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ABSTRACT
This project involves an investigation of the synthesis of metal oxide superparamagnetic
nanomaterials (SPNs) using high-intensity ultrasound. These materials have a number of
applications, including medical imaging, magnetic storage media, gene and drug targeting, DNA
chip characterization, biosensors, proteolysis, and a type of cancer treatment known as magnetohyperthermal therapy. Detailed synthetic and purification methods are described for
superparamagnetic nanoparticles of the tertiary alloy neodymium iron boride (Nd Fe B) through
2
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the use of high intensity ultrasound. XRD, SEM/EDX, and TEM data are presented for the
Nd Fe B nanoparticles. Thoughts on improvements for the synthesis, purification techniques,
2
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and analyses are offered.
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CHAPTER I
1.1 INTRODUCTION
Within the scientific community, there exists a continual desire to refine current procedures and
their effectiveness through investigations of theoretical applications and ideas. To effectively
approach an idea in its entirety, understanding many fields of study are often necessitated and
consequently employed to produce the desired product.1 This thesis utilizes such a technique
with a strong focus in chemical knowledge and applications. In this thesis, I detail an account of
initial steps toward the synthesis of neodymium iron boride superparamagnetic nanoparticles
which has proposed use in the application of magnetic hyperthermia as a treatment for patients
with prostate cancer.

Figure 1.1 : Crystalline Structure of Nd2Fe14B. Yellow spheres represent the rare-earth element
neodymium (Nd), red spheres are boron (B), and the blue spheres are iron (Fe)2.
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The superparamagnet neodymium iron boride, which is illustrated in Figure 1.1, is currently the
world’s strongest known magnet, whose properties attract attention from scientific communities
and researchers. Like other superparamagnets, neodymium iron boride displays unique magnetic
properties that take place when its nanoscale diameter is 2-5nm3. These novel properties include
high uniaxial anisotropy,4 high magnetic saturation,4-8 absence of hysteresis or magnetic
remenance,7,9-12 low magnetic coercivity,10,11 and high thermal energy dissipation.5,13 Due to
the unique nature of these magnets, they have interested researchers for their potential use in
applications such as biotechnology,14-17 nanomedicine,13,15 and nanopharmacy.15 Currently,
superparamagnetic nanoparticles have been synthesized on the nanometer scale in dimensions
from 50-100nm.17,18 Synthesis of these magnets on a 2-5nm scale has not yet been reported.
The 2-5nm diameter scale is crucial because it is this diameter range that allows the magnets to
display optimal superparamagnetic properties that are desired for scientific research and
applications.

A potential method for the synthesis of neodymium iron boride is the utilization of
sonochemistry. Ultrasound as a chemical synthetic method has been used in the research
community for years and has produced compounds such as semiconducting nanocrystals of MP
(where M=I, Ga, Fe)19,20 and has provided a method of organic green synthesis.21,22
Sonochemistry encompasses the use of ultrasound waves in chemical syntheses. Using high
intensity ultrasound has many benefits that would be specifically desirable for the application of
synthesizing neodymium iron boride. The use of high intensity ultrasound allows for controlling
the diameter of the product and for an inexpensive, highly efficient product outcome.19
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Therefore, high intensity ultrasound is an ideal method for efficiently synthesizing neodymium
iron boride superparamagnetic nanoparticles.

Sonochemistry, nanomaterials, and superparamagnetism have all played a role in the design of
this research. A historical background for each area is detailed to give a developmental context
of the strides within each subfield thus far. The accounts described are then related to the
broader scope of this thesis. A succinct discussion of how each field contributes to the layout of
this research follows the historical context. To conclude the introduction, a brief overview of
one of the end-goals of this research, applications in magnetic hyperthermia is presented.

