, as there are difficulties in
obtaining good results without treating the whole profile and applying sophisticated
interpolation for the mid-field region. This was the approach adopted by Roch, Muller et.
al. [152] in successfully formulating superparamagnetic relaxation theory. The changes

in the powers, b and d, are given for the two suspensions in Figure 3.22.
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Figure 3.22. Left hand side, change in the high frequency (O), and low frequency (O),
powers with time for the sodium oleate stabilised suspension. Right hand side, the
equivalent data for the gelatin stabilised suspension.
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There is no significant change in the powers with time, for either of the suspensions. The
clearly observable changes in the NMRD profiles with ageing are largely due to a
decrease in the value of high field intercept. Somewhat counterintuitively, because of the
additive nature of the high and low frequency relaxation mechanisms, this appears as a
greater change in the low field part of the profiles. The effect is greater in the case of the

gelatin-stabilised suspension. The explanation for this is not known.

3.4.3.3 Temperature dependence of the NMRD profiles

The NMRD profiles recorded at different temperatures show the same dual power law
behaviour. They also suggest, as is the case for superparamagnetic relaxation, that there
are different relaxation mechanisms at high and low field. For superparamagnetic
particles, it has been shown that the high field relaxation arises from diffusion of water
close to the magnetic moment of the particle, and that this mechanism is insensitive to
temperature change. The shape and temperature dependence of the profiles for the coated
nanoparticle suspensions, at high field, is consistent with the predictions of Freeds outer-
sphere model. Therefore it is reasonable to assume that the high field relaxation

mechanism, for the magnetic nanoclusters is outer-sphere.

Assuming that this is true it is then reasonable to assume that the low field relaxation
mechanism for the magnetic nanoclusters is inner-sphere in nature. Again by analogy
with superparamagnetic relaxation, supporting evidence comes from the fact that the
relaxation rates decrease strongly temperature in the low frequency region. It will be
shown in the next chapter that for superparamagnetic relaxation the relaxation rate also
decreases with temperature in the low field range, but the profiles have quite different
shape and remain parallel as the temperature changes. For the coated nanocluster
suspensions reported here, for which the primary particle size is in the superparamagnetic
range, the low field relaxation can be fitted to a power law dependence on Larmor

frequency, and the power decreases as the temperature is increased.

Thus there are similarities and differences between the low field relaxation in dispersed
superparamagnetic nanoparticles and in magnetic clusters reported here. It is highly
likely that the mechanism remains modulation of the magnetic interaction between the

water exhanging close to the nanocluster and the surface of the nanoparticles. The
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modulation is likely to be due to a non-diffusional motional process on the nanosecond
time scale. There are two possibilities: Either the motions of the magnetic moments are
only partially blocked, in which case one would expect to see a profile resembling
superparamagnetic relaxation. Alternatively, motion of the water molecules penetrating
the nanocluster, or exploring its surface, may be responsible for the relaxation profile
observed. Motion of water about the nanocluster would occur on the appropriate time-

scale, water tumbling in free solution occurs on the picosecond timescale.

If one assumes this to be the mechanism then the accessible surface of the nanocluster is
acting as a relaxation sink to the water molecules. Several spectral density functions have
been shown to be applicable for surface relaxation over fractal geometries [9, 196]. In the
most common formulation it has been shown that the spin lattice relaxation time can be
expressed as:

,A(TO

Ri=a +b (33

Where, Ri is the relaxation rate, a, b are constants, v is frequency and df is the

dimensionality or fractal dimension of the clustered mass and —(y-~~1) equates to the

power obtained from least squares fitting of the profile. Thus the Ti profile maps out the
dimensionality of the cluster, as probed by the water. The results of such an analysis for

the low field relaxation of the coated nanoclusters are shown in the Figure 3.23 below.

Temperature (°C)
Figure 3.23. The dimensionality of clusters in aqueous suspension of magnetite sample
agated with sodium oleate at different temperatures.

The implied dimensionality of the magnetite suspension was in the range of 2.40 to 2.65

in the experimental temperature range. The suggestion that the fractal dimensions of the
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clusters decreases with temperature is consistent with the exclusion of water as the loose

fatty acid tails become more mobile.

For the DNA stabilised nanocomposites the low field power was invariably lower, and
was sometimes very close to zero, within the error. This suggests a lower dimensional
cluster for the DNA nanocomposites as is expected and indeed observed by TEM. It
should be noted that the hydrodynamic size, from PCS, of about 85 nm for the single
stranded DNA nanocomposites represents the equivalent sphere diameter. The suspended

object may still be very elongated.

Investigations are ongoing in the group, with the aim of obtaining complementary
structural information on the fatty acid and DNA stabilised nanoclusters. From the
angular dependence of the scattering, static light scattering may provide the volume
fractal dimension of the cluster. This work has been hindered by the weak scattering
obtained, as most SLS equipment is optimised for um scale materials. Alternatively, from
the concentration dependence of the DLS back-scattered intensity it can be possible,
using the dynamic Zimm approach, to determine the effective mass of the cluster and
hence its density. This approach is also yet to produce good results, monodisperse
suspensions are required, and the high masses of the nanoclusters are pace the close to

the measurable limit.
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3.4.3.4 pH dependence of the NMRD profiles

The NMRD profiles recorded at lower pH indicate that in the low frequency region the
relaxation is enhanced. This also supports the suggestion that the high field relaxation is
outer-sphere and the low field relaxation is inner-sphere. The mechanism by which the
enhancement occurs is interesting. PCS measurements have shown that protonation doe
not alter the size of the cluster. The low frequency power is not affected, which indicates
that the topology of the cluster is also unchanged. Our interpretation agrees with that
proposed by Muller for dextran coated magnetite particles [197], that the surface
becomes partially protonated on lowering the pH, and the presence of suface protons
amplifies the dipolar interaction between the particle and the solvent 'H nuclei, see

Figure 3.24 below.

- 0- + HT OH

-OH + H* | OH.+

Figure 3.24. Protonation ofthe surface of magnetite, may occur at several sites, all of
which increase the surface proton density.

This effect cannot be achieved by the 'H of the carboxylate chains as they are futher
away from the surface and are more mobile. The implication of this interpretation is that

the surface is not fully coated with fatty acid.

3.5 Conclusion

It is possible to produce semi-stable suspensions of magnetite and maghemite in water
without any surfactant, though the amount of solid that remains in suspension is small. It
was shown to be possible to produce more stable suspensions of coated nanoclusters by
applying surfactants either in situ, in the case of the DNA stabilised fluids, or to the

uncoated particles by ultrasonicating and/or agate grinding the mixtures.

Two types of stable DNA-magnetite nanocomposites were studied. Single stranded DNA

produced a material with very high low-field relaxivity, ri > 150 s'niM 'L The relaxivity
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was more normal in the current clinical MRI range, 80-100MHz. Although with the
advent of remote detection for NMR and MRI [198], such materials may eventually find
applications. The NMRD profiles indicated that the material was not superparamagnetic,
as the profile could be fitted to a dual power law dependence of ri on Larmor frequency.
Double stranded DNA produced a material with two magnetic phases, or fractions; a
superparamagnetic fraction and a magnetically clustered fraction analagous to that

observed for the single stranded DNA nanocomposites.

For the fatty acid stabilised nanoclusters dual power law dependencies of ri on Larmor
frequency were also observed. Changing the pH was found to alter the NMRD response
in the low frequency region, due to a reversible inner-sphere effect. While the high
frequency relaxation was unaffected by pH, indicating that the relaxation mechanism is
outer-sphere in nature. Temperature dependent NMRD measurements confirm that there
are separate high and low field relaxation mechanisms operating and that the high field

relaxation mechanism is outer-sphere.

The low field relaxivity of fatty acid stabilised nanocluster suspensions was again very
high. The NMRD profiles can be interpreted as being due to motion of the water around
the nanocluster. It is suggested that the dimensionality of the nanocluster is mapped onto
the spectral density function that determines the shape of the profile. The implied
dimensionality of the magnetic nanoclusters varied from 2.42 to 2.6 in the experimental
temperature range, a range in which there was no change in hydrodynamic diameter as
measured by PCS. These are relatively high values, indicating a dense cluster, as df = 2

for a plane, and df = 3 for a solid.
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Chapter 4

Alkaline coprecipitation of surfactant stabilised
magnetic nanoparticles and their characterisation in
suspension
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4.1 Introduction

Magnetite nanoparticles in the size range of 2 to 12.5 rnn can be synthesised by ammonia
coprecipitation of Fe(Il) and Fe(lll) salts [80]. Fine particles have a tendency to undergo
grain growth due to the very high surface energy due to the high surface area to volume
ratio. Magnetite particles undergo spontaneous changes in their surface properties during
the synthesis depending on the preparation conditions of pH and ionic strength. In
addition, uncoated fine particles in suspension can undergo spontaneous growth during
ageing (Ostwald ripening) [56]. Coprecipitation at pH well above the pHpzc and at high
ionic strength [30, 56, 199] produces smaller nanosized magnetite particles. Under these
conditions the electrostatic surface charge is high and with short crystallisation times,

further growth can be avoided.

Application of a fatty acid surfactants chemisorbed onto the magnetite surface during
precipitation is one of the methods used to isolate the particles and to prevent both grain
growth, and later, ripening. For the purposes of this discussion the fatty acids will be
described by two numbers, the chain length and number of unsaturations, so for instance
decanoic acid, CoOH19COOH is denoted [10:0]. Application of a further surfactant, as a
solution of the fatty acid salt, results in a second physisorbed layer, with the fatty tail
attached to the first layer and hydrophilic head group projecting outwards. This makes
the magnetite particles relatively stable in aqueous suspension due to the electrostatic

repulsions of the charged cloud.

The synthesis and characterisation of magnetite nanoparticles coated with two layers of
fatty acid is described in this chapter. The common ammonia coprecipitation technique is
adopted at a slightly elevated temperature to precipitate iron oxide. A primary surfactant
is introduced in situ while a second layer is applied later to add stability in aqueous
suspension. Attempts to synthesise smaller nanoparticles by increasing the ionic strength
with the addition of sodium chloride during precipitation, are described. The magnetite
suspensions are characterised by photon correlation spectroscopy and NMRD. The effect

of change in pH and temperature on the stability of the suspensions is also studied.

The magnetite nanoparticles produced by aqueous coprecipitation, prior to the
application of a second layer can be phase transferred into heptane quite easily. In

heptane the particles are stabilised by a chemisorbed monolayer only. The surfacted
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nanocrystals can be phase transferred into nonpolar solvents due to strong solvation of
the fatty acid tails of the surfactants. This process was undertaken in order to assess the
effect the relaxation enhancement due to the nanoparticle of the chain length of the fatty
acid in the primary layer. It is generally found that the NMRD response is less
preparation sensitive in heptane suspension. Agglomeration is also less of an issue, as a

result the PCS and NMRD particle sizes can be correlated.

It has also been shown to be possible, though far more difficult, to resuspend monolayer
coated particles, from a high temperature non-aqueous synthesis, into water after the

application of a second layer.

4.2 Experimental

4.2.1 Ammonia coprecipitation of Fe(ll) and Fe(lll) salts

Stable magnetic fluids were synthesised by a sequential process involving the in situ
coating by the surfactant decanoic acid (C10:0) during chemical coprecipitation of Fe(ll)
and Fe(111) salts with ammonium hydroxide by following a modification of the method of
Shen et al. [65]. Which was itself a modification of Wooding’s method [58]. A mixture
of iron(lll) chloride hexahydrate (99.0%, Riedel-de-Haen Chemicals) and iron(ll)
chloride tetrahydrate (>99.0%, Fluka Chemicals) in the molar ratio of 2:1 (typically 0.5
and 0.25 mmol) were dissolved in 20 ml deoxygenated water. The solution was heated
slowly to 80°C with very strong magnetic stirring and maintained for 30 minute at that
temperature. One fifth of the total of 0.4 mmol of primary surfactant was added to the
solution at this time followed by immediate addition of the required volume 0.5 ml of
33% ammonia. The remaining surfactant (0.32 mmol) was then added to the mixture in
five parts over five minutes; stirring was continued for another 15 min at 80°C, the
typical volume after all the additions is about 21ml. Several syntheses were undertaken
with a reduced reaction time of 5 minutes instead of the normal 15 minutes, after the
addition of complete surfactants. It was observed that maintaining the temperature at
80°C for some time was essential for producing fine, stable, coated magnetite particles.
30 minute stirring at 80°C was found to be optimal. The suspension was then cooled
naturally to room temperature and precipitated in one step by the sequential addition of
equal volumes of acetone (25 ml) and methanol (25 ml). A black precipitate was

separated by using a strong bar magnet to hold the solids and washing them alternately
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with acetone and methanol (polar organic solvents) five times to remove all surfactants,
except that part directly bonded to the particle surface. Such washed particles disperse
readily in nonpolar organic solvents to produce concentrated dispersions whereas, for
dispersion in water, a secondary surfactant layer of the same or different surfactant is

required [59].

The primary layer coated ultra fine nanoparticles were redispersed in water and the
temperature of the suspension was raised to 60°C with strong stirring. The second
surfactant (0.25 mmol), usually lauric acid (C12:0) as its ammonium salt (pH >10) was
then added drop-wise to the suspension. This procedure produced magnetite (FesO”
nanoparticles stabilised against agglomeration by bilayers of n-alkanoic acids with 9-13
carbons. The nanoparticle suspensions were characterised by PCS, NMRD and in some
cases TEM. All dilutions for the NMRD experiments were performed with 25 mM of the
ammonium salt of the secondary fatty acid. The effect of pH and temperature on the

relaxation behaviour was also studied.

4.2.2 Sodium chloride assisted coprecipitation

Magnetite nanoparticles were also synthesised by ammonia precipitation of mixed Fe3#
Fe2+ salts as described above but at higher ionic strength. Sodium chloride was dissolved
in the mixed Fe3#Fe2+solution to adjust the ionic strength of chloride to 0.25M. All other

steps were repeated exactly as in the previous section.

4.2.3 Phase transfer from aqueous suspension into heptane

Nanosized magnetite was synthesised by coprecipitation from a mixture of ferrous/ferric
nitrate, hexahydrate salts by ammonia in a modification of Shen’s method [65]. In a
typical synthesis to obtain 0.1 g of FeaCU precipitate, 0.870 mmol of iron(ll1) chloride
hexahydrate (99.0%, Riedel-de-Haen Chemicals) and 0.435 mmol iron(ll) chloride
tetrahydrate (>99.0%, Fluka Chemicals) were dissolved in 20 ml deaerated water. The
reaction mixture was heated at 80 °C on a sand bath for 30 min with vigorous stirring.
Nitrogen was purged through the mixture throughout the reaction. A large excess of
about 0.5 mmol oleic acid surfactant was then added, followed by the addition of 2.5 ml
of concentrated ammonia solution. In-situ oleate coated magnetite was precipitated as

black particles at this stage. A total of 2.5 mmol surfactant was added immediately drop-
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wise over 5 minutes to the freshly precipitated suspension. The temperature was
maintained at 80 °C for 15 minutes to complete crystallisation and then the mixture was
cooled slowly to room temperature. The suspension was flocculated with a 1:1 mixture of
acetone and methanol and separated by a strong bar magnet. The precipitate was washed
four times, alternately with acetone and methanol and finally once with ethanol. A part of
the washed precipitate was suspended in about 20 ml heptane containing 0.25 mmol
(12.5 mM) of the same surfactant. The suspension was again precipitated with ethanol.
The separated solid was resuspended in heptane. The suspension was centrifuged at
15700 ref for 40 minutes to remove any large particles. The coated magnetite suspension
in heptane was characterised by PCS and NMRD. The second part of the precipitate was
coated with a second surfactant, as its ammonium salt, as described before, for the

purpose of comparison.

4.2.4 Effect of chain length on relaxivity in heptane suspension

The procedure stated above was followed to introduce different fatty acid surfactants.
The carboxylic acids of saturated hydrocarbon chain length, from 6 to 18, were used to
study the effect of chain length on the PCS size and relaxivity of the magnetite
suspension. Sodium chloride was dissolved in the solution of iron chloride salt mixture
before it was heated to 80°C. An ionic strength of 0.25 M concentration of NaCl was
maintained in every case. Except for nonanoic acid (C9:0), which is a liquid at room
temperature (25°C) all other surfactants were added as solids to the reaction. The final

magnetite suspension was characterised by PCS and NMRD.

4.2.5 Phase transfer from non-aqueous suspension into water

2-3 mis of a moderate sized monodisperse nanoparticle suspension in heptane, sample
N7, with hydrodynamic diameter of the magnetite particles 11.5 nm, PDI 0.04,
synthesised as described in the following chapter, was typically used. The particles were
precipitated with a volume of ethanol of about 1.5 times the volume of the suspension.
The precipitate was washed with methanol and resuspended in water with vigorous
stirring, while the temperature of the suspension was raised to, and then maintained at,
65°C for 30 minutes. A solution of 10 mM ammonium laurate was then added to the

stirred suspension drop-wise over 5 minute, stirring was continued for 25 more minutes.
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The bilayer surfactant coated magnetite was then sonicated for 30 minute at 50°C. The
suspension was held over a strong bar magnet and the upper liquid decanted for use. The
efficiency of the phase transfer process was low, and it was quite difficult to reproduce

the phase transfer.

4.2.6 Uncoated nanoparticles in organic solvents

Uncoated magnetite nanoparticles in the size range 12-25 nm, synthesised in Trinity
College by the project partner, were used as the magnetite precursor. Typically 4 mg of
the sample was agate ground in an agate mortar in presence of 1:1.5 by mass oleic acid.
The ground paste was transferred to a glass bottle with a 5 ml heptane, it was shaken well
and then ultrasonicated for no more than 1 minute, to avoid heating. The large particles
in the suspension were removed by centrifugation at 15700 ref for 30 minutes. The

resulting fine magnetite suspension was characterised by PCS and NMRD.

A suspension was also prepared from the same magnetite source by agate grinding with
1:1 oleic acid and sodium oleate and suspending the paste in water. The paste was
ultrasonicated at 50°C for 30 minutes. The results for this preparation in water were also

compared with those for the heptane suspension.

4.3 Results

43.1 Ammonia coprecipitation

The water relaxivity data for a group of repeat syntheses are shown in Figure 4.1. The
results indicate good reproducibility for a synthesis involving many steps conducted over
two days. The variation of ri (at 0.01 MHz) is no worse than £ 7%. Using SPM theory
[152], to which the data conforms, the average high field maximum of the relaxation
profiles suggests a primary particle size of about 20 nm. The saturation magnetisation is
28 emu/g, which is significantly less than for bulk Fe304, but is in the right range for
nanoparticles of this size [29, 38]. The dependence of the saturation magnetisation on

nanoparticles size will be discussed in detail in Chapter 5 of this thesis.
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Figure 4.1. NMRD relaxivity profiles in water for eight syntheses with (C10:0) as the
primary layer and (C12:0) second surfactant showing reasonable reproducibility. The
simulated pattern (—) using Muller’s theory for magnetite nanoparticle of 20 nm
diameter fits the data reasonably well.

However, transmission electron microscopy of fine particles from two of these
preparations indicated an average size of between 8 and 10.5 nm. The TEM sample was
prepared by drying a drop of magnetite suspension over the TEM copper mesh grid. A
typical micrograph, of C10:0/C12:0 coated magnetite particles, is shown in Figure 4.2.
Analysis of the micrograph indicates a range of sizes from 5-25 nm in segregated clusters

of size 80-150 nm containing 50-150 particles.

& 100 nm

Figure 4.2. Transmission electron microscope image of magnetite particles from the
synthesis given in Figure 4.1. The 100 particle average diameter is -10.5 nm.

106



The hydrodynamic diameter was measured by photon correlation spectroscopy (PCS)
and was in the range 80-100 nm (Figure 4.2). The actual fit and the PSD distribution of
two of such coprecipitated samples are given in Figure 4.3 below. The distributions are

unimodal, and all the suspensions had PDI values of less than 0.2.

1. 10. 100. 1000. 10000.

Dameter (nm)

Figure 4.3. The correlation data fit and the intensity size distribution of two samples out
of those eight given in Figure 4.1. The data (—) has Z-average 82.5 nm with a PDI=0.15
and (—) PCS size of 84.2 nm with PDI= 0.11.

The 5 minute reaction time suspensions gave contrasting results (not presented here). The
size from the high field maximum indicated a 21 nm core, whereas the relaxivity was
lower than for the longer reaction time products. It is likely that during the 5 minute
preparations there was insufficient time for the magnetite particles to crystallise into a

good magnetite core.

4.3.2 Effect of pH on the NMRD response

The relaxation profiles of a bilayer (C10:0/C12:0) surfactant coated magnetite suspension
recorded at different pH value are shown in Figure 4.4. The natural pH of the suspension
was about 10.1. The relaxation rates of water were unaffected at higher frequency (> 2
MHZz) for all pH values, but there was an increase in the Ri at low field with decrease in
pH of the suspension. The effect was almost reversible with a loss of Ri <2 % after
completing the pH cycle. There are some minor changes to the shape of the profile,

which may be consistent with some slight agglomeration of the particles, however as
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these changes are relatively minor they are difficult to quantify. It is interesting to note
that there is almost no change in Ri with pH in the high field region, where the relaxation
mechanism is outer-sphere and is driven by diffusion. On lowering the pH further the
suspension precipitates, this is presumably due to the protonation ofthe physisorbed fatty

acid layer.
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Figure 4.4. Relaxation rates of a bilayer surfactant coated magnetite suspension in water

atpH (w) 10.1, (w) 9.2, (m) 11 and back to ( ) 10.1 again. The natural pH for the fluid
was 10.1.

4.3.3 Effect of temperature on the NMRD response

The effect of temperature on the NMRD profile for one of the stable bilayer surfactant
stabilised suspensions of is shown in Figure 4.5. The changes are completely reversible
as was also the case for monolayer surfactant coated magnetite suspension. The
relaxation rates at higher magnetic field are not affected by change in temperature up to
35°C, which is similar to the effect of pH.
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Figure 4.5. The reversible effect of temperature on relaxation rates on the NMRD
response of a C10:0/C12:0 bilayer stabilised aqueous magnetite suspension. The
sequence of the temperature cycle was 24°C (m), 20°C (m), 24°C (O), 29°C (m), 24°C
(), 34°C (m) and 24°C (A).

All the data recorded at 24°C, which are shown in black in the figure, overlap perfectly.

This demonstrates the stability of the suspension over this relatively narrow temperature

range. Ri decreased as the temperature increased in the lower frequency range (<2 MHz).

4.3.4 Sodium chloride assisted coprecipitation

The NMRD results for aqueous suspensions of magnetite nanoparticles coprecipitated at
higher ionic strength (0.25M NacCl) are shown in Figure 4.6. The effect of increasing the
ionic strength is evident from the relaxivity results. The major difference is that the
relaxivity at 0.01 MHz is below 30 mM'V 1 (average 28 mM'V) for all the suspension
with a maximum error of -3.4 % where as the average relaxivity for the bilayer
C10:0/C12:0 stabilised suspension without NaCl was about 31 mM'V 1 The high field
maximum in the sodium chloride assisted syntheses is at a slightly higher frequency of
1.58 MHz which represents a magnetite core size of about 185 nm, though this

interpretation is at the limits of resolution.
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Figure 4.6. Relaxivity profiles of six identical syntheses in presence of 1 M sodium
chloride by ammonia precipitation of mixed valent iron chloride salts. The insert shows
the average relaxivity for the preparations with and without NaCl (see Figure 4.1).

4.3.5 Effect of chain length on relaxivity in heptane suspension

In a first series of experiments, nanoparticles were prepared in aqueous suspension, in the
presence of 0.25M NaCl, using the saturated C6 to CI8 carboxylic acids. The
suspensions were then transferred into heptane. The recovery of precipitate from the
suspension was very high for the CIO and C12 surfactants and was in the order
C10~C12»C9>C16. Palmitic acid C16:0 produced a visibly porous gel structure on
adding ethanol to the surfactant coated magnetite during the first precipitation, this could
be broken by shaking but the resulting yield was low. Stearic acid (C18:0) did not
produce nanoparticles, in the presence of NaCl, it formed a soapy solid during the

attempted coprecipitation.

In a second series of experiments, nanoparticles were prepared in aqueous suspension,
without adding NaCl, using the saturated Cé6 to C 18 carboxylic acid surfactants. The
suspensions were then transferred into heptane. A different trend of stabilisation was

observed.
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Figure 4.7. The relaxivity profiles of the aqueous ammonia coprecipitated magnetite
transferred into heptane. The sodium chloride assisted products are shown as C9 (m), CIO
(m), C12 (w) and C16 (m). The products without sodium chloride are C12 (O), C16 (O)
and C 18 (O).

It was possible to stabilise magnetite with stearic acid (C18:0), while this was no longer
possible with nonaoic acid (C9:0). The recovery decreased in the order
C12>C16>C18»C10. With the yield for the C12 preparation less than half that obtained
in the comparable NaCl assisted precipitation. The NMRD results for both series of

experiments are summarised in Figure 4.7.

4.4 Discussion

4.4.1 Sodium chloride assisted and non-assisted coprecipitation

The stability of bilayer surfactant coated aqueous suspensions was found to be dependent
on many factors. It was observed that a stirring time of at least 30 minutes for the mixed-
valent iron precursor was necessary at the reaction temperature (80°C) to produce iron
aquocomplex. The transparent suspension turned opaque during this time with clear
indication of formation of partially hydrolysed hydration complex of iron. It is known
that Fe3+ forms hexacoordinated aquo complex in water and condenses from fairly acidic
conditions (pH > 1) and Fe2 only precipitates above pH 6 [28], Thus the pH is
maintained at a high value during the aqueous coprecipitation to precipitate the iron and

to deprotonate the oleic acid (during formation of the primary layer).



After the coprecipitation is complete it is likely that a partial second layer of
deprotonated fatty acid is physisorbed onto the primary layer. The nanoparticles from the
original suspension are usually then precipitated and washed with acetone and methanol,
to remove all unwanted reaction products from the suspension. These solvents wash
away, or protonate and then wash away, the non-chemisorbed fatty acids, which are
presumably responsible for the stabilisation of the monolayer coated nanoparticles in
highly alkaline solution [200]. Magnetite precipitates immediately as a cluster of sticky,
fatty mass because of phase separation. On washing the precipitate five times the pH is
reduced closer to neutral. A second surfactant can then be applied, normally as the
ammonium or sodium salt of the same, or a different, fatty acid, to form a physisorbed
layer. Strong stirring during the coating process at 65°C and subsequent sonication at

50°C were found to be effective conditions for producing stable suspensions.

The NMRD profiles recorded as a function of pH and temperature, are in agreement with
the predictions of SPM theory. Firstly there is almost no change in relaxation with pH in
the high field region where the relaxation mechanism is ‘outer-sphere’ and is driven by
diffusion. Similarly, there was no change in Ri with temperature in the high frequency
range. This is as expected, diffusion is a very fast process, with a low activation barrier.
The limiting factor for high field relaxation is not the rate of diffusion, but the weak
magnetic interaction between the core and the diffusing water molecule, so raising the

temperature by this small amount is not expected to alter Ri.

In the low frequency range the relaxation is due to the motion of the magnetic moment
relative to a static water molecule. The changes in Ri with pH and temperature confirm
the ‘inner sphere’ nature of the relaxation. It is likely that, as was the case for the
‘monolayer’ coated suspension in Chapter 3, lowering the pH increases the number of
protons on the surface of the magnetite. Such *H nuclei would have dipolar coupling with
the nearby water *H nuclei, which could amplify the interaction between the moment of
the nanoparticle and the water "H nuclei. Alternatively, lowering the pH could neutralise
some of the electrostatic charge by protonation of a second layer of surfactant molecules,
but this would probably occur below pH 9 [197]. The fact that the relaxivity is pH
dependent indicates that the surfactant coating does not form a complete monolayer, or at
least that the surface is still partially accessible, which is surprising given that it is

accepted that full layers are formed for particles stabilised in this way [65]. The changes
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in Ri with temperature are as expected for a process which is in the fast exchange limit,
increasing the temperature reduced the relaxation rate, in the lower frequency range (<2
MHz).

The NMRD results indicate that the primary core sizes are in the range of 20 nm, as the
data fit SPM theory quite well. The main feature in the measured profiles, a maximum in
ri in the low MHz range, was observed to be broader than predicted, indicating some
polydispersity in the core size distribution. The hydrodynamic sizes were much larger, in
a range centered around 84 nm. The TEM results were not inconsistent with the presence
of 50-150 nm clusters, which are themselves composed of primary nanoparticles in the
superparamagnetic size range. In suspension the clusters are observed to be stable to
dilution with water and with solutions (25mM) of the ammonium salt of any fatty acid, or
with 25mM sodium oleate (C18:1). In contrast to the clusters described in the preceding
chapter, these are not magnetically ‘blocked’, and so are similar in nature to the USP1O
contrast agents typically found on the market today. These consist of multiple
superparamagnetic cores dispersed in a larger shell of highly water permeable dextran
[12, 65].

The observation of stability to dilution with water ofthese suspensions is in disagreement
with the observations of Shen-Laibinis et. al., [60] who observed the growth of 500 nm
nanoclusters. This was ascribed to the loss of the physisorbed layer on dilution below the
CMC ofthe secondary surfactant (Cl2:0).

The NMRD profiles for the NaCl assisted preparations show small systematic differences
with the non-assisted equivalents. During the coprecipitation, the NaCl salt fully
dissociates in suspension. It is likely that the magnetite core coordinates with hydroxyl
ions immediately after formation, with a more loosely bound shell of hydrated sodium
cations surrounding the hydroxides. Electrostatic repulsion between the magnetite
particles, as a result of ion coordination, keeps the particles apart and they are inhibited
from further growth, in the short time prior to surfaction. The slightly lower relaxivity at
low field and the slight shift of high field maximum towards higher magnetic fields,
apparent in Figure 4.6, suggest that the magnetite cores, from the syntheses at higher
ionic strength, are slightly smaller and have higher anisotropy energy. It has been

speculated [201] that large, highly hydrated Na+ ions surround the hydroxides which are
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coordinated to the surface of the magnetite crystallites soon after nucleation, suppressing

growth, which results in smaller nanoparticles.

4.4.2 Coprecipitated magnetite in heptane

The PCS analysis of the suspension transferred into heptane showed a Z-average of 13.4
nm with PDI -0.06. The NMRD profile of the suspension dispersed in heptane is
presented in Figure 4.7 below. The high field maximum in the profile corresponds to a
—10.8 nm magnetite core. A simulated pattern for 10.8 nm magnetite particles fits
approximately through the data indicating the thickness of the surfactant is about 1.3 nm.
The parameters used for the simulation are very close to those reported for crystalline
magnetite except the diffusion coefficient used D = 2.4* 10" cm s"\, which is slightly less
than the reported value of about 3.5*10'5 cm2s’L The simulated curve indicates that the
measured rj maximum is broader than anticipated. The obvious explanation, that this is
due to a distribution of particle sizes, is probably not the case given the low PDI. The
cores may have lower anisotropy energy than is normally anticipated for cores of this
size. In any case, it is apparent that the phase transfer procedure produces dispersed

suspensions of magnetic nanoparticles in heptane.