1.2 THE ORIGINS OF SONOCHEMISTRY
1.2.1 Principles of Sonochemistry
Sonochemistry is a field which studies chemical reactions in the presence of ultrasonic radiation,
which is defined as 20kHz-10MHz23,24 and is above the threshold of human hearing. The driving
force behind the sonochemical process is acoustic cavitation, as shown in Figure 1.2. The first of
the three main steps of acoustic cavitation is creation of the bubble. As the ultrasound waves
propagate through the liquid, they undergo compression and rarefraction cycles. Eventually, the
attractive forces between the molecules of the liquid will be exceeded by the negative pressures
generated during the rarefraction cycles and a void, or cavity, is created. These newly created
bubbles are very small in size.24 The second phase is the growth of the bubble. The bubble
continues to take in solute vapor which allows it to grow during consecutive cycles instead of
collapsing during compression. The final stage is the implosive collapse of the bubble.25 Once
the bubble has reached its maximum size determined by the acoustic power and frequency of
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ultrasound, it will violently collapse and, in the process, generate pressures of 10-1000atm and
temperatures of 500-17,500K, depending on the system vapor pressure.23

!

Figure 1.2: Process of acoustic cavitation23.

There are two over-arching ultrasonic application methods, indirect and direct ultrasound.
Indirect application is usually achieved through an ultrasonic bath in which a container holding
the sample is placed in the bath solution and ultrasound waves propagate through the walls of the
container to reach the sample, as shown in Figure 1.3a. Comparatively, as seen in figure 1.3b,
direct application is delivered through ultrasonic probes in which the ultrasonic waves are
propagated directly into the solution. In this method, there is no physical obstacle for the waves
to cross other than the experimental solution itself. Another advantage presented by probes is
that they are capable of delivering higher intensities than ultrasonic baths, which is due to the

4!

achievement of higher amplitudes.26 Ultrasonic probes can also be manipulated to attain
different effects,26 such as being tuned to obtain optimum performance at varying powers.27
Probes also allow for higher power and better power control.27 In this research, a direct
application of ultrasonic wave propagation is utilized due to the aforementioned advantages and
its ability to aid in the synthesis of novel materials such as nanoparticles.

The ultrasonic probe is a key component of the mechanisms of the wave propagations. The
energy begins in the form of electrical energy, usually around 60Hz. This energy is transformed
by a piezoceramic transducer in the ultrasonic converter into mechanical vibrations that have a
fixed, ultrasonic frequency. The probes themselves then amplify and transmit the ultrasonic
energy into the liquid sample.26 Once the ultrasound is in the sample, acoustic cavitation begins,
along with subsequent chemical reactions.
!

Figure 1.3a: Indirect ultrasound bath.27

Figure 1.3b: Direct ultrasound probe.27
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1.2.2 Origins of Sonochemistry
Sonochemical experiments present advantages to researchers such as inexpensive methods,
controllable particles sizes, and increased yields compared to other methods.19,25 The future of
sonochemistry was first realized in the late 1920s.28,29 In the next few decades, work was done
to develop the field of sonochemistry, and in the late 1940s sonochemistry had been reported as a
method for chemical synthesis.30 The next major achievement for sonochemistry came with the
production of the ultrasound bath, which has use in laboratory and commercial applications, such
as in cleaning and surface decontamination.31-33 Using ultrasound irradiation for chemical
synthesis has been under investigation since the latter half of the 20th century. It has been used in
the production of monoscale catalysts for reduction methodologies.26,34 Sonochemistry has been
used to synthesize gold nanoparticles (GNPs) with uniform dispersion and controlled particle
size.35 In addition to GNPs, sonication has been used to synthesize transition metals such as
iron36,37 and binary alloys of NiFe2O438. Nanoclusters of anisometric cobalt with diameters
around 100nm have been synthesized through sonication of hydrazine and cobalt.39
Sonochemistry has proven to enhance magnetic properties in magnetic materials.37,40 For
example, a sonochemical method to synthesize the rare earth metal complex, Dy2((CO3)3-xH2),
has been developed.41 The success of this sonochemical synthetic method led to the idea to
synthesize other rare earth metal compounds using rare earth metal salts, such as neodymium,
and even more rare earth transition metal compounds such as neodymium iron boride.
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1.3 THE BEGINNING OF SUPERPARAMAGNETISM AND ITS USE
1.3.1 Superparamagnetism Explained
To understand superparamagnetism, paramagnetism must be explained first. Paramagnetism
occurs when an atom or molecule contains one or more unpaired electrons in its outermost
valence shell.42 In order for a material to have a magnetic moment, it must possess partially
filled subshells. The coupling mechanisms among electrons contribute to the resultant magnetic
moment. The two electronic coupling mechanisms present involve orbital angular and spin
momentum. Quantum numbers of the unpaired electrons, n, define the spin and orbital motions
of an electron, such that S=n/2, where S is the spin momentum quantum number. The orbital
angular momentum quantum number, L, also contributes to the spin and orbital motions. The
measure of magnetization, the magnetic moment, µ, makes use of both quantum numbers and is
concurrently defined as42
µ = [4S(S + 1) + L(L + 1)]1/2

A strong coupling between spins is desired for a resultant magnetic moment and is dependent
upon an exchange energy that has the ability to overcome the electronic repulsion between the
neighboring electrons.43 The exchange energy is a consequence of exchange interactions, which
is the quantum effect of energy differences when two identical particles’ wave functions
overlap.44 A favorable exchange energy results in a coherent rotation of the molecules, resulting
in a parallel orientation.13,44 A magnetic substance can be defined in relation to the Curie law, as
well13,45,46
" = # /T
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Where # is the Curie constant, T is temperature, and " is the magnetic susceptibility of the
material. The Curie law can be demonstrated in a graph as shown in Figure 1.4. If an exchange
interaction is present, then the temperature dependence of the magnetic susceptibility changes so
that at high temperatures, the paramagnetic state is reached. The magnetic susceptibility then
obeys the Curie-Weiss law
" = # /(T-$p)

where $p gives the paramagnetic Curie temperature.46

Figure 1.4: Graphical depiction of Curie law for magnetic moments.5

From the previous discussion, a logical progression can be deduced. A paramagnetic substance
contains atoms whose magnetic moments are randomly oriented in the absence of a magnetic
field and results in a magnetization of zero. When a magnetic field is present, the moments
become parallel with the field and result in a nonzero magnetization. This value continues to
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grow very large until either magnetic saturation is reached or a nonzero temperature is present.
A nonzero temperature allows for thermal agitation. As a result, the moments are no longer
unidirectional and only a weak susceptibility is observed. In accordance with the Curie-Weiss
law, magnetic susceptibility decreases inversely proportional to temperature5 as shown in Figure
1.4. Materials are considered paramagnetic above the Curie temperature. But if the materials or
particles are small enough, then at a point below the Curie temperature, known as the blocking
temperature, they will behave as a paramagnet with magnetic moments that are much larger than
the individual spins of an electron. This is known as superparamagnetism. In this situation, as
the temperature is increased the superparamagnet will lose its remenance and exhibit large
increases in magnetic susceptibility.11,47,48

A ferromagnet is a unique case of paramagnetism. At a macroscopic level, this material can
exhibit strong magnetization when in the presence of an external magnetic field13 and a
decreased coercivity.49 In addition, a parallel arrangement of magnetic moments in adjacent
atoms is favored by positive exchange interactions.5,46 The magnet will saturate if it is placed in
a large enough magnetic field. Superparamagnets are defined as very small particles of
ferromagnets that exhibit a huge magnetic moment above a blocking temperature and possess
both a large magnetization moment and susceptibility.5,13,47

1.3.2 Properties of Superparamagnets
As a special case of ferromagnetism, superparamagnets possess many properties that are ideal for
research and practical applications. As mentioned previously, a large magnetization will result
when a field is applied to ferromagnets and, by consequence, superparamagnets as well.
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Applying a magnetic field to superparamagnets induces the magnet to follow the H/T law which
is defined by the Langevin function and H is defined as the magnetic field5. In 1949, L. N%el
developed the theory of superparamagnetism5, which he explained using the Arrhenius lawI for
the time of magnetic reversal in the single domain magnetic particles, superparamagnets.50

Unlike ferromagnets, superparamagnets do not possess a magnetization when there is an absence
of an external magnetic field. In other words, they lack magnetic remanence. This means that
the particles are returned to a magnetization state of zero once the magnetic field is removed
instead of retaining a small amount of magnetic properties, as ferromagnets do.10,12,51 Due to this
phenomenon, superparamagnets are no longer aligned in a unidirectional orientation as seen in
figure 1.5. Therefore, they do not necessitate a coercive field. The coercive field is the external
energy field required to bring the induced magnetization value back to zero.10,11,52 This decrease
of normally necessary coercivity associated with superparamagnetism is attributable to the loss
of thermal stability of the individual particles.10,47,53