Larmor Frequency (MHz)

Figure 4.8. Relaxivity profile of a magnetite suspension prepared through the aqueous
route suspended in heptane (a),a simulated profile (—) for a 10.8 nm particle using the
parameters, Ms= 30 emu ¢'1, tn =10 ns, Vanis= 1 GHz.
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4.4.3 Effect of chain length on relaxivity in heptane suspension

From the frequency of the ri maximum, in the NMRD profiles, an estimate of the particle
size can be obtained. This has been done for the NaCl assisted and non-assisted series of
preparations using the saturated C6 to C 18 carboxylic acids, see Figure 4.7. The NMRD
analysis, a summary of the preparation details and of the PCS analysis is presented in
Table 4.1 below. The centrifuged fine fraction in stable suspension was used to calculate
the yield. In the NaCl assisted series the hydrodynamic sizes of the C9, CIO and C12
coated suspensions are almost the same (~11 nm), while the C9 suspension had higher
relaxivity, which indicates that the chain length does not determine relaxivity. The results
have been shown to be reproducible, with a maximum variation of 7% from 15
preparations. The C 16 coated suspension from this series was anomalous, the difference
between its hydrodynamic and PCS size was greater than 3 nm. It also gave a higher PDI

value, which could account for this difference.

Table 4.1. Aqueous coprecipitation synthetic parameters and properties of the resulting
magnetite suspensions in heptane [202].

Saturated FA lonic  Z-av ’ mal\>|<MRDSize plrailtsgu QEFJ%Z
(pKal =0) strength nm MHz o s'mM' 1
C6 (4.83) S i i i 0
C9 (4.95) 113 011 124 0.1 11.2 41
CIO(53) 025M 108 006 158 8.3 8.2 21
C12(53) NaCl 112 010 124 0.1 8.0 17
C16 (9.85) 137 02 124 91 10.8 28
C18 (10.15) i i i : i 0
C9 - 0
ClO 175 0.25 - - - ~0
Cc12 NNaC():I 5 014 111 95 9.0 8.0
C16 131 0.05 9.8 10.0 11.8 5.2
C18 13.2 0.06 11.0 9.5 11.7 4.2

For the NaCl assisted series, the hydrodynamic sizes were generally larger than
anticipated from the NMRD results. More interestingly, the relaxivity of the suspensions

in this series was always higher, by about 20-30%, indicating more magnetic cores.
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The clearest observation from the two series of preparations is that at higher ionic
strength shorter chain carboxylic acids work as efficient surfactants, forming stable
magnetite dispersions. Saturated fatty acids with more than 15 carbons (pKa > 8) form
monolayers on magnetite surfaces at a lower ionic strength [202]. Palmitic (C16:0) and
stearic (C18:0) acids were only successfully used as the surfactant for synthesising stable
magnetite suspensions in absence of any salt. Given the conditions of high pH and
temperature it could be assumed that the fatty acids, of all chain lengths, are deprotonated
during coprecipitation. Although at higher ionic strength the Clé6 and C 18 carboxylates
are visibly not well solvated and hence not very surface active. Alternatively, it could be
speculated that on the presence of NaCl that the (C18:0) fatty acid is a stronger base than
ammonia, hence the lack of reaction. Looking at the shorter chain fatty acids, as the chain
length gets shorter the molecule becomes a weaker surfactant. However in the presence
of NaCl the cut-off is for shorter chains, i.e. a suspension was produced with nonanoic
acid (C9:0), albeit with lower yield.

The aim of the chain length study was to investigate the factors which influence the
relaxivity of the suspensions. It was anticipated that reducing the size of the hydrocarbon
shell would alter the low field relaxivity substantially. In fact changes in relaxivity were
observed over the full frequency range. While core size strongly influences the profile,
for these suspensions the differences also arise from other factors. For instance C16 from
the non-assisted, and C12 from the NaCl assisted series, have high field maxima at the
same frequency, but exhibit quite different relaxivity. In fact the profiles in Figure 4.8
overlap quite well indicating that the relaxivity differences arise in this case from
differences in the crystallinity of the core, which is reflected in the saturation

magnetisation, Ms.

4.4.4 Non aqueous magnetite suspended in agueous suspension

The NMRD data for a sample of magnetic suspension (suspension N7) phase transferred
from heptane to water, by the application of a second surfactant of ammonium laurate is
given in Figure 4.9. The magnetite had a Z-average size of 11.7 nm with PDI 0.03 in

heptane.
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Figure 4.9. The relaxivity profile of non aqueous synthesised magnetite N-7 (m) with a
PCS size 11.7 nm, PDI= 0.03 in heptane. The same magnetite phase transferred into
water (m) with application of a second layer on ammonium laurate.

The water suspended magnetite from this procedure had an exceptionally low relaxivity.
The suspension was not stable for a long time in water, with the ri value changing with
time. The relaxivity value is questionable, as some precipitate, which would not
influence the relaxivity, may have been included in the Fe determination. However, the

shape ofthe profile is more reliable.

For this reason NMRD characterisation was undertaken in water and heptane for a
sample synthesised by aqueous coprecipitation. The aqueous coprecipitated magnetite
suspended in heptane was centrifuged at 13000 rpm for 30 minute before analysing by
PCS. The Z-average diameter was 15.6 nm with PDI 0.11 for the monolayer of oleic acid

coated magnetite.
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Figure 4.10. NMRD data for aqueous coprecipitated magnetite nanoparticles dispersed
in heptane stabilised by an oleic acid monolayer (m), and the same preparation stabilised
in water after the addition of a second layer of ammonium laurate (m). Both suspensions
were stable for many days and the data is reproducible.

When the same magnetite particles were applied with a second layer of ammonium
laurate and dispersed in water, the PCS size of aqueous clusters was found to be 173 nm
with PDI 0.17. NMRD of the heptane suspension shows the high field maximum is at 3.8
MHz which corresponds to a magnetite core of-14 nm which is in very good agreement
with the PCS size of 15.6 nm, which includes the chemisorbed oleate layer. The NMRD
and PCS results for the aqueous suspension are very typical of bilayer stabilised
magnetite. The high field maximum in the NMRD profile is at 0.77 MHz which is
equivalent to a magnetite core of 23 nm. However this value is not reliable due to the
presence of a significant non-superparamagnetic fraction. The higher relaxivity in the

low field region is also indicative ofthe presence aqueous clusters.

4.45 Uncoated magnetite in water and heptane

The NMRD data on the magnetite prepared in Trinity [190] suspend by agate grinding in
heptane as well as in water are given in Figure 4.11 below. The oleic acid coated
magnetite produced a stable suspension in heptane with a Z-average size of 41 nm

(PDI=0.17).
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Figure 4.11. Uncoated magnetite (no-2) coated with monolayer of oleic acid in heptane
(m) and with oleic acid/sodium oleate surfactant in water (m).

The same magnetite was wet ground with oleic acid and sodium oleate (1:1) as
mentioned previously and was transferred in required volume of water. The aqueous
suspension was then sonicated for 30 min at 50°C which produced a stable suspension.

The PCS size for the aqueous suspension was 113 nm with PDI 0.25.

This experiment again demonstrates how the state of the surface coating alters the
magnetic nature of the resulting suspension. In the case of agating in heptane, the
surfactant binds more efficiently to the surface, resulting in a significant proportion of the
magnetic nanoparticles displaying superparamagnetic behaviour in suspension, i.e. more
magnetically dispersed clusters were generated. When water was used there was no
evidence of a maximum, indicating a magnetically ‘blocked’ suspension. These

observations are consistent with those of the preceding chapter.

4.5 Conclusion

The synthetic method of coprecipitation of mixed Fe3#Fe2+ salts was found to produce
smaller particles when synthesised at a relatively high pH (pH>12) and ionic strength (>
0.25 M). The NMRD response of the bilayer stabilised magnetite suspensions showed no
dependence on temperature or pH dependence at high field, confirming the relaxation
mechanism. The low field relaxation on the other hand is found to be inner sphere in

nature and shows the expected dependence on temperature or pH.



Using surfactants of different chain lengths produces moderate effects on the relaxivity
of the suspensions, in heptane. The saturated acids with chains of more than 15 carbons
were found not to be effective at coating magnetite at higher ionic strength. Decanoic and
dodecanoic acid were found to be the most effective fatty acids tested for producing
manolayer stabilised magnetite suspensions in heptane. Efforts to produce systematic
changes in relaxivity by altering the fatty acid surfactant have been thwarted by the
complexity of the synthetic procedure, the number of variables involved, and probably
also by the fact that the crystallisation process is probably under kinetically control. A

simpler synthetic procedure would be required to exert such control on the outcome.



Chapter 5

The preparation and characterisation of non-aqueous
magnetic fluids



5.1 Introduction

In a recent article, Sun and Zeng [24] reported a method involving high temperature
reflux for synthesising suspensions of 4 nm monodispersed superparamagnetic magnetite
particles. The nanoparticles were characterised by high resolution TEM and X-ray
diffraction which indicated crystalline magnetite with a very tight size distribution. In
this method iron acetylacetonate (2 mmol) was refluxed in diphenyl ether (20 ml) in
presence of alcohol, 1,2 hexadecanediol (10 mmol) and surfactant oleic acid (6 mmol)

and oleyl amine (6 mmol).

Given the attractive features claimed for this method, a series of experiments to
investigate the effect of the experimental conditions on the size of the magnetite
nanoparticles was undertaken. In particular, with a view to controlling the size to produce
very small magnetic nanoparticles. Firstly, the effect of reaction time was investigated,
reflux times of 1and 15 minutes were chosen. Secondly, the effect of varying the ratio of
Fe precursor to surfactant, and the iron concentration, was investigated. Thirdly, the
effect of varying the overall concentration was investigated, by increasing the phenyl
ether concentration from 20, to 30 to 40mls. Finally the effect of temperature; 200°C or

reflux temperatures, 265°C was investigated.

The disadvantages of the aqueous precipitation method, described in Chapter 3, are that
the pH value of the reaction mixture, its ionic potential, concentration of reactants,
temperature all play a role in the kinetics of formation and growth of the particles. The
synthesis of smaller (<10 nm) monodisperse nanoparticles through ammonia
precipitation had limited success. It is very difficult to obtain reproducible relaxivities for
the suspensions through aqueous synthesis because of the very complicated surface
properties of magnetite in aqueous suspension and the stabilisation mechanism through

the surfactant layer applied on to the surface.

In contrast the high temperature reflux method is very simple one-step process. All the
chemicals are added in one step before closing the reactor for degassing by purging
nitrogen. The whole process from start of nitrogen purging to heating up to crystallisation
takes place anaerobically without opening the system to atmospheric oxygen with no
other process variables involved. Our initial experiments indicated that the process

produces very monodisperse particles of reproducible sizes.
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5.2 Experimental

The reactants were added in to a 100 ml 3-necked round-bottom flask with the central
neck being connected to a water cooled condenser. Oleic acid (>99.0%, Fluka
Chemicals) and oleylamine (>70.0% GC, Fluka) were first weighed in the reactor, the
appropriate amount of 1,2 hexadecandiol (Technical grade 90%, Aldrich) and iron
acetylacetonate (99.9%, Aldrich) were then weighed in a weighing boat. The solids were
transferred into the reactor through the central neck and required amount of diphenyl
ether (99%, Aldrich) was then added as the last reagent. Nitrogen gas was purged
through the suspension for 20 min through a glass pipette. A 350°C thermometer was
connected to the remaining neck using a thermometer pocket. The flask was then heated
on a heating mantle at full power (60 W). About 15 min was required for the vessel to
reach reflux temperature (~265° C). There was no stirring used during the reaction. The
temperature of the liquid was monitored by the thermometer. The solid Fe precursor and
alcohol dissolved at about 100° C producing a wine red transparent colour which slowly
turned into dark red at ~125° C followed by orange till the mixture started boiling at ~

260° C. At this point the colour of the mixture rapidly turned dark.

The mixture was allowed to reflux for 15 min for magnetite crystals to grow. During the
reflux there suspension would ‘bump’ strongly on occasion. In some cases this dislodged
one of the thermometer pockets connected or the top of the reflux condenser could be
thrown off. A slight positive pressure of nitrogen was maintained in the reactor
throughout the reflux, in any case. At the end of the reflux, a vigorous reaction with
frothing was observed and the suspension turned black which is probably the indication
of formation of magnetite crystals. The reactor was then lifted off the mantle and allowed

to cool naturally to room temperature.

The nanoparticles were precipitated from this dark suspension by adding ethyl alcohol
(about 60 ml) and leaving overnight. The upper liquid was decanted and the precipitate
was redispersed in 20 ml heptane in the presence of about 20 % of the original amount of
both oleic acid and oleyl amine. The final magnetite particles were reprecipitated with
ethanol, separated and redispersed in about 20 ml heptane to produce the final magnetic
fluid. 10 mmol of 1,2 hexadecandiol was used in all the preparations. The details of

synthesis parameters and the corresponding sample identifiers are given in Table 5.1.
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Table 5.1. The synthetic parameters; amount, ratio of reactants and the corresponding
preparation labels for the first series of preparations.

Sample  Reaction  Phenyl Reaction  Fe source Total Surf/
name  temp (°C) ether time used surfactants Fe
used (ml) (min) (mmol) used (mmol)  ratio
N3 reflux 20 15 2.00 12.00 6.00
N6 reflux 20 15 0.40 12.00 30.00
N7 reflux 20 15 4.00 12.00 3.00
N8 reflux 30 15 2.00 12.00 6.00
N9 reflux 40 15 2.00 12.00 6.00
N10 reflux 20 15 2.00 2.40 1.20
Nil reflux 20 15 3.50 12.00 3.43
Nila reflux 20 15 2.00 6.86 3.43
N12 reflux 20 15 0.55 12.00 22.00
N14 reflux 20 15 0.86 12.00 14.00
NL 200 20 1 0.20 12.00
N2 -260 20 1 2.00 12.00
N4 -267 20 1 0.20 12.00
N5 -265 20 1 0.40 12.00

All the preparations were repeated to check the reproducibility of the synthetic
procedure. The 1 min reactions were not repeated as they did not produce monodisperse
nanocrystals. All the repeated preparations will be denoted by a prefix ‘R’ before the
name given in Table 5.1. For example N3 in the repeat product is denoted as RN3.

The magnetic fluids were centrifuged to remove any remaining large particles or clusters.
All centrifugations were carried out with a tabletop Eppendorf Centrifuge 5415 D at the
speed 13000 rpm (ref -15700) for 30 minutes. The stable magnetic fluids in heptane
were characterised by PCS at 25°C and by NMRD at 24°C, as described in Chapter 2.
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5.3 Results

5.3.1 General observations

Below are the representative PCS data for all the samples. The diameter is selected on the
basis lowest Z-average and the best correlation time fits.

Table 5.2. The average PCS size and polydispersity index of first series of preparations.

Sample Surf/ Reflux Dilution Count Z-ave  PDI Peak 1  Peak 2

Fe time factor (nm) intensity  intensity

ratio  (min) for PCS (nm) (nm)
N3 6 15 2 92 712 0.071 7.72 0
N6 30 15 2 268 891  0.078 9.52 0
N7 3 15 6 23 10.54 0.036 11.90 0
N8 6 15 2 178 6.42 0.072 7.03 0
N9 6 15 3 125 6.44  0.106 7.28 0
N10 1.2 15 5 391 850  0.035 9.18 0
Nil 343 15 10 110 844  0.043 11.50 0
Nila 343 15 4 202 8.4 0.031 8.93 0
N12 22 15 4 230 7.30  0.066 12.18 0
N14 14 15 3 38 8.01 0.035 8.72 0
N2 2 1 6 246 6.57  0.127 7.57 0

N4 0.2 1 0 165  27.07 0.392 43.77 1613
N5 0.4 1 2 397 1489 0.078 16.21 0

It is evident from this data that all the suspensions, except for N4, contain monodisperse
particles, as the PDIs are low. Sample N4 has a Z-average (average size) ~ 27 nm with a

few large clusters in the micrometer range.

The results of the repeat preparations shown below in Table 5.3 are slightly different
from those of the original preparations. There are only two compositions (N6 and N10)
where there is a decrease in the hydrodynamic size of the magnetite particles prepared in
the second set (RN6 and RN10). The magnetite particle size in N6 decreased from 8.9
nm to 8.4 nm in the repeat (RN6). A reduction in size of about 0.6 nm was found from
N10 (8.5 nm) to RN10. The compositions N7 and N1 la had no change in their magnetite

crystal size as found by PCS measurements (Table 5.2 and 5.3).
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Table 5.3. PCS size data, including dilution, for the repeat series of preparations.

Sample  Surf7/ Reflux Dilution Count Z-ave PDI Peak 1 Peak 2

Fe time factor (nm) intensity  intensity
ratio  (min) for PCS (nm) (nm)
RN3 6 15 4 170 7.9 0.03 8.49 0
RN6 30 15 3 225 84 0.004 8.74 0
RN7 3 15 6 170 105 0.031 11.21 0
RNS8 6 15 5 57 7.5 0.04 8.22 0
RN9 6 15 3 240 7.2 0.04 7.61 0
RN10 1.2 15 7 163 7.9 0.03 8.31 0
RN11 343 15 10 110 104  0.05 115 0
RNIla 343 15 3 147 84  0.047 9.28 0
RN12 22 15 3 65 78 0.018 7.62 0
RN14 14 15 6 157 7.9 0.04 8.43 0

The other interesting point to note that the largest increase in hydrodynamic size (0.8 to
1.1 nm) was observed in the three formulations (N3, N8 and N9) with the molar ratio of

reactants (Fe:surfactant:l,2 hexadecanediol = 2:12:10), as used by Sun et al. [24],

5.3.2 The effect of temperature on the reaction

A synthesis was attempted (suspension NL) with 0.2 mmol of Fe precursor, while
limiting the temperature of the reaction mixture to 200°C. At 200°C the purging nitrogen
flow momentarily increased which caused the suspension to ‘bump’, as was observed
during synthesis under normal reflux conditions. The suspension was then cooled. A
greenish yellow solid was formed on first precipitation with ethanol in presence of
surfactants. During the second precipitation the whole suspension agglomerated into a
rubbery solid mass, which was not suspendable in heptane. It is clear that a reflux

temperature is required for the reaction to start.

5.3.3 The effect of concentration on the PCS analysis

It was observed that dilution of the neat magnetite suspension with heptane was
necessary to arrive at a monodisperse reproducible distribution of sizes. The Z-average
(hydrodynamic diameter) value is indicative of a unimodal distribution when the

polydispersity index (PDI) of the PCS measurement is below 0.2 and preferebly around
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0.1. The Z-average and PDI decrease with dilution, from neat, 0, to a factor of -5. The
PCS data obtained for the neat fluids, in which the magnetite concentration is -75-100
mM, do not represent the true particle size. The detailed analysis of PCS data on sample
N8 is given in Table 5.4 below. The concentration of Fe in the neat sample was ~ 84
mM. A X5 dilution with pure heptane was found to produce a suspension with
monodisperse size distribution around -6.4 nm, with a reasonably small PDI of about
0.072 and with a better fit to the correlation time functions. There was no change in Z-
average on further dilution. The volume fraction of magnetite nanoparticles in heptane is
ca. 0.003 (the volume ratio of heptane to magnetite is -335) is quite high in the neat
suspension. At this high volume fraction, there may be interactions between the
surfactant-coated particles which restrict their diffusion, leading to a systematic

overestimate ofthe PCS diameter [203].

Other possible explanations include multiple scattering due to high volume fraction of
magnetic nanoparticles, or the high magnetite concentration may cause particle clustering

due to the interlacing of surfactant tails caused by the interparticle interaction [71].

Table 5.4. The effect of dilution of sample N8 on the PCS size and polydispersity index

Dilution Mean Count Z-Ave. PDI Peak 1 Peak 2 Peak 1 Peak 2

factorto Rate (kcps)  (nm) size size area area
neat (nm) (nm)
1 331 1416  0.311 14.2 1561 86 13
2 34 851  0.274 9.8 1949 92 7
3 65 7.05  0.188 8.2 2002 97 2
3 67 6.85  0.203 8.5 0 100 0
3 104 6.54  0.091 7.2 0 100 0
3 104 6.58  0.077 7.2 0 100 0
5 151 6.47  0.102 7.3 0 100 0
5 178 6.42 0.072 7.0 0 100 0

Irrespective of the cause, it is clear that an approximate Fe concentration of no more than
10-15 mM is necessary to obtain stable and representative PCS results for heptane
suspensions. The histogram describing the distribution of sizes of N8, for both nest and
diluted suspensions is presented in Figure 5.1. The finest magnetite suspension (N8, neat)
in the first set of preparations had a Z-average size of over 14 nm with poor PDI=0.3

when measured by PCS. The same fluid displayed a Z-average size of 6.42 nm with
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Figure 5.1. The PCS size distribution of neat (m), and X5 diluted suspension (m), of
preparation N 8.

PDI =0.072 when diluted x5 with heptane. The raw correlation data fit by the Malvern
software is presented in Figure 5.2. The fit in Figure 5.2 is through all the data points in

the graph and so is the very low polydispersity (PDI 0.07).

Time(us)

Figure 5.2. The raw PCS data, including the fit to the correlation function (GI) for the X5
diluted sample from preparation N8.

The PDI for most of the preparations refluxed for 1 minute was poor. The actual fit of the
correlation function for sample N4 for a dilution X4 with heptane is given in Figure 5.3
below. The fit does not pass through all the data points, which corresponds to a high

polydispersity (PDI).
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Figure 5.3. The correlation data fit for X4 diluted suspension of N4 showing a ‘poor’ fit.

5.3.4 NMR relaxation rate measurements

The NMRD results will be discussed in detail below. The relaxation rate data for the
sample containing the largest nanoparticles, N7, in the first set of preparations is
presented in Figure 5.4 below. The general shape is similar to that observed for aqueous
suspensions of magnetite. The magnetite in the suspension is superparamagnetic as is
clear from the low field dispersion as predicted by Roch et al. [152]. A high field
maximum in Ri is observed in the frequency range 10 to 20 MHz. A slight precipitation

of nanoparticles was observed as a decrease in Ri over a few days.
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Figure 5.4. The relaxation rate data for N7 ( Z-average=I 1.2 nm) against frequency over
6 days. The data in black represents day 0, in red is dayl and blue data represents day 6.
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An interesting point to note is that the relaxation rates for the suspension on day 6 started
with a marginal drop in R\ (precipitation) in the high frequency side in the profile. But at
about 3.5 MHz the Ri increased and remained high in the rest of the profile in the low
frequency range. This may due to clustering of finer magnetite particles in N7 in an

analogous fashion to that observed for aqueous suspensions.

5.3.5 The effect of concentration on the NMRD analysis

The characterisation of non-aqueous magnetic fluids by NMRD is without precedent in
the literature. While it is apparent that the profiles have the same general shape as those
observed for aqueous suspensions of magnetite nanoparticles, it is important to establish
that the relaxation of the heptane 'H resonance is due to paramagnetic relaxation

enhancement of the magnetic particle. The enhancement is given by

D — D I D
~1solvent enhancement

= — +'i[«0 (5-1)
-M,obs 1,s0lvent

where, i?i,0s is the observed relaxation rate (i?i,0=1/ ".obs), R\sovert is the Ri for the
solvent protons, T"obs is the measured relaxation time, r\ is the concentration independent
relaxivity (s'mM 4) and [Fe] is the concentration of iron in the magnetite suspension.

Profiles recorded for sample N2 at different concentrations are shown below in Figure
5.5. It is seen that there is no change in the shape of the profile on dilution. The
hydrodynamic size of the particles is also unchanged. It can be seen in Figure 5.5 that it
is also possible to overlay the Ri, ofthe neat suspension with that recorded for the diluted
sample scaled by the dilution factor. This clearly establishes the relaxation rate
enhancement is proportional to the iron concentration. Similar experiments were

undertaken for preparations N3 andN®6, the results are shown in Figure 5.6. Change in
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Figure 5.5. Proton relaxation rates of preparation N2 at different dilutions.

the Z-averages was observed on dilution, for the reasons discussed previously, but

dilution has minimal effect on the shape of the profile.

Larmor Frequency (MHz)

Figure 5.6. The effect of particle sizes (Z-average) on the shape of NMRD profiles for
preparations N3 and N6.

It should be noted, finally, that pure water has a concentration of 55.5M, so the hydrogen
concentration is 110M. Pure heptane (c7H44) on the other hand has a much lower
concentration of 6.9M, which corresponds to a hydrogen concentration of 96.6M. Thus
pure water contains only 1.15 times the hydrogen content, per unit volume, of pure
heptane. As the paramagnetic enhancement in the case of heptane is divided over fewer

hydrogen nuclei, it could be argued that the 'H relaxivity profiles simulated using
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superparamagnetic theory [152] should be scaled up by a factor of 1.15. However, given
the significant assumptions required in formulating the theory and the relatively large
number of fitting parameters it is perhaps best to use the output of the theory as it stands
and accept an error of the order of 15% in the saturation magnetisation, Ms, of the
particles, obtained from the fitting procedure. This parameter scales the simulated

profiles, without altering the shape significantly.

5.3.6 The relaxivity of the suspensions:

The NMRD profiles (relaxivity) for the first set of preparations are shown below in
Figure 5.7. The hydrodynamic diameter and polydispersity index data is also added in the
figure legend for comparison. The two samples with the highest relaxivity are N7 and
N 11 which were synthesised with excess iron to change the surf/Fe ratio. Their sizes are
also larger with a very narrow size distribution (PDI < 0.05). The PCS diameter for N6

(8.9 nm) is not reflected in its relaxivity.

The finest particles in the series (N8 and N9) have low relaxivity, ri < 1 mM'1s'l
Another interesting point in Figure 5.7 is that the preparations (N2, N4, N5) from the

short reaction time refluxes also have very low relaxivity.

Larmor Frequency (MHz)

Figure 5.7. Relaxivity data for the first set of preparations as a function of Larmor
frequency. Samples with n > 1 mM'1s'1are given in solid squires, ri < 1 mM'V are
given in unfilled stars and the 1 minute reaction products are in empty triangles. The PCS
size and PDI are included in the legend.
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The particle sizes from these preparations were also widely different (6.5 and 27 nm)
with no correlations apparent in the NMRD results. The indication is that these
preparations have different crystal properties than for instance preparation N3, which has

particles of similar size.

The relaxivity data for all the repeat preps are presented in Figure 5.8 below. The
reduction in the magnetite particle size in RN6 (8.4 nm) from 8.9 nm particles in N6
(Table 5.2 and 5.3) is not reflected in their relaxivity data. Rather sample N6 has slight

lower relaxivity than sample RN6.
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Figure 5.8. The relaxivity data for all the non-aqueous repeat sysntheses as a function of
Larmor frequency. The sample names and their PCS size are indicated in the legend.

For the other sample which showed a reduction in PCS size is N10 (8.5 nm to 7.9 nm in
RN10) the expected decrease in relaxivity was observed. The samples N7 and Nila had
no change in their magnetite crystal size as found by PCS measurements (Table 5.2 and
5.3), this is reflected for instance in their relaxivity profiles, shown for suspensions N7
and RN7 Figure 5.9. This excellent reproducibility, is as good as could be produced in

this study, was only possible with suspensions of larger particles.
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Figure 5.9. The closely matching relaxivity profiles of sample N7 and repeat sample
RN7 with the same composition synthesised under identical conditions.

Samples (RN8 and RN9) were synthesised with the molar ratio of reactants Fe:surfactant:
hexadecanediol = 2:12:10 (Table 5.1) as used by Sun et al. [24] and refluxed in diluted
solutions with additional volume of diphenyl ether. They have the smallest sizes among
sample in the repeat set and have low, and strikingly different relaxivity (Figure 5.7).
Compared to the equivalent suspensions, N8 and N9, from the first series of preparations,
which showed smaller PCS size and far lower, but reproducible, relaxivity. These results
indicate that the magnetic character of the preparations reported by Sun and co-workers

are questionable.

5.3.7 The effect of applying ultrasonic energy to the magnetic fluids:

It was interesting to note that oleic acid coated nanoparticles from the 1 minute reflux
could be made to agglomerate on applying ultrasound energy to the suspension. A
sample of suspension N2 was sonicated in a 80 W ultrasonic bath for 5 min and PCS
measurements were taken immediately. The size data is given in Table 5.5. Sonication
produced a suspension with very high Z-average size. The clustered particles resulted in
a poor fit to the PCS data and a high PDI. This probably arose due to the formation of
loose aggregates which slowly broke down to the original size on equilibrating overnight.
Sample N2 was tested by PCS on the application of ultrasound energy within 7 days of

synthesis. A similar observation was also noted with N4 (data not presented).
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Table 5.5. The change in size and PDI of suspension N2 on ultrasonication.

Operation Count Z-Ave. ppj Peak 1 Peak 2 Peak 3
(kcps)  (nm) (nm) (nm) (nm)
Stable suspension 246 6.571 0.127 7.570 0 0

Sonicated for 5 min 299 280.8 0.229 5.922 26.31 2671

After 150 min 286 80.84 0.115 6.47 84.23 2445
After 48 hr 248 6.631 0.197 7.315 1735 0
Centrifuged again 248 6.466 0.13 7.457 0 0

Surprisingly, when suspension N2 was resonicated after a month, no increase in Z-
average was observed. Many attempts to reproduce this stimulated clustering proved
unsuccessful. It was not possible to induce clustering in suspensions produced from the
15 minute reflux syntheses. These suspensions contained particles of similar size to the
shorter time preparations, but they usually exhibited higher relaxivity and hence are more
magnetic. It is likely that ultrasonic energy is sufficient to reorient and form aggregates

for the less magnetic particles produced in the 1 minute syntheses.

5.3.8 Transmission electron microscopy results

Transmission electron microscopic images for two samples (N3 and N8) from the first
set of preparations are given in Figure 5.10 and 5.11 and RN7 from the repeat series is
shown in Figure 5.12. Sample N3 has a Z-average of 7.12 nm and the average TEM size
(100 particles) is 5.2 nm. There is a difference of 1.98 nm between the TEM and PCS

size.
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Figure 5.10. TEM image of N3 showing monodisperse particles with average size of 5.2
nm.

For suspension N8 the Z-average is 6.42 nm and the average TEM size is 4.1 nm, which
gives rise to a difference of ~2.3 nm. These differences arise because TEM is sensitive to
the heavier elements (iron), and so gives the core size, while PCS gives the

hydrodynamic size. The difference is mainly due to the surfactant coating, a value of~1

Figure 5.11. TEM image of sample N8 with standard ratio of reactants, showing very
tight distribution of particles sizes with an average of4.1 nm.
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nm is very close to 0.9 nm reported by other authors [204] for the length of a Cl 8 chain.
The difference is greater for the finer particles N8 (1.15 nm), this may be due to the
presence of an amorphous, non-magnetic, layer outside the magnetite core, which is

supported by their low relaxivities (Figure 5.7).

5.3.9 Raman spectroscopic study of magnetite particles

Raman spectra of two samples of different sizes and relaxivities are given in Figures 5.12
and 5.13. All measurements were carried out at room temperature. Figure 5.12 shows the
Raman spectrum for the finest particulate sample N8. The main features in the spectra are
observed at about 226, 244, 293, 410, 495, and 611 cm'l All these features are indicative
of the weakly ferromagnetic hematite phase [205, 206]. Normally magnetite, Fe3C4, is
known to undergo a temperature induced phase transformation to maghemite (y-FeoOi) at
about 200°C and then to hematite (a-Fe2CS8) when the temperature is further increased to
about 400°C. Faria et al. [206] observed sharp hematite Raman peaks in a magnetite
sample heated at 300°C. An additional broad peak at 657 cm'lis probably due to
magnetite with a small shift of about 10 cm'l The observed peak at 611 cm'1can be
assigned to magnetite as reported by Thibeau et al. [207]. It can be concluded that

sample N8 is a mixture composed mostly of hematite and some magnetite.