Figure 1.5: Alignment of superparamagnetic nanoparticles. Alignment with magnetic field
(H!") and without a magnetic field (H=0).13
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
I

Arrehenius law is defined as the dependence of a chemical reaction’s rate constant, k, on the temperature, T, and
activation energy, which is shown as Ea. It is given by
k = Ae-Ea/RT
5
where R is the gas constant . !
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Superparamagnetic particles are classified as being below the critical volume, which forces them
to have no hysteresis, or anhysteresis,7,13 under a varying field, as shown by the absence of a loop
in the hysteresis curve in Figure 1.6b. In contrast, particles above the critical volume, such as
ferromagnets, do have a hysteresis loop10 as shown in Figure 1.6a. Hysteresis loops are used to
determine magnetic properties of a material and are a plot of magnetization, M, versus magnetic
field, H, as seen in Figure 1.7.

!
!

!

!

Figure 1.6a: Ferromagnetic hysteresis curve.7

Figure 1.6b: Superparamagnetic hysteresis
curve.7!

!
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Figure 1.7: Magnetic hysteresis curve.54

If the external magnetic field is sufficient, all the spins of the material will align with the field
and the material will reach its maximum magnetization value, known as its saturation
magnetization, Ms.13,52 Superparamagnetic particles have a high magnetic saturation, displaying
higher values of magnetization than do ferromagnets and other compounds.3,7 Once the field is
removed, the value of magnetization is referred to as remnant magnetization, Mr. 13,52 As
mentioned before, ferromagnets have a remnant magnetization, which superparamagnets do not.
The absence of remenance in superparamagnets renders them an ideal subject for study, since it
allows them to be more controllable and to have no potentially deleterious side effects due to
remaining magnetization once a field is removed.
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The information provided in a hysteresis loop can also be used to delineate the magnetic
induction.10,13 Magnetic induction, B, is derived when a magnetic field, H, is applied to a
material. Mathematically, the magnetic induction can be related to the magnetic field and
moment by the following equation
B = µ0 (H + M)

where µ0 is defined as the permeability of free space and M is the magnetic moment per unit
volume. The magnetic moment can also be defined in relation to magnetic susceptibility, "13
M="H

Both M and H are expressed in amperes per square meter, A/m2 while " is dimensionless.
Superparamagnets exhibit positive magnetic susceptibility, which means that their magnetic
moments are in the same direction as the applied magnetic field. This positive susceptibility is
opposed to negative magnetic susceptibility, which indicates opposite directionality.7,13,50

The wide distribution of hysteresis loops available is directly due to the domain structures of the
magnetic material. A domain is defined as a group of spins who have a unidirectional magnetic
moment and act together in the magnetization process.13 Multi-domain structures, in which the
formation of domain walls is favored, are present in large particles. These structures exhibit
coercivity and account for the loop present in the hysteresis curve as seen in Figure 1.6. As the
diameter of the particle approaches the critical diameter, Dc, domain walls are no longer
energetically favored. At this size, it is now more energetically favored for the material to
possess single domains. Single domain particle magnetization happens through a single unison
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rotation of spins, as seen in superparamagnetic nanoparticles.55 As particle diameter diminishes,
so does the strength of the coercivity.56 Therefore, particles with sizes that are very small and
not close to the critical diameter, such as superparamagnets, do not have coercitivities, which
results in the loss of a loop in the hysteresis curve13 as shown in Figure 1.8.

Figure 1.8: Diameter size, Dc, as a function of field coercitivity, Hc.54

The single unison rotation of spins in a single domain particle is aided by the superparamagnet
possessing uniaxial anisotropy. Magnetic anisotropy is the defined directional dependence of the
magnetic properties of the material. When there is no external magnetic field present, the
magnetic properties are not aligned in any direction. In the presence of a magnetic field,
however, the magnetization will align along a predefined axis.57 In uniaxial anisotropy, there is a
single preferential crystallographic axis, or direction, along which all magnetic properties
align.13,50 Superparamagnets possessing uniaxial anisotropy possess a more coherent magnetic
field strength.
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When superparamagnetic nanoparticles are exposed to an external magnetic field, their
individual magnetic moments align with the external field to become parallel. Not only does this
rotation contribute to the overall magnetic moment of the nanoparticles, but it also contributes to
the energy released by the nanoparticles themselves. The supplied energy from the magnetic
field allows the nanoparticles to overcome their energy barrier and rotate to their parallel
conformations. Once the field is removed, the particles undergo Neél relaxation. As shown in
figure 1.9, in Neél relaxation, the individual magnetic moments return to their equilibrium
orientation and simultaneously generate heat through thermal dissipation.13,58 The time for Néel
relaxation, tN in relation to the temperature is as follows13
tN = t0eKV/kT