Raman shift, cm'l

Figure 5.12. Raman spectra of dried particles from the finest suspension, N8, with
average particle size of 6.4 nm.
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The Raman spectra for the sample N11, a sample with Z-average size of 10.5 nm is given
in Figure 5.13. This sample has completely different Raman bands, which are much
broader. The spectrum also has a far higher signal to noise ratio than N8, which was

acquired under very similar conditions.

Figure 5.13. Raman spectra of dried particles from suspension Nil, with an average
particle size of 10.5 nm.

The weak broad features at 286, 505 and 686 cm'1can be assigned to magnetite [208]
with a band shift of about 10 cm'l, de Faria et al [206] assigned a Raman band at 680
cm'1to magnetite and the broad Raman band at 505 cm'1was attributed to maghemite. In
contrast to hematite and magnetite, maghemite bands are not well defined due to their
inherent poor crystallinity [206]. The iron oxide produced from the non agueous method
is also not very crystalline as we have seen from the poor amorphous X-ray diffraction
pattern. It is evident from the references of previous workers that sample Nil is a
mixture of magnetite and maghemite with slight majority of magnetite phase, however
quantification is not possible from Raman spectra alone. The poor appearance of the

spectrum is due to the presence of maghemite.
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Raman shift, cm"1

Figure 5.14. Raman spectra of dried particles from suspension N9, with average particle
size of 6.4 nm.

Figure 5.15. Raman spectra of dried particles from the finest RN7 sample with average
particle size of 10.6 nm.

The spectra for suspensions N9 and RN7, shown in Figure 5.14, and 5.15, are very
similar to suspension Nil, the bands are broad and the spectra indicate the presence of a

mixture of maghemite and magnetite.

Due to the presence of ferrimagnetic inverse spinel magnetite and maghemite the sample
N il is strongly magnetic as we seen from the high relaxivity of its suspension. At the
same time, the poorly magnetic phase hematite (a-Fe203) is responsible for the fine iron
oxide suspension N8 of its exceptionally low relaxivity (Figure 5.7). The hematite phase
could not be observed by X-ray diffraction due to the extremely fine crystals in the dried

suspension.
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5.3.10 Redox-distribution of iron in magnetite

The oxidation states of iron in magnetite synthesised in the two series of preparations
were evaluated by estimating Fe2+ and Fe3+ with standard 0.1 M potassium
permanganate. Dilute sulphuric acid and a pinch of granular zinc were used as the
reducing agent for estimating the total iron. The details of the procedure are given in
Chapter 2. The distribution of ferrous and ferric iron of some selected samples from the
first and repeat series are given in Table 5.6 below. While it is possible to determine the
relative proportion of magnetite, due to their identical stoichiometry it is not possible to
discriminate between maghemite and hematite, using wet chemistry methods. The data is
analysed assuming, on the basis of the Raman studies and literature, that there are only
two types of iron oxide present, of stoichiometry Fe2C8 (maghemite and hematite), and
Fe3C4. For all samples, titrations were repeated until two values were in agreement. The

error is of the order of 1-2%.

Table 5.6. The presence of Fe2+and Fe3+oxidation states in magnetite synthesised by
high temperature reflux method.

Sample PCS size (nm) Fe Fel+ Fe2C>3/ Fe3CH4
N4 27 5.00 -
N7 114 0.18 1.8
Nil 10.8 0.14 2.7
N6 8.9 0.18 1.8
N3 7.2 0.10 4.1
N8 6.4 0.45 0.11
N9 6.4 0.31 0.61
N10 8.5 0.23 1.21
RN3 7.9 0.39 0.28
RN7 10.7 0.38 0.30
RNS8 7.5 0.39 0.28

The ratios of Fe2#/Fe3tare mostly in the range of 0.1 to over 3. For the 1 minute reaction
product N4, there was very little Fe3+, so the iron oxide in this low relaxivity sample is an
undefined iron oxide or oxyhydroxide. For stoichiometric magnetite the ratio of Fe2+to
Fe3+is 0.5:1.0. For the other samples the ratios obtained were lower than, this indicates
the presence of maghemite (y-Fe2C8) and/or hematite (a-Fe203). The excess Fe3t is

expressed as mole of Fe2C8 per mole of magnetite (FesC”) in the fourth column. It is
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found that all samples from the first series of preparations contain more Fe2C8. N7
indicates a good core with the largest fraction of magnetite. While the preparation N3
with finer particles (Z-average size 7.2 nm) has twice the amount of magnetite. All three
samples from the repeat series of preparations have high magnetite content, they also

show higher relaxivity.

5.4 Discussion:

5.4.1 The synthesis of non-aqueous magnetic fluids

The mechanism for the formation of magnetite is not well established but could be due to

the high temperature decomposition of acetylacetonate followed by a partial reduction of

Fe by alcohol in presence of acid. The reflux temperature was about 265°C.

The amount of 1,2 hexadecandiol was kept constant in all the preparations (10 mmol). It
is evident from the data in Table 5.2 that the size of the nanoscale magnetite increases
when the ratio of surfactant/Fe is different from 6. This is equivalent to 80 monolayers of
surfactant molecules, assuming a 6 nm magnetite core with an average foot-print of
oleic/oleyl amine of 32 A2. In case of N7 and N 11 the ratio is decreased by increasing the
amount of Fe, which resulted in large monodisperse iron oxide particles. In the
compositions N6, N10, Nila, N12 and N14, the surfactant to Fe ratio was changed by
decreasing either surfactant or Fe, keeping the other components unchanged. This also
increases the size of the nanoparticles but to a much smaller extent. Increasing the
amount of Fe precursor (>2 mmol) results in larger magnetite crystals, probably because
the growth phase can proceed for longer at higher concentrations (N7 and Nil). When
the ratio is changed by decreasing the iron concentration, there is no excess iron for the
nuclei to grow (in N6, N12 and N14). In the event when the ratio is altered by decreasing
surfactant as in N10 and Nila, the effect was not that pronounced as in N7 and Nil.
This may be because the other reactants were in stoichiometric quantities, or because in

this range the surfactant concentration is not strongly limiting.

In the case of the repeat preparations, the Z-average sizes do not vary as strongly with the

reaction conditions as was expected, but the results are remarkably reproducible, see
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Figure 5.16. The only difference between the preparations is that the second series was

completed with a fresh source of diphenyl ether.

Preparation

Figure 5.16. The reproducibility in average hydrodynamic size between the two series
of preparations (m) first set N, and (m) second set RN.

The smallest nanocrystals were again produced in the RN9 composition with a
surfactant:Fe ratio 6:1, refluxed in 40 ml phenyl ether instead of 20. The largest

nanoparticles of size 10.8 nm with PDI 0.05 are produced in the RN 11 preparation.

It is interesting to note that for the samples numbering 3, 8 and 9 with the reactants in
exact molar ratio as used Sun and Zeng [24], the greatest change in Z-average size are
observed. Also these suspensions contain the smallest nanoparticles, but the magnetic
properties of these preparations are far from optimal. The best and most reproducible
NMRD results were obtained for the larger particles, suspensions Nil, RN11 and in
particular N7, RN7.

5.4.2 NMRD characterisation of the non-aqueous magnetic fluids

Well-crystallised superparamagnetic particles of size above 10 nm are expected to
produce relaxivities over 10 s’1l mM'1as was seen in the case 11.44 nm particles in
sample N7 (Figure 5.7). Very low relaxivities are indicative of low magnetic density in
the crystal. The relaxivities of sample N4 were expected to be much higher as its average
particles size is 27 nm. It is likely that there was not enough time for iron oxide from the
high temperature decomposition of iron acetylacetonate to crystallise as N4 was prepared

with a short (1 min reflux) reaction time.

142



The relaxivity profiles for the samples N3 and N6 are given in Figure 5.17 below, these
are both the product of 15 min reflux time. N3 is synthesised by exactly following the
method described by Sun et al. [24],

Larmor Frequency (MHz)

Figure 5.17. Relaxivity data for the non-aqueous prep samples N3 (m) Z-average size=
7.2 nm and N6 (m) Z-average size= 8.9 nm. The arrows in the figure are indicating the
low field minimum for the superparamagnetic magnetite nanocrystals.

Suspension N6 was produced using a surfactant: Fe ratio of 30:1, by decreasing the
amount of Fe precursor in the reaction mixture. The product has a slightly higher particle
size of ~8.9 nm with an expected higher relaxivity. The frequency of the mid-field
minimum for the two samples is also as expected. N6, a suspension with larger particles

has this minimum at 1.86 MHz with respect to the same for the N3 at 2.36 MHz.

The relaxivity profile for suspension N7 is given in Figure 5.18. The relaxivity values for
this suspension are much higher than for suspensions N3 and N6. This is understandable
from the fact that the larger particles will have both a larger total magnetisation and

higher anisotropy energy, resulting in higher relaxivity.
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Larmor Frequency (MHz)

Figure 5.18. Relaxivity as a function of frequency for preparation N7. The mid-field
minimum is indicated at 0.57 MHz, the PCS size is 11.4 nm.

The Z-average size for this suspension is 11.4 nm, so it is expected that the high field
maximum falls into the measurable frequency range. The mid-field minimum is also at

the lowest frequency among the entire first set of preparations.

It is observed that we were not able to produce smaller magnetite crystals by changing
the surf/Fe precursor ratio. Smaller nanoparticles could only be produced by maintaining
a standard ratio (Fe:surfactant:l,2-hexadecanediol = 2:12:10) of all reactants and diluting
them by adding more diphenyl ether. N8 and N9 are the result of such an attempt, which
resulted in a hydrodynamic diameter of -6.4 nm (Table 5.2), while the relaxivity of
preparation N9 was slightly lower, indicating a less magnetic core in this sample (Figure
5.19). The relaxivity profiles of sample N8 and N9 are given Figure 5.19 below, both
suspensions are of very fine particles. Their PCS diameter is close to 6.4 nm with low
PDI of 0.072 and 0.1 respectively. Both the samples had their mid field minimum at 3.8
MHz which is the highest field among NMRD of all the samples reported here.
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Larmor Frequency (MHz)

Figure 5.19. Relaxivity as a function of Larmor frequency for the samples N8 (m), and
N9 (m). The mid-field minimum for both suspensions occurs at 3.8 MHz.

The NMRD profiles 0of N10 and N1 1 are presented in Figure 5.20. Preparation N1 1is the
second suspension for which the high field maximum was in the measurement range
because of its relatively large size (10.8 nm). The mid-field minimum is also at a very
low field (0.72 MHz) next to 0.57 MHz for N7. The relaxivity of the preparation N10 is
lower than that of N1 1.

Larmor Frequency (MHz)

Figure 5.20. The relaxivity as a function of Larmor frequency for the sample N10 (m),
andNI 1 (m).

Suspensions N il and Nila (Table 5.2 and 5.3) have the same surf/Fe ratio, but Nil

were produced by increasing the amount of iron precursor above 2 mmol whereas in case
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of N1 la the ratio was arrived at by reducing the amount of surfactant. Nila has produced
in smaller nanoparticles (8.4 nm) than the N il prep with much lower relaxivities. N il
samples had an average PCS size of 10.8 nm. RN1 la is the repeat prep of Nila and the
PCS size for RNIla is 8.35 with PDI=0.11 is a very close match to the corresponding
size of Nila (Z-average 8.4 nm with PDI=0.04). The relaxivity data is also almost

superimposable over in the full range.

All the suspensions have an expected correlation between their size and relaxivity as
evident from the Figure 5.7 and 5.8. Preparation RN9 has a relaxivity of 1.1 mM'V1at
the plateau and its PCS diameter is 7.1 nm. Preparation N3 has a similar hydrodynamic
size of about 7.2 nm and the corresponding relaxivity at the low field plateau was 1.27

mM 'V 1which are in good agreement.

5.4.3 Consistency of the NMRD results with SPM theory

A satisfactory theory for water relaxation due to its interaction with superparamagnetic
nanoparticles in known, SPM theory [152]. The NMRD profiles shown in this chapter for
heptane suspensions of magnetite are consistent with the predictions of this theory. The
theory was presented in detail in the introduction to this thesis. The principal observation
in that for fine nanoparticles it is anticipated that the high field maximum and the mid-
field minimum in the NMRD profiles move to higher frequency as the diameter of the
primary iron oxide core increases. In fact the theory predicts a near exponential
relationship between the crystal diameter and the frequency of the high field maximum
as shown in the Figure 5.21, assuming all the other adjustable parameters are constant.
As the particle sizes of our preparations were mostly below 11 nm, the high field maxima
usually fell above the measurable range (>20 MHz). This makes the fitting procedure

more difficult, although particle sizes from PCS could be used as a guide in many cases.
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Figure 5.21. The high field maximum as a function of the size of magnetite nanoparticles
simulated using the standard theory, (0) [192]. The solid line is a biexponential fit to the
data, included as a guide to the eye.

A similar exponential relationship can be found from simulations of the mid-field
minimum as a function of magnetite core size. The presence of this minimum is
associated with the high magnetocrystalline anisotropy of the magnetic nanoparticles. A
plot of the observed frequency of the mid-field minimum as a function of the
hydrodynamic size for the first series of preparations is shown in Figure 5.22, again it

shows the expected trend.

7 9 11
PCS diameter (nm)

Figure 5.22. The relationship between the mid field minimum and the observed
hydrodynamic size (o) as measured by PCS. The solid line illustrates the simulated
behaviour using the standard theory, [152] as in the previous figure.
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The mid field minimum occurred between 0.5 to 4 MHz in all cases.

The relaxivity values at 0.01 MHz for the suspensions produced from 15 minute refluxes;
N3, N6, N7 and N8 (15 min reaction) are shown, plotted against magnetic particles sizes
(Z-average), in Figure 5.23 below. When the hydrodynamic size was less than about 7
nm, which corresponds to a core of about 5 nm, the low field relaxivity of the magnetic

colloids were found to decrease sharply.

Hydrodynamic size (hm)

Figure 5.23. The relaxivity, at 0.01MHz, of the magnetic fluids as a function of
hydrodynamic size. The (m) data mark indicates the first series of preparations, (m)
indicates the second series.

5.4.4 Interpretation of the NMRD results with SPM theory

Using the published theory [152] it is possible to fit the NMRD profiles obtained for the
heptane suspensions. Superparamagnetic relaxation theory is described in detail in the
introduction to this thesis. One of the major problems with the theory is the number of
parameters that are involved. Some of the parameters; the temperature, concentration and
Ddf, the diffusion coefficient of the solvent, are independent of the nature the
nanoparticles. The others relate directly to the core, they are; the size of the (spherical)
magnetic core, the magnetisation at saturation, Ms, the Neel correlation time, tn, and
anisotropy energy AEMis- The anisotropy energy is often expressed as an anisotropy
frequency, and is of the order of GHz. The Neel correlation time, tn, is of the order of ns.
AEanis and tn characterise the motion of the moment of the nanoparticle are usually

assumed to have an Arrhenius relationship. They have a moderate effect on the high field
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relaxation (v1 > 1MHz), but affect the appearance of the profile at lower field. These two
parameters are correlated and their effect on the NMRD response is subtle; thus it is
difficult to obtain them quantitatively from the analysis of NMRD data. On the other
hand the profiles are very sensitive to the particle size and to the saturation
magnetisation, and so these parameters can be obtained with a higher degree of

confidence.

In Figure 5.24 below, the fits to five of the higher relaxivity samples are shown, the
quality of the fit becomes poorer as the relaxivity decreases. In all cases the fit was
obtained by fixing the particle radius using the PCS Z-average, with a 1.8 nm correction
for the oleate coating [204], which is assumed to be a monolayer. The temperature was

297 K and the diffusion coefficient of heptane was taken as Deff= 7.8x10"° cm’s'* [209].

Larmor Frequency (MHz)

Figure 5.24. The fitted profiles for selected preparations. The samples shown are N7
(0), N11 (O0), N10 (A), N6 (V) and N3 (m).

The fitting parameters are summarised in Table 5.6, also included in the table is an
estimate of the number of magnetite stoichiometric units that would be expected to be
contained in a spherical core of the given radius, assuming the density of the cores is

equal to that of bulk Fe304 = 5.18 gem"3.
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Table 5.6. The summary fitting parameter for selected suspensions.

Preparation ~ Z-Ave, Crystal Ms, \Aris* No. of
nm radius, nm emu/g  ns GHz  Fe3CHunits
N7 11.4 4.80 66.0 10 1.0 780
Nil 10.8 4.50 47.0 10 1.8 643
N6 8.9 3.55 375 5 4.0 316
N10 7.6 2.90 61.5 2 25 172
N3 7.23 2.72 385 35 8.0 142

The values of Ms obtained, are in agreement with those expected for magnetite
nanoparticles of this size [29, 38]. The observed size dependence of Mswas explained as
arising due to the increase in the specific surface area and/or to the presence of a surface
passivated layer. The speciation results presented for our samples demonstrate that the
saturation magnetisation decreases weakly as the fraction of magnetite decreases. While
our observations that the particle size from the NMRD analysis matches with both the
hydrodynamic size, and with the core size obtained from TEM, suggests that if there is a
passive layer, it is very narrow. In Figure 5.25 below the data obtained from the NMRD

analysis are overlayed with the data from the published studies.

Part'de size (nm) Sp. sufaceareaX1O0 (cm/g)
Figure 5.25. The agreement between the data from the NMRD analysis (¢) and the

published dependence of the saturation magnetisation on the particle size (left hand side)
[38], and on the specific surface area (right hand side)[29].

The fact that the agreement is good strongly supports the validity of interpreting the other

parameters obtained form the fits to the NMRD data. Perhaps the most startling
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observation from Table 5.6 is that the anisotropy frequency is larger for the smaller
cores. This is not surprising given the relatively large number of stoichiometric units
involved in particles of this size. An increase in the anisotropy frequency is consistent
with a less spherical particle, as distortions in shape will increase the barrier to the
reorientation of the particle moment. We propose that this is the best interpretation of the
data. Unfortunately it is not possible to access shape information from HR-TEM for
particles of such small size, while light scattering techniques can only provide effective

sizes once the shape is known.

5.5 Conclusions

Analysis of the particle size results shown in Table 5.2 and of the relaxivity data for all
the nanoparticles reported above clearly shows a trend. All the 1 minute reflux time
syntheses produced very low relaxivity samples. In this case there was not enough time
for magnetite to crystallise into a crystalline core with reproducible magnetisation.
Further investigation would require investigation into the reaction Kinetics and the
mineralogical characterisation of the product. It appears likely that the iron phase present
is undefined iron oxide or hydroxide and that the resulting nanoparticles can be
stimulated by the application of ultrasound to form loosely aggregated clusters that

slowly break up on removing the stimulus.

The use of smaller or greater amount of Fe source than that used by Sun and Zeng [24] in
this reflux method did not result in finer particles. It is also interesting to note that all
preparations with 2 mmol of iron in the reaction mixture have produced 6 to 7 nm
particles. A reaction time of 15 min produced very distinct dispersions in the NMRD
profiles and relatively higher relaxivities, while the high field maxima in the NMRD

profiles were not observable, they are expected to occur outside the measurable range.

The NMRD profiles of the suspensions conform to superparamagnetic relaxation theory,
confirming the heptane tumbles isotropically in the vicinity of the suspended particles.
The anisotropy energy increases significantly for the smaller particles, suggesting that
they are less spherical. The magnetite nanoparticles prepared from the two series of

preparations have slightly different crystal sizes, and show variation in saturation
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magnetisation and relaxivity despite efforts to produce them under identical conditions.
For suspension, N8, with very fine particles, it has been shown that the phase present is
hematite. This probably arises because of its very small size and hence the very high

surface energy. It is also interesting to note that the fraction of magnetite decreased as the

crystal size decreased.
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Chapter 6

The adsorption of coated magnetite nanoparticles on
silica
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6.1 Introduction

The process of adsorption involves separation of an atom, molecule, or particle from one
phase accompanied by its accumulation or concentration on the surface of a second
phase. Physical adsorption is caused mainly by van der Waals and electrostatic forces
between adsorbate molecules and the atoms on the adsorbent surface. Thus adsorbents
are characterised by surface properties such as surface area and polarity. A large specific
surface area is preferable for providing adsorption capacity. Porous silica comes under
the category of non polar adsorbents. These adsorbents have more affinity with oil or
hydrocarbons than water. In this chapter an investigation into the interaction of a non-
agueous magnetite suspension with macroporous silica is described. Several types of
silica sufaces were investigated including silica-C18 an octadecyl carbon loaded material,
silica-CN a negatively charged cyanated silica, and an untreated silica. It was anticipated
that there might be a tendency for the nanoparticles to physisorb on the silica-C18
surface. While any nanoparticles in excess of the surface capacity should remain in stable

suspension.

Nanocrystalline magnetite particles stabilised by a monolayer coating of oleic acid form
a very stable suspension in non-polar solvents like heptane. The carboxylic head group is
chemisorbed on the magnetite surface. The hydrophobic fatty chain extending from the
magnetite surface is solvated by the nonpolar hydrocarbon solvent [60]. The suspensions
prepared here using a method by Sun et al. [24] are found to be stable for over one year.
There are many theories describing the mechanisms of stability of fatty acid coated
magnetite in carrier liquids. In polar media the colloidal interaction is well described by
the Derjaguin-Landau-Yerwey-Overbeek (DLVO) theory, which is a combination of the
van der Waals type of attractive forces among the particles and the electrostatic repulsive
forces due to the ionic cloud surrounding the particle [210]. However, monolayer
surfactant coated magnetite nanoparticles are stabilised in non-polar solvents by steric or

entropic stabilisation.
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6.2 Experimental

6.2.1 Materials

The substrate used in most of the experiments, silica-C18, was silica with 60A pores,
50(im average particle size, and endcapping coated withC18 (Octadecyl, 6% carbon load)
from Alltech Associates, Deerfield, IL. Silica-CN a negatively charged cyanated silica,

and an untreated silica of the same dimensions from the same source were also used.

The magnetite nanoparticles were synthesised by coprecipitation of mixed Fe3t#/Fe2+ salts
with ammonium hydroxide. A monolayer of surfactant coating was applied by adding
excess oleic acid during the iron oxide precipitation. The magnetite dispersion was
precipitated with acetone and methanol and washed five times with acetone and lastly
with ethanol. The precipitate was then phase transferred into heptane. The heptane
suspension was centrifuged at 13000 rpm (~16000g ref) for 40 min to remove any
aggregated particles. Suspension H5a had a Z-average of 12.0 nm with a low PDI (0.09)

and H5b had a Z-average size 11.8 nm Z-average and was also monodisperse PDI (0.07).

The relaxivity data for the two magnetite suspensions in heptane used in the adsorption
study are given in Figure 6.1 below. The simulated profiles for the magnetite cores for
fitting the data are also added in the figure. The simulated relaxivity profile for 9 nm
magnetite cores using Muller’s model [152] is also added to the same figure for
comparison. The simulated profile for a 10 nm magnetite particle is almost overlaps with
the NMRD profile of the 11.8 nm SPM (H5b). The high field maximum for the

suspension at 14 MHz just overlaps with the simulated profile but the fit is poorer in the

Table 6.1. The fitting parameters used for the two sample suspensions used in the
adsorption

Z-average  Crystal radius

Sample (nm) (nm) Mst  tn (ns)
H5a 11.8 4.50 27 7
H5b 12.0 4.90 40 8
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mid field region (0.8-5 MHz). The temperature used in the fit is 298K and the anisotropy
energy vajsis kept constant at 1 GHz in both the fits. The other fitting parameters are

given in Table 6.1.

Larmor frequency (MHz)

Figure 6.1. The relaxivity profiles for the two magnetite suspensions (m) H5a and (m)
H5b used for adsorption experiment. The layers with solid line are the simulated curves
using Muller’s theory with different parameters given in Table 6.1.

The two suspensions have different magnetic core sizes of 9 and 9.8 nm, PCS diameter
of about 12 nm. This indicates the monolayer oleic acid coating has a thickness slightly
more than 0.9 nm, in agreement with other authors [204]. There is clearly some
difference in the magnetisation of the cores, but given the variation in the NMRD
profiles described in the last chapter, there is little real difference between these two

samples.

6.2.2 PCS experiment

A calculated and predetermined quantity of magnetite suspension in heptane was placed
over a silica substrate in the quartz cuvette for PCS analysis. The cuvette was placed in
the PCS spectrometer with care to avoid any agitation. The temperature of the cuvettes
was maintained at 25°C. The quantity of silica was restricted so that the incident laser
light is not occluded. In effect this limited the height of the silica to <1 mm, which is

equivalent to 50 mg of silica.

In a first series of experiments a quantity of magnetic fluid sufficient to cover the entire

silica surface with a monolayer of nanoparticles was placed over silica-C18 powder in a
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quartz cuvette. In a second series of experiments sufficient magnetite suspension was

provided to produce a bilayer. The magnetite content was about 1.47 mM for sample H5a

and about 1.52 mM for sample H5b. The following assumptions were made in

calculating the quantities required:

1. There is no adsorption of nanoparticles into the pores on the silica-Cl 8 surface.

2. The silica-C18 particles are spherical with diameter of 50 fim.

3. The adsorbed nanoparticles form a sheet of hexagonal closed packed spheres on the
silica-CI8 surface to form a uniform monolayer, and

4. A bilayer is composed of two identical monolayers.

The onset of growth/aggregation of magnetite nanoparticles in suspension was monitored
by PCS spectroscopy at an interval of 30 min for 1-7 days (as long as there were particles
in suspension). The standard operating procedure (SOP) used for the PCS measurements
was for 200 measurements with a suitable delay such that successive measurements are
separated by 30 min. Each measurement takes about 5 min which, consists of 20 runs of
10 sec each. For most experiments the cuvette position and the attenuation index remain
constant throughout one experiment as all the data collected was with one SOP (standard
operating procedure). Therefore the backscattered light intensity is representative of the

volume weighted number of scatterers.

The change in absorbance, at a wavelength of 475 nm, of an identically prepared
suspension over silica-CI8 was monitored using UV visible spectrometer. The
experiment was carried out with suspension H5a under identical conditions as described
for mono/bilayer experiment by PCS above. For all experiments a sufficient volume of
magnetite suspension was placed over 50 mg silica-CI8 substrate to form a mono or
bilayer, while keeping the iron concentration at 1.5mM. For the ME experiments this ws
achieved by diluting 150(4.1 of suspension with 750 (j| heptane. For the BE experiments
this was achieved by diluting 300Jo.l of suspension with 1500( 11 heptane The absorbance

of light through the magnetite suspension was recorded every 30 minutes for 2 days.
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6.3 Results

It was immediately apparent that the nanoparticles were adsorbing onto the silica.
Irrespective of the concentration, the suspension lost colour over a period of hours, while

the white silica-C18 powder turned a chocolate brown.

6.3.1 Monolayer equivalent adsorption

6.3.1.1  Suspension H5a

In the first set of experiments one monolayer equivalent (ME) of magnetite suspension
(H5a) was placed over silica-C18 and the Z-average particle size monitored over time,
the data is presented in Figure 6.2 below. The observed increase in size as a function of
time shown in Figure 6.2 is converted into change in spherical volume, and is shown as
an insert in the figure. The growth of the clusters followed linear progress until about 2 h

inrun 1 (Figure 6.2), or until about 4 h in run 2 (Figure 6.3).
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Figure 6.2. PCS data for ME addition of magnetite suspension H5a over silica-C18
showing the increase in Z-average of suspension with time in run 1. The PCS diameter in
the Y-axis is converted to the volume and shown as the inset.

The initial linear growth phases in both the runs was followed by a rapid increase and a

second linear growth phase, in which rate of growth is almost twice as fast as in case of
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the first run. The smallest changes in the Z-average size of the particles are magnified in

the volume curve, as volume is proportional to the cube of the radius.
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Figure 6.3. PCS data for ME addition of magnetite suspension H5a over silica-C18
substrate in run 2.

The change in polydispersity index and mean count rate data for run 1 and 2 is presented
in Figure 6.4 below. The breaks in the data for the first run arose due to protocols on the
acquisition PC interrupting the data storage. The polydispersity of the particles grew to a
maximum (1.00) in about 7 h during the first run where as the PDI did not exceed ~0.6

during the second run over the course of about 15 h.

Time (h)
Figure 6.4. The change of polydispersity index and the mean count rates for ME addition
of magnetite suspension H5a over silica-C18 (run 1 and 2).
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The mean count rates also increased drastically to 4000 kcps injust 7 h in case of the first
run. The two runs were performed under identical conditions, as far as possible, using the
same magnetite suspension, but 19 days apart. This suggests a change in the properties of

the magnetite suspension over time.

The change in light absorbance of a ME magnetite suspension over silica-C18 was
monitored over time, the data is presented in Figure 6.5. The absorbance of light was
recorded every 30 minute for 2 days, under conditions where the particles grew, when
monitored by PCS. The changes in absorbance are synchronised with the growth pattern.
There is very little change up to about 7-8 h followed by a sharp fall in absorbance. The
rate of change slowed significantly after about 15h and there was very little change in

absorbance after 20 h.

Tme (h)

Figure. 6.5. UV absorbance at 475nm over time for a ME experiment with H5a
suspension over silica-C18.

6.3.1.2  Suspension H5b

The ME experiment was also performed with an independently synthesised suspension,
H5b, of slightly different particle size (12.0 nm) and relaxivity as shown in Figure 1. This

experiment was repeated four times, the change in PCS size with time is given in Figure
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Figure 6.6. Z-average size of H5b of slightly different size (11.8 nm) for ME addition
experiment during four consecutive runs

The change in mean counts for all the ME adsorption runs with suspension H5b are given
in Figure 6.7. The growth profiles of the particles are very similar for all four repeat
experiments performed within 10 days from the date of synthesis of the magnetite
suspension (Figure 6.6). The pattern of change in PDI and counts (Figure 6.7, 6.8) is very
similar to that observed for suspension H5a. The mean count rate in all the experiments
increased steadily until -12 h, and then decreased to almost the starting value over
another 12 h. The variation in the value of the counts between runs is quite significant.
However as the scattering intensity is weighted by volume a small change in the number
of particles at the upper end of the size distribution, at any given time, will significantly
affect the scattering intensity but not the z-average or PDI to as great an extent. The
observation of a maximum is consistent with ongoing cluster growth and, as the
experiment progresses, with the presence of fewer clusters. This is also apparent from the

increase in the scatter of the particle size data after about 20 h.
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Figure 6.7. The change in the mean count rate with time for 1 monolayer addition of
magnetite suspension (H5b) over silica-C18.

The change in polydispersity index with time for is presented in Figure 6.8. As the
experiment progressed the PDI increased and the particle size distibution became wider.
The mean count rate and the polydispersity index (PDI) show an interesting trend at 12-
13 h from the start, when the backscattered intensity is at a maximum. Around this time,

an increase in PDI was seen in every experiment in the form of a spike.

1.0
0.8
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Time (h)
Figure 6.8. The change in PDI with time for ME addition of magnetite suspension (H5b)
over silica-C18.

The correlation functions for three selected times are shown in Figure 6.9 below. The

quality of data fit is poorer for the later measurements. The PDI is high at -12 h, but
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there is still a good fit to the data, hence the Z-average is a realistic average of the
experimental distribution. The counts are highest in this region. But after about 24 h the
counts decrease to a small number. The fit in blue is only partly through the data points
after 48 h, hence the polydispersity index is 1.00, and the Z-average is a less reliable
measure. The PCS software for all the ME experiments crashed, due to low scattering

intensity, after 25-35 h.

Size Distribution by intensity

10. 100. 1000.

Diameter (nrri)

Figure 6.9. The PCS correlation data fits and the intensity size distribution for sample
H5b in ME experiment over silica-C 18 after 5h (—), 13 h (—) and at the end of the
experiment 48 h (—). The intensity distribution for the 48 h (—) data is zero in the range
shown; larger particles only present.