where t0 = 10-9s, T is temperature, and k is the Boltzmann constant. Heat is also generated
through Brownian motion, which is caused by the external magnetic field exerting torque on the
magnetic moment13,58

tB = 3!Vb/kT

tb is defined as the frequency for magnetic heating and ! is the carrier’s viscosity. The above
equations relate the importance of time dependence of magnetization and the size of the
particles. In association with time dependence, the smaller the particle, the shorter relaxation
time there will be. As one can see above, a shorter relaxation time will result in a higher
temperature of heat generated, as temperature and time are inversely proportional in both
situations. Therefore, superparamagnetic nanoparticles, such as Nd2Fe14B and samarium cobalt,
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SmCo5, will have a very short relaxation time and consequently, a large thermal energy output
upon induction.

!

!

Figure 1.9: Particle Rotations. Neél relaxation rotations (top) and Brownian relaxation rotations
(bottom).13

1.3.3 Research Development of Superparamagnets
Various methods have been developed to synthesize magnetic and superparamagnetic
nanoparticles. Of special interest are the rare-earth-transition-metal compounds. These
compounds combine the characteristic large magnetic moment and uniaxial anisotropy of rare
earth metals with the high Curie temperature of the transition metals. Within this group of
compounds lies the best permanent magnets known, neodymium iron boride and samarium
cobalt. In fact, Nd2Fe14B magnets have an energy product 1000 times greater than magnetite
magnets.5 Although transition metals, such as cobalt, iron, and nickel, display strong magnetic
properties, their development is offset by their difficult processing. The main difficulty in
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handling these transition metal nanoparticles is that they are air sensitive. Researchers have
typically maneuvered around this obstacle by synthesizing simpler compounds, such as metal
oxides, which are easier to handle but are also, unfortunately, less magnetic. Recently, cobalt
nanoparticles have been investigated for techniques for transition metal nanoparticle synthesis.
Cobalt nanoparticles possess magnetic properties that are size dependent, similar to
superparamagnetic nanoparticles of neodymium iron boride.59 The progress made in the
syntheses of cobalt nanoparticles is promising for future syntheses of the superparamagnets
neodymium iron boride and samarium cobalt. The synthesis of cobalt nanoparticles has been
reported by injecting an organometallic reagent into a surfactant solution with inert gas
protection against oxidation.60 The key to controlling the magnetic properties of a material is to
control the particle size during synthesis of the material. Monodisperse cobalt nanocrystals have
been synthesized using high temperature solution phase reduction resulting in samples ranging in
size from 2-11nm.59 The successful synthesis of small nanoscale diameters is important in the
progression of a superparamagnetic ternary alloy synthesis, such as neodymium iron boride. In
addition, magnetic nanoparticles that have been synthesized by in situ emulsion polymerization
have exhibited strong magnetic behaviors such as high saturation of magnetization.8 As a way to
combine the successes of cobalt nanocrystal and magnetic nanoparticle syntheses, the magnetic
binary alloy, iron platinum, has been reported as being synthesized by a reduction chemical
method called the ‘polyol process’.61 The ternary alloy, FexCoyPt100-x-y, was prepared via an
alternative reduction strategy and showed some superparamagnetic properties.62
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1.4 THE DEVELOPMENT OF NANOPARTICLES AND THEIR
APPLICATIONS
1.4.1 Nanomaterial Properties
Nanomaterials are defined as having at least one dimension smaller than 100nm and encompass
the subfields of nano-objects, with dimensions less than 100nm, and nanoparticles, which have
three dimensions less than 100nm.63 Nanoparticles, especially, possess the capability to traverse
inside cells with ease.13 The significance of nanotechnology was demonstrated as early as
1959.25 When compared to their bulk counterparts, nanoparticles display notably different
electrical, chemical, magnetic, and optical properties.13,25,63 Three reasons can account for their
properties.
a. Nanomaterials possess a surface area which is much larger than materials with
identical mass but larger size.13
b. Due to the increased surface area to volume ratio,64 the percentage of atoms at the
surface is increased. Since many reactions occur at the surface, more reactive
chemical, electrical, and mechanical properties are observed.
c. Optical, electrical, and magnetic properties are affected since quantum effects dictate
the behaviors of materials at the nanoscale.65,13
Nanomaterials have been a key interest of research in chemical fields. Due to their size domains
and consequently their properties, nanomaterials exhibit the potential to be exploited for many
applications. For example, nanoparticles are under profound investigation in the biomedical area
of nanopharmacy as drug vectors.15 In addition, nanomedicine is now accustomed to using