6.3.2 Bilayer equivalent adsorption

The PCS data obtained for a bilayer equivalent (BE) adsorption of magnetite suspension
Hb5a onto silica-C18, during run 1 and run 2 are presented in Figure 6.10. The Z-average
and PDI showed very similar behaviour to the ME experiments. There was a short linear
growth phase up to about 4-6 h for both the runs, which were carried out with a gap of 16
days using the same nanoparticle suspension. In contrast to the ME experiments, the BE
suspensions follow two linear rapid growth phases. The first begins after ~ 15 h and

continues until 35 h inrun 1 and up to ~ 40 h in case of run 2. As was seen in the ME
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experiments, the rate of growth is much faster in fresh samples. The second linear growth

phase showed almost identical growth rates, for both runs, of-0.25 nm/h.

Time (h)

Figure 6.10. PCS data for suspension H5a for BE addition over silica-C18 showing the increase
in Z-average of suspension with time for run 1 (—), and for run 2 (—). The parameters for
the linear fits to the short (s) and long () time data are included for each run.

It is interesting to note that in the ME experiment the PCS size increased over 1500 nm
in all cases, whereas in case of the BE experiments the growth was limited to about 100
nm. This phase was followed after 50-60 h by a phase with very slow growth. There are
breaks in the data in Figure 6.10, run 2 where the PCS spectrometer was being used for
other experiments. The cuvette was carefully removed and kept in a constant temperature
bath at 25°C during these periods. On restarting the experiment the position of the
cuvette and laser attenuation were automatically adjusted, so there are discontinuities in
the counts in Figure 6.11. The fact that the growth of the clusters still lies along the same
straight line after the interruption is interesting, it demonstrates that moving the cuvette
did not upset the experiment and that the laser light in the PCS experiment does not have

any effect on the nanocluster growth.

The change in PDI and count rate in the BE adsorption experiment in sample H5a are
shown in Figure 6.11. As was observed for the ME experiment (Figure 6.4) the mean
count rate increased continuously for the first 20-40 h to about 500 kcps and then

decreased for both runs.
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Figure 6.11. The polydispersity index (PDI) and mean count rate in BE experiment with
H5a.

The fit to the time correlation data and the resulting size intensity distributions for the BE
experiment, with sample H5a, at three selected times is given in Figure 6.12 below. The
fits for the BE experiments are of better quality, with lower PDI values, than the ME
experiments, in all cases the cumulants fit passes through the data. The cluster size

distributions are not as broad during the BE experiments.
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Figure 6.12. The PCS data fit and intensity size distribution for suspension H5a over
porous silica-C18 substrate from the first run of the BE experiment, after 14 h (—), 44 h
(-) and 120 h (-).
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The data for the growth of the clusters from different preparations in the BE experiment
is presented in Figure 6.13. In general the hydrodynamic diameter (PCS size) increases
up to about 50 h, after which there is some reduction in the growth rate. The trend of an
increase in count rate time up to about 40 h, followed by a decrease was again observed.

The counts were found to increase till about 40 h in all the runs in BE addition.

Time (h)

Figure 6.13. Z-average data with time for three runs for the BE experiment. (J) H5a run
1, (0) H5a run 2 and (V) H5b run 3.

The change in light absorbance of a BE magnetite suspension over silica-C18 was
monitored over time, the data is presented in Figure 6.15. As the experiment proceeded
over 120 h the absorbance decreased, in addition, the rate of decrease gradually

diminishes. There are no discontinuities in the curve.
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Figure 6.14. UV absorbance at 475 nm over time for a BE experiment with H5b
suspension over silica-C18.

6.3.3 Further experiments

An experiment was performed where a sample of oleic acid coated nanoparticles in
heptane, was placed over untreated silica, instead of silica-C18. It was found that there is

no clustering or adsorption in this case.

An experiment was performed where a sample of oleic acid coated nanoparticles in
heptane, was placed over anionic silica-CN, instead of silica-C 18. It was found that there
is rapid cluster growth into the jam range within 3 hours, see Figure 6.15. The PCS
software crashed after 4 h, due to low scattering intensity. The later time points were run

the next day after re-optimising the PCS spectrometer.
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Figure 6.15. PCS data for ME adsorption of magnetite suspension onto silica-CN
substrate. The Z-average size is indicated with a (O), the PDI with (¢).

A blank experiment was run using same quantity of silica-C18 substrate (50 mg) with
pure heptane placed over it. PCS measurements were performed on the suspension after
shaking it. The PCS data initially indicated particles of 82 pm size. This is due to the
silica settling to the bottom of the cuvette. At no point over the following days were
particles detectable. A cuvette was prepared containing 5 mM oleic acid in heptane over
same quantity of silica-C18. This suspension also produced no suspended particles over

two days, the PCS measurement crashed on each occasion.

A series of adsorption experiments were performed where samples of oleic acid coated
nanoparticles in heptane, were placed over silica-C18 and an aliquot of the solution
removed at a given time, at which point the experiment was stopped. The iron content in
the aliquots was then determined, the data is presented in Table 6.2. For the ME
experiments the iron concentration dropped to a residual level after a few days. The
concentration of iron in case of the BE experiments indicate a rapid decrease initially, the
final concentration is close to that in the ME experiment. After 3 days the suspensions
are almost stripped of iron nanoparticles, which have been adsorbed onto the silica-C18.
The physical appearances of the sample confirms this, the white silica-C18 substrate

slowly becomes chocolate-brown.
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Table 6.2. Iron oxide concentration in different test suspensions after adsorption

Treatment Start!ng Time after which san_1p|e Fe _
details concentration of Fe removed for estimation concentration
(mM) (h) (mM)
ME 178 >72 0.029
BE 1.78 12 0.62
BE 178 24 0.19
BE 178 % 0.06

In a further experiment, two portions of 5 mM of oleic acid in heptane were placed over
50 mg silica-C18 in two quartz cuvettes. The volume of the suspensions was such that
the oleic acid would form a monolayer over silica-C18. The surface adsorption of oleic
acid over silica-C18 was monitored analytically over time. One 0.5 ml aliquot was taken
from the first cuvette after 5 h, and from the second cuvette after 20 h. The amount of
oleic acid in the suspensions was determined using methods described in Chapter 2, the

results are given in Table 6.3 below.

Table 6.3. The gas chromatographic analysis of data for oleic acid in heptane in blank
experiment over silica-C18

Time sample taken (h) Concentration of oleic acid (mM)

0 5
5 0.74
20 0.72

Clearly oleic acid adsorbs onto the surface of silica-C18. It is known that oleic acid
adsorbs onto untreated silica [211], with coordination through the carboxylate group.
Adsorption of oleic acid onto silica-C18 is not surprising, the presence of the C18 phase

on a large fraction ofthe silica surface renders it more hydrophobic.

During the characterisation of the non-aqueous magnetic fluids, the samples, with typical
[Fe]=30-80 mM were diluted with heptane, the particle size was stable after dilution
above x5 and to further dilution to xIOO. A second sample of oleic acid coated
nanoparticles in heptane, was diluted xIO with a 5 mM oleic acid solution in heptane, and
monitored by PCS. Once again, the particle size was unchanged, indicating the stability

ofthe chemisorbed layer.
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A sample of oleic acid coated nanoparticles in heptane, [Fe] = 32 mM, was diluted with
heptane and monitored by PCS, the particle size was unchanged within the measurable
range. A second sample of oleic acid coated nanoparticles in heptane, was diluted with a
5 mM oleic acid solution in heptane, (Fe concentration 87 mM) and monitored by PCS.

Again, the particle size was unchanged.

A sample was prepared for high field ~ NMR by diluting the upper liquid from the
second run of the BE experiment by 1:1. 1.7 ml of this suspension was dried by purging
nitrogen in a 20 ml round bottom flask. The dried mass was then dissolved in 0.7 ml
CDCI3 and placed in a 5 mm NMR tube. A 6.24 mM TSP solution was used as an
internal standard. The NMR spectra is shown in Figure 6.16, it indicates the presence of

trace quantités of oleic acid.

Figure 6.16. High resolution (400 MHz) *HNMR spectrum, in CDCI3, ofthe BE suspension,
with 6.24 mM TSP solution as the internal standard.

6.3.4 Scanning electron microscopy

Samples for electron microscopy were prepared by spreading a drop of liquid on an SEM
stub and allowing it to dry. The liquid was taken from the bottom of a cuvette, using a
glass pipette, once the PCS measurement had ended. An ‘uncoated’ silica-C18 sample
was prepared by splashing a pinch of powder on the tip of a spatula onto an aluminium
SEM stub fixed with conducting carbon tape. SEM images of the silica-C18 particles

under low magnification indicated that the particles in the range of 25-50 |im; with a few
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Figure 6.17. Scanning Electron Microscope image of fresh silica-C18 surface

larger particles of up to 100 (im. The SEM image in Figure 6.17 gives an insight of the
fine morphology of the crystalline silica-C18 surface with very fine tiny white
amorphous inclusions. Higher resolution images show the inclusions are in the size range
from 50-200 nm. The micrographs of most of the regions of monolayer treated magnetite

suspension indicated no coating of nanoparticles on the silica-C18 surface.

Figure 6.18a. Electron micrograph of coated silica-C18 particles from a ME experiment.

Magnetite nanoparticles were found to be deposited as large aggregates along edges,
particularly in the vicinity of neighbouring silica particles. The green arrow in Figure

6.18a indicates one of such few regions of nanoparticle deposits, which was selected for
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the image shown in Figure 6.18b. The magnetic particle clusters are as big as 100-200

Figure 6.18b. Magnified image of the region indicated by the green arrow in Figure
6.18a.

Figure 6.19. Electron micrograph of coated silica-C18 particles from a BE experiment.

There is no indication of any magnetite particle deposits on the flatter surfaces or in the
junction between two particles, Figure 6.19. Furthermore AFM studies did not provide
any evidence of the presence of nanoparticles on the flatter surfaces. Thus the ME and

BE designations refer in effect to high and low magnetite concentration samples.
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6.4 Discussion

NMRD and PCS measurements confirm that suspensions H5a and H5b are very stable
even after couple of months from the date of synthesis. It was very clear by visual
observation that the suspensions placed over silica-C18 were being depleted of iron oxide
with time. The adsorption is confirmed by absorbance measurements and by iron

determination.

For the ME adsorption experiments the Z-average cluster size increased slowly in a
linear fashion for the first few hours. This was followed by a transitional phase of faster
growth, up to around 12 h. This phase was associated with an increase in the
backscattered light intensity and an increase in the PDI to around 0.2. At this time the
clusters are in the region of I00nm diameter. There then followed a phase of very rapid
linear growth (ofthe order of 100 nm/h) that resulted in clusters in the (im range within a
few hours. This phase was associated with a decrease in scattered light and an increase in
the PDI up to the maximum value of 1.0. The data acquisition invariably stopped, due to

low backscattered light intensity, within 24 hours.

For the BE adsorption experiments, the cluster growth was generally slower, and was
usually observed to occur in three stages. It started with a brief phase of slow linear
growth, similar to the ME experiments, this was followed by another phase of linear
growth at a faster rate (c. 0.5nm/h) and ended with a phase of slower linear growth (c.
0.25nm/h) in most cases. There were some experiments where growth continued more
rapidly and in an anomalous fashion. As in the ME experiment the backscattered
intensity increased, until the transition to the slower growth phase at about 40-60 h, after

which it began to decrease again.

There are some common features to the ME and BE experiments, there is an induction
phase during which there is little change in the particle size, after which the cluster
growth accelerates significantly. The backscattered light intensity grows to a maximum
in both cases before decreasing as the iron concentration falls towards zero. There are
also significant differences, for the BE experiments the growth is slower and the clusters
that remain in suspension do not grow to be as large. The growing clusters are also far
more monodisperse for the BE experiment. For the BE experiments if there is an

induction phase, it is much shorter than for the ME experiments.
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There is one report in the literature from van Ewijk and Philipse [212] of anomalous
attraction between fatty acid coated magnetite nanoparticles and a stable colloid of
octadecanol coated silica spheres of 420 nm, in apolar solvents. The authors present clear
evidence that the nanoparticles gradually coat the silica particles, over hundreds of hours.
The adsorption is too slow to be diffusion limited. The slow Kinetics could arise due to
repulsive interactions of the order of 20keT, or to a slow chemical or physical process
preceding adsorption. The main contribution of the paper is in discussing all the possible
mechanisms. Calculations confirm that the barrier far is too high to be a van der Waals
interaction, but that it is consistent with a charge separation process. However as the
adsorption occurs in apolar solvents and given the high surface coverage obtained, it is
argued that nanoparticles of opposite charge must be adsorbed, leading to a charge
neutral silica sphere. It is also noted that the process is usually irreversible, but that
desorption occurs on transfer to a higher dielectric constant solvent. Finally, the authors

speculate about whether the adsorption desorption processes are at equilibrium.

The observations of the ME and BE experiments can be rationalised using the
mechanism proposed by van Ewijk and Philipse. We propose that during the induction
phase the nanoparticles diffuse close to the silica surface. The majority of the particles
are repelled, but those that encounter an edge may exchange a proton, or a hydroxyl
group with the surface and are held by coulombic attraction. Our data strongly suggests
that some of these particles subsequently desorb. The monolayer coating of the desorbed
nanoparticle is disrupted, some of the oleic acid coating is now bound to the silica-C18,
resulting in activated nanoparticles in suspension. It is not possible to speculate as to how
long the particle remains on the surface before desorbing, indeed they may be adsorbed

for a short time, but it is highly unlikely that the nanoparticles desorb as a charged entity.

The nature of the adsorption sites on the silica surface remains unclear, it is apparent that
a monolayer is not formed over the surface and that the nanoparticles build up in clusters
along edges of the silica particles. The SEM images suggest that the edges tend to face
neighbouring silica particles, but this may arise as the particles dry on the SEM stub. It
might be anticipated that the presence of impurities, such as aluminium oxide, in the
silica may be responsible for the surface activity. However no adsorption is observed for

untreated silica, but very rapid adsorption is observed for silica-CN. It should also be
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pointed out that while 11 nm magnetite particles will diffuse easily through the gaps

between the silica particles, it is unlikely that the larger clusters will be able to do so.

There is another possibility for generating activated nanoparticles, without direct
intervention of the silica surface. As oleic acid adosrbs onto silica-C18, if there was an
equilibrium between the chemisorbed oleate groups on the nanoparticles and the bulk,
the silica would disrupt this. However, this possibility can be discounted as chemisorbed
oleate is strongly bonded to the magnetite surface, and there are no H+and OH' groups
available in heptane solution to maintain the charge neutrality of the magnetite
nanoparticle and desorbing oleate group. Furthermore, it is not possible to alter the
stability of a nanoparticle suspension in heptane by dilution with heptane or oleic acid

solution.

At the end of the induction phase the population of surface activated nanoparticles in
suspension exceeds a critical value. The duration of the induction phase varies somewhat,
which may be related to the low probability of establishing nanoparticle deposits on the
silica surface. In the ME experiments there is then aggregation between surface activated
nanoparticles resulting in the growth of clusters. As the magnetite content is relatively
low, there remains silica surface capacity for generating more surface activated
nanoparticles. There is subsequently a gradual transition to a later phase of very rapid
cluster growth, Figure 6.6, which probably arises due to the aggregation of clusters. At

some point the growing clusters precipitate due to gravity, Figure 6.20.

In the BE experiments the cluster growth is slower and more controlled. The magnetite
content is relatively high, so there is less available silica surface capacity for generating
surface activated nanoparticles, which are therefore at lower concentration throughout.
Cluster growth is due to the addition of individual nanoparticles to the growing clusters.
There is a strong tendency for all the clusters in the population to grow together, which
suggests that the clusters at the upper end of the distribution are somewhat less reactive.
There is eventually a transition to a phase of slower cluster growth, Figure 6.10, which
may be due to the complete depletion of the original 11 nm particles from the suspension.
In Figure 6.12 the curve at 44 h still contains some nanoparticles, this corresponds to the

time at which the initial growth begins to slow.
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Figure 6.20. Magnetite particles losing surfactant molecules on desorption from the
silica surface, leading to the growth of nanoclusters, with eventual precipitation.