18!

nanoparticles in therapeutic applications. Some of these include gene and drug targeting,15 DNA
chip characterization,16 biosensors,14 use in proteolysis techniques,17 and a cancer treatment
known as magnetic hyperthermia.13,15

1.4.2 Methods of Synthesis for Nanomaterials
Chemistry stands out among other fields in that it is capable of synthesizing and contributing to
the design of materials that possess nanoscale structure. As a result, chemical methods have
been vastly used to synthesize nanomaterials, specifically nanoparticles. For example, a certain
type of nanoparticle, Chitosan nanoparticles, has been produced using ultrasonic waves in
piezoelectric oscillators. Synthesizing nanoparticles with this method led to the benefit of
controlled sizes for optimal uptake by cells. Superparamagnetic iron oxide nanoparticles, also
known as SPIONs, have been synthesized using a new gas-flame reduction method. This
method showed increased iron crystalline structure formation, which is another desired property
in nanoparticles.67 In order to control the diameter sizes to around 7.5nm, monodisperse gold
nanoparticles have been synthesized using controlled thermolysis in the presence of
stearylamine.68 The advances made in nanoparticle synthesis have led to being able to use
sonochemistry as a synthetic method. Binary alloys such as gold-platinum,69 palladium-tin,70
and gold-ruthenium70,71 as synthesized by Casadonte and group have been made using high
intensity ultrasound. Sonochemical methods allow for control of particle diameter, control of
frequency and amplitude, and inexpensive techniques that all contribute to the progress of
nanoparticle synthesis.
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1.5 MAGNETIC HYPERTHERMIA AND ITS USE IN CANCER
TREATMENT;
POTENTIAL APPLICATION OF Nd2Fe14B
1.5.1 Scope of Nanomedicine
Considering that the physiological properties of the human body operate on a molecular level, it
is reasonable to develop treatments and intravenous procedures that utilize synthesized particles,
which can act on a molecular level, such as nanoparticles. Nanoparticles can range in diameter
from 2-100 nm, which is comparable to the size of a protein (5-50nm) and a cell (10-100µm).7
This notion has led to the development of the field of nanomedicine. Nanomedicine is defined as
the manipulation of particles at the nanometer scale for the diagnosis and treatment of diseases at
the molecular level of the body.13,15 As mentioned previously, nanometer materials possess
unequaled electric, magnetic, optical, and structural properties.6 These properties are exploited
in the use of inorganic nanoparticles in nanomedicine treatments such as drug delivery, magnetic
resonance imaging, cell mechanics, tumor progression, nucleic acid and cell separation, and
magnetic hyperthermia.7,73-75

1.5.2 Magnetic Hyperthermia
Magnetic hyperthermia utilizes magnetic nanoparticles, and specifically materials that exhibit
superparamagnetism, to generate locally high temperatures to destroy cells. Magnetic
nanoparticles contribute multiple advantages to magnetic hyperthermia treatment:
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a. Once in a biological system, magnetic nanoparticles can be effortlessly indentified
and followed.13
b. By applying an external magnetic field, magnetic nanoparticles can be easily
manipulated to focus activity in a particular area.7,76
c. Through their response in a time-varying magnetic field, magnetic nanoparticles are
capable of transferring energy received from the high energy magnetic field to their
tagged biological substituent.7,13
d. The magnetic field used for magnetic nanoparticle manipulation only affects the
nanoparticles and does not have adverse affects on the surrounding, untagged healthy
tissues and cells77. This phenomenon is due to their absence of hysteresis and
coercitivity.13