6.5 Conclusions

The adsorption of oleic acid coated magnetic nanoparticles from heptane suspension onto
silica-C18 has been observed to occur while the remaining suspended particles
continuously aggregate into clusters. The clusters can grow into the micron size range
over a period of days. The rate of adsorption is orders of magnitude slower than is
expected for a diffusion controlled process. This indicates that there is a significant
energy barrier reducing the interaction of the nanoparticles with the silica surface, or that
there is another process preceding adsorption. The proposed mechanism for nanocluster
growth is desorptive loss of temporarily adsorbed nanoparticles from the silica surface.
This results in surface activated nanoparticles in suspension, for which the oleic acid
coating has been partially removed. A small population of reactive nanoparticles are
stabilised by interacting with other desorbed particles, mediating growth of clusters into

the micron range, or until they bind irreversibly with the silica substrate.
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Chapter 7

Overall conclusions
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Overall conclusions and further work

The suspension of uncoated iron oxide nanoparticles in water has been successfully
demonstrated, though the amount suspendable is small. The uncoated nanoparticles can
be suspended at higher concentration and over longer periods when surfacted with
sodium oleate. The methods of application used include wet grinding the magnetite in an
agate mortar and ultrasonication in presence of the surfactant at 50°C. The resulting
suspensions lose material by precipitation during the initial weeks, when the suspension
is little turbid. Greater stability is attained after a few months of ageing and is associated
with the suspension becoming translucent. At this time the concentration of iron
remaining in suspension is in the millimolar range. These aqueous suspensions contain
non-superparamagnetic clusters of 80-170 nm size. They are stable in a narrow pH and
temperature range, and against dilution with water and surfactant solutions. The
suspensions have relaxivity values at, or slightly above, that expected for
superparamagnetic suspensions in the clinical MRI range, while they very high relaxivity

at lower field.

It is also possible to prepare very stable suspensions from single and double stranded
DNA coated magnetite suspensions. Single stranded DNA coated crystals form non-
superparamagnetic clusters in a manner similar to the fatty acid suspensions, although the
DNA suspensions show even higher low-field relaxivity. The double stranded DNA
stabilised material exhibits behaviour consistent with two magnetic phases, some of the

magnetite is superparamagnetic in nature, the rest is magnetically blocked.

Magnetic nanoparticles, coated in situ with saturated fatty acids, have been produced by
modifications of the ammonia coprecipitation method. Nanoparticles could be
synthesised with a reproducible core size of about 11 nm. These particles can be phase
transferred easily from aqueous to heptane suspension, or can be stabilised in water by
the addition of a second surfactant layer. The heptane and aqueous suspensions of
ammonia precipitated nanoparticles are found to be stable for over a year. NMRD and
PCS analysis showed that the aqueous suspensions are superparamagnetic clusters, which
are stable to changes in pH and temperature. The use of surfactants of different chain
lengths produced moderate effects on the relaxivity of the suspensions. It was found that
saturated acids with chains of more than 16 carbons were found not to be effective at

coating magnetite at higher ionic strength. Decanoic and dodecanoic acids were found to
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be the most effective fatty acids tested for producing manolayer stabilised magnetite

suspensions in heptane.

It is possible to synthesise very small magnetic nanoparticles in the size range ~4 nm by
a slight modification of a published method. This involves the reflux of an iron precursor
at 265°C in diphenyl ether. The fine nanocrystallites are of reproducible size and are
coated with a surfactant monolayer. NMR data for the heptane suspensions can be
interpreted using superparamagnetic relaxation theory. This indicates that the low and
variable relaxivity observed is largely due to significant magnetocrystalline anisotropy,
perhaps associated with shape distortions. It is possible to stabilise the nanoparticles from
the non-aqueous preparation in water by the application of a second physisorbed fatty

acid layer. However, the rate of success is very low.

The interaction of oleic acid coated magnetic nanoparticles from heptane suspension onto
alkyl chain grafted silica has been studied. Photon correlation spectroscopy revealed that
when such suspensions are kept over silica, the magnetic particles in suspension
continuously aggregate into clusters. The clusters can grow into the micron size range
over a period of hours to days, depending on the availability of coated particles. The rate
of adsorption is orders of magnitude slower than is expected for a diffusion controlled
process. We propose that nanocluster growth arises due to desorptive loss of
nanoparticles from the silica surface. The desorbed particles are activated as their oleate
coating has been partially removed. The reactive nanoparticles are stabilised by
interacting with other desorbed particles, mediating growth of clusters into the micron

range, or until they bind irreversibly with the silica substrate.

The limited time and vastness of the area left the scope of much more to do in future. The
most important work which could be done as a direct extension of this thesis, is a
thorough study of the structure and detailed morphology of the large agqueous magnetic
clusters. In particular, it would be interesting to investigate the differences between the
blocked and superparamagnetic clusters. As the nanoclusters are likely to be flexible,
Cryo-TEM may be a suitable technique. The low field relaxivity is interesting, further
investigations into the detailed causes of this effect could be interesting, again Cryo-
TEM studies may help here. The work could be extended to testing some of the more
stable aqueous suspensions in animals under MRI conditions. There are some field-

cycling MRI scanners available in the UK.
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Denatured (substantially single-stranded) herring sperm DNA
acts as a template for the preparation of magnetic nanowires,
forming stable aqueous suspensions, which exhibit
unprecedentedly high relaxivity at low field, suggesting that
the material may be a potentially useful reagent for MRI.

The preparation of uniformly dispersed colloidal ferrofluids of
particle sizes in the range of 10 ran continues to be of interest for
many areas of technology including the biosciences.1 Particles of
this size are referred to as “superparamagnetic”, as each particle
possesses a constant magnetic dipole moment proportional to its
size, is attracted to a magnetic field, but retains no residual
magnetism after the field is removed.2 This aspect of the particles’
magnetism is important for their use as MRI contrast agents, where
signal intensity relies on the effect of the magnetic particles on the
NMR signal of water in the tissues being imaged.3 While there are
some obstacles to the clinical application of colloids, materials with
high relaxivity at low field will become important with the advent
of low-field MR1.4 One approach to obtaining such materials is to
prepare conjugates with biomolecules. As a consequence of its
nanometre-sized cross-section, functional groups, and regular
structure, DNA can be used to construct assemblies of nano-
particles.58 Indeed previously Momet et al. have reported the
association of magnetite nanoparticles with double stranded
DNA.9 while the use of DNA-modified magnetic nanoparticles
as recognition devices has been studied.10 In this paper, we report
that the use of denatured DNA as both a surfactant and a template
allows the preparation and organisation of magnetite nano-
particles, yielding materials with a remarkably high relaxivity at
low field.

Magnetite nanoparticles were prepared by reacting a mixture of
ferrous and ferric chlorides (2 : | molar ratio; 2 x 10-2 mol dm-3
and | x 10“” mol dm*3respectively) with ammonia in a degassed
aqueous solution at room temperaturell containing herring
sperm-DNA (hs-DNA), either natural (double-stranded) or
after heat-induced denaturation (substantially single-stranded)
[17 x 10-3 mol dm-3 nucleotide].}: This controlled precipitation
method leads to the formation of magnetite nanoparticles (as
shown by XRD, IR and Raman spectroscopyf). Transmission
electron microscopy (TEM) revealed that in each case the Fe30 4
nanoparticles have a size 0f 9.0 + 2 nm (estimated for a sample of
100 particles). TEM also demonstrated that denatured hs-DNA-
magnetite nanocomposites (Fig. 1(a)) were comprised of randomly
distributed chains whereas by contrast, in the double-stranded
DNA-magnetite samples the chains are much more entangled
(Fig. 1(c)). _ _

To test whether these materials could be further aligned by
exposure to a magnetic field, 20 (iL samples of the denatured or
double-stranded DN A nanocomposites dispersed in deoxygenated
water were placed on copper TEM grids and then introduced

t Electronic supplementary information (ESI) available: NMRD experi-
mental details, TEM images, XRD data, IR and Raman spectra. See http://
www.rsc.org/suppdata/cc/b4/b409603g/

Chem. Commun., 2004, 2560-256 1

perpendicular to a magnetic field of 7 T for 30 minutes. These
were then removed and allowed to dry in air at room temperature
(~18 hours). TEM showed that this treatment caused the single-
stranded DNA sample to align in an end-to-end fashion, forming
ordered ropes of many microns long (Fig. 1(b)) (each rope appears
to be composed of bundles of smaller chains of magnetite arranged
on the DNA template). By contrast, TEM shows that the magnetic
field has very little effect for either the duplex-DNA nanocompo-
sites (Fig. 1(d)) or the nanoparticles prepared by controlled
precipitation in the absence of DNA.f This markedly differing
behaviour of the duplex and denatured DNA may be attributed to
a more efficient binding of the magnetic nanoparticles to the
phosphate backbone of the single-stranded DNA. This was con-
firmed by IR studies as a band attributable to a Fe-O-P stretch is
observed at 1157 cm-1.12

The effect of these nanoparticle composites on the water proton
spin-lattice relaxation time T, has been measured by NMR
dispersion (NMRD), allowing the determination of the frequency
dependence of the relaxivity rt via egn. (1) {where T i(water) is the
native relaxation time of the supporting fluid (water) and rl is
independent of the concentration of the magnetic fluid}.3

1 1 1

-A(obs) — -+
M(obs) (water)

+ n[Fe] (@)

~M(para) Al(diam)

For complex particulate systems, it has been established that the
contributions to the overall relaxivity from magnetic material in
different components of the suspension is often additive.13 In such

Fig. 1 Representative TEM images of denatured hs-DNA-magnetite
nanoeomposites (a) without and (b) with subjection to a magnetic field of
7T, (c) double-stranded hs-DNA-magnetite nanocomposites without and
(d) with subjection to a magnetic field of 7 T (see ESI for further TEM
imagesf).

This journal is © The Royal Society of Chemistry 2004
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Fig. 2 NMRD relaxation curve recorded at a measuring frequency of
9.25 MHz for (a) (A) denatured hs-DNA-magnetite nanocomposites;
(b) () double-stranded hs-DNA-magnetite nanocomposites; (c) (----—-)
simulated curve for a two component system (see text below); (d) (------- )
simulated curve for a distribution of superparamagnetic particles of
magnetite of diameter 9 + 2 nm and () (°) double-stranded salmon sperm-
DNA-magnetite nanocomposites. All measurements were carried out at
25 + 1°C. All measured NMRD curves were stable; errorsin r, are 1%,
with repeat preparations giving the same ri to 3%.

cases the paramagnetic contribution to the relaxivity is given by
eqn. (2):

A = "2, xiru @

(xt is the mole fraction of Fe in component i, with relaxivity ru.)

The NMRD curves obtained for both DNA composites differ
dramatically from that expected for a purely superparamagnetic
magnetite sample, which can be successfully predicted by the
theory3®86 developed previously for dispersed magnetite suspensions
(Fig. 2(d)). In particular the relaxivity at low field in both cases, but
especially for the single-stranded sample, is extraordinarily high.
The denatured DN A nanocomposites (Fig. 2(a)) show an unusual
dual power law dependence of T\ on frequency, which is not
consistent with the predictions of outer sphere theory.14 We
propose that the behaviour of the two different DNA-stabilised
systems (Figs. 2(a) and 2(b)) can be explained on the basis that the
denatured DN A material is composed of ‘magnetically aggregated’
particles of relaxivity rlagg while the double-stranded DNA com-
posite also contains ‘magnetically dispersed’ superparamagnetic
particles. The solid curve (Fig. 2(c)) is a fit to the data for the
double-stranded hs-DNA sample (Fig. 2(b)) based on egn. (2). We
assume a two-phase system, using j-lspm taken from the simulated
NMRD response (Fig. 2(d)) and rlagg from the denatured DNA
nanocomposites and further postulating that the relaxation due to
the dispersed and aggregated populations is additive (xspm = 0.59
and yagg = 0.41). The materials therefore have a larger local
magnetic moment, consistent with improved magnetic ordering
and higher relaxivity. The differing behaviour of the two types of
DNA samples may be attributed to the greater binding efficiency of
the single-stranded segments of the denatured DN A which results
in higher concentration of the magnetite particles. Also included
(Fig. 2(e)) are data for an analogously prepared double-stranded
salmon-sperm-DNA-magnetite nanocomposite, which exhibits
very similar two-phase behaviour. For this sample the rimaximum
due to the superparamagnetic fraction is more apparent.

In summary, we have successfully prepared long-range ordered
chains of denatured hs-DNA-magnetite nanocomposites. TEM
analysis and spectroscopy results are consistent with magnetite
nanoparticles bound to the DNA phosphate groups, acting as a

cross linker between strands, thereby increasing the chain length to
micron size. It is found that, in contrast to the behaviour with
duplex DNA, the denatured hs-DNA-magnetite nanocomposites
can be aligned in a magnetic field. The denatured DN A composites
also exhibit an unprecedented dual power law dependence of the
water T, on frequency and a remarkably high relaxivity at low
field. This suggests that such materials might be potentially useful
for low field MRI.4 Future work will include a study of these
particles bound to synthetic DN A of defined sequence and varying
length and a detailed examination of the causes of the very high
relaxivity.

We thank Dr John O’Brien for assistance with magnetic field
trials, Sean Quilty of Particular Sciences Ltd. for performing PCS
measurements, Dr Alain Roch and Prof. Robert Muller for helpful
discussions. This work is supported by the Enterprise Ireland
Research Innovation Fund (IF-2001-364) and HEA PRTLI
programme.
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XExperimental procedure: the sodium salt of herring sperm (hs) DNA
(0.06 g in 100 mL autoclaved water) purchased from Aldrich was
denatured by boiling to 100 °C. The extent of denaturation was monitored
via the UV absorbance of the DN A solutions. Both double-stranded and
denatured DNA solutions were added directly to a solution of ferric and
ferrous salts in autoclaved water [FeClI3, 2 x 10-2 mol dm-3; FeCI2, 1 x
10-2 mol dm-3]. The magnetite nanoparticles are formed via addition of
ammonia solution until a pH of 9 is reached. The resultant magnetic
precipitate was then washed several times with autoclaved, double distilled
water and dried once a neutral pH was achieved.
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8.4 Magnetite addition of 3.5 equivalents

Sample H5, Z-average 11.5 nm, 3.5 monolayer equivalents over 50mg silica-C 18 in
heptane. [Fe] = 3.48 mM. Total volume 0.8 ml. The PCS data is shown in Figure 8.1.

Figure 8.1. Z-average (m) and mean counts (m) for the 3.5 equivalent addition of
magnetite suspension on silica.

Figure 8.2. The polidispersity index for the 3.5 equivalent addition magnetite suspension
on silica

As is normally the case the backscattered intensity went through a maximum. It can be
seen that the growth is linear after the induction period, with a rate of growth almost
equal to the BE experiment (despite the higher Fe concentration. However the growth
does not slow down with time. It is possible to fit all of the later time data with a single
line. This suggests that for the BE experiment the reduction in growth rate is due to the

absence of smaller particles. It is interesting to note that the growth can be extended to
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larger clusters, although the monodispersity is not significantly improved over the BE

experiment, at least at this concentration, and it does not decrease in the later stages.
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Figure 8.3. 3.5 equivalents (—) Ih, (—) 15h, (—) 44h, (—) 57h

Table 8.1. Time required for different equivalent silica experiments to reach maximum
counts and Z-average at max.

Layers Time to counts max Z-average(PDI) at max
(h) nm
1 -14 1000+ (0.4)
2 30-40 55 (0.2)
35 75 140 (0.2)
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8.5 Stoichiometry of magnetite nanoparticles
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