Magnetic hyperthermia takes advantage of cancer cells’ susceptibility to temperature
fluctuations. Healthy cells are not nearly as sensitive to changes in temperature as cancer cells.77
As such, identified tumors can be treated thermally. In this treatment procedure, tagged
magnetic nanoparticles are injected intravenously to the carcinogenic area, transported via blood
flow, and are attached to the affected site by biological receptors.78 Under an external magnetic
field, the magnetic particles will become magnetized and will release thermal energy during
relaxation once the field is removed. The carcinogenic tissue attached to the nanoparticles will
become heated from the thermal energy released during the relaxation process. As a result, the
cancerous cells will not be able to withstand the rapid temperature fluctuation and will die.77,79
Although this treatment destroys only cancer cells,78 there are some drawbacks that are currently
under investigation.
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a. High magnetic fields are required to deliver enough energy for thermal lysing.13
b. The nanoparticles must have a desirable Curie temperature, Tc. Once above the
material’s Curie temperature, energy can no longer be absorbed13.
c. Localizing the nanoparticles in only the affected area is difficult since they can be
attacked by the body’s defense system13, unless they are protein encapsulated.

1.5.3 Nd2Fe14B as a Superparamagnet for Magnetic Hyperthermia
Superparamagnetic nanoparticles, such as iron neodymium boride, provide a solution to two of
the three aforementioned problems. Iron neodymium boride is a superparamagnet, and therefore
possesses a high saturation of magnetization and a high Curie temperature. A material with the
highest heat power per unit particle should be delivered in order to provide the most effective
thermal lysing abilities.80 Nd2Fe14B is a material that can provide sufficient amounts of heat due
to its high saturation and Curie temperature. Currently available magnetic hyperthermia methods
cannot reach certain parts of the body, such as the brain and prostate.81 Magnetic hyperthermia
with Nd2Fe14B provides the opportunity to use highly magnetic and specific particles to reach
previously untreated regions of the body. As a result, the problem of localizing the particles can
be solved by tagging the iron neodymium boride particles with antibodies corresponding to the
infected cells.13,73

1.5.4 Research Development of Nanomedicine and Magnetic Hyperthermia
The use of magnetic particles in medicine can be traced back to the work of the Surgical
Research Laboratories of Presbyterian St. Luke’s Hospital in 1957. Iron oxide magnetic
metalloparticles, on the scale of micrometers, were injected intravenously to utilize magnetic
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hysteresis as a heating agent in the destruction of lymph nodes post-chemotherapy.82 Iron oxide
magnetic particles have been further developed by synthesizing them on a nanometer scale for
use as heating probes in magnetic fluid hyperthermia. The use of iron nanoparticles led to an
increased specific absorption rate and better Curie temperature.83 One problem is that a higher
specific absorption rate than the reported 240W/gFeNP-COOH is desired. The success of iron
nanopartilces warrants the investigation of nanoparticles, such as iron neodymium boride, that
possess a higher specific absorption rate due to their higher saturation of magnetization.

Further investigation of iron oxides has led to the usage of SPIONs in nanomedicine applications
such as magnetic drug targeting and magnetic hyperthermia.84,85 SPIONs, which are smaller
than 100nm, have presented many advantages in their applications such as higher surface areas,
lower sedimentation rates, improved diffusion through tissues, and lower toxicity.86 These
revolutionary nanoparticles display superparamagnetic properties which make them suitable for
treatment procedures. They have shown successful results in the treatment of tumors in
squamous cell carcinoma and swine, rabbit, and rat tumor remission.87-90 Although these iron
oxides are reported as successful, they provide an inadequate magnetic gradient and
inadvertently target healthy cells surrounding infected cells. The use of iron neodymium boride,
a stronger superparamagnet, would alleviate this problem by providing a higher energy magnetic
field. In addition, iron neodymium boride would enhance the advantages of magnetic
hyperthermia through their smaller diameters, which would provide increased surface areas and
facile diffusion. As an extension of SPION evolution, SPIONs have been used in combination
with iron neodymium boride permanent magnets, which has resulted in improved magnetic
properties and enhanced target delivery.86
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PART II
2.1 PROOF OF CONCEPT
2.1.1 The Binary Alloy SmCo

5

The binary alloy and superparamagnetic material samarium cobalt, SmCo , was previously
5

synthesized using high intensity ultrasound as a proof of concept. Samarium cobalt displays
superparamagnetic properties just as neodymium iron boride does. It has an absence of magnetic
remenance, anhysteresis, has a single domain of magnetization, high saturation of magnetization,
and release of thermal energy upon relaxation. But it differs from neodymium iron boride in that
the superparamagnetic properties of samarium cobalt are less intense, making it the world’s
second strongest magnet. It is second only to neodymium iron boride. In addition, samarium
cobalt is a binary alloy while neodymium iron boride is a tertiary alloy. The decreased
complexity of the samarium cobalt makes it an ideal material to utilize as a proof of concept for
superparamagnetic nanoparticle synthesis using high intensity ultrasound before applying it to
the more complex material, neodymium iron boride.

2.1.2 Synthesis of SmCo

5

Equipment used in this synthesis was the same as used in the synthesis of Nd2Fe14B, which is
outlined in 3.1.2.

Naphthalene, lithium metal, anhydrous samarium (III) chloride, cobalt (II) chloride, 250mL
sonication cell, 3-neck 150mL round-bottom flask, sonication horn, appropriate septa, and
copper wire were brought into the glove box. Once inside, 1.186g (0.01mol) cobalt (II) chloride
and 0.25g (0.001mol) samarium (III) chloride were added to the 3-neck 150mL round-bottom
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flask inside the glove box. Two of the necks were previously tied with two 2.08cm septa and
copper wire. The third neck was sealed with the same septa and wire in the glove box. Then,
0.16g (0.027mol) lithium metal and 0.53g (0.004mol) naphthalene were added to the sonication
cell. The two necks of the cell were previously tied with two 2.02cm septa and copper wire. The
cell was screwed onto the sonication horn inside the glove box. Everything was brought out of
the glove box.

About 130mL of tetrahydrofuran (THF) was added to the sonication cell using the Schlenk line.
The cell and its contents were sonicated for four hours at 35% maximum amplitude in a cooling
bath set at 5.5°C to give a cell temperature of 25°C.

Approximately 60mL of THF was then added to the 3-neck 150mL round-bottom containing the
samarium (III) chloride and cobalt (II) chloride. To prevent aggregation due to insolubility, the
flask sat in a sonication bath for 30 minutes. The contentes of the flask were transferred via the
Schlenk line to the sonication cell containing the newly synthesized reducing agent, lithium
naphthalide. The cell was sonicated for four hours at 35% maximum amplitude in a cooling bath
set at 5.5°C.

After sonication, the contents of the cell were quenched with 5cc sparged isopropanol to ensure
all the lithium had reacted.

2.1.3 Washing of SmCo

5

A 2 inch piece of dialysis tubing & inch in diameter was soaked in methanol and acetone for 15
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minutes each. One end of the tube was clipped shut with a septa and unfolded paperclip as
shown in Figure 2.1. The other end was opened very carefully using a needle. The rest of the
tubing was separated with the needle.

Figure 2.1: Septa wrapped with unfolded paperclip.

Using a syringe, the SmCo product was put into the dialysis tubing and the remaining end sealed
5

with an alligator clip. The product-filled tubing was placed in a 500mL 3-neck round-bottom
flask containing THF. The flask was sealed with three 2.08cm septa and copper wire. It was then
sparged with ultra high purity (UHP) nitrogen gas for two hours.

Three 250mL 3-neck round-bottom flasks containing four angstrom molecular sieves were
previously dried in a vacuum oven overnight. The flasks were then each sealed with three
2.08cm septa and copper wire. Acetone, isopropanol, and mineral oil were then put into each
flask and sparged for two hours under UHP nitrogen gas.

The following morning, the THF was switched out with fresh THF using the Schlenk line. Six
hours later, isopropanol was switched out for the THF. The next morning, the isopropanol was
switched out for acetone. Six hours later mineral oil was canulated into the flask in place of the
acetone. The product-filled dialysis tubing was allowed to sit in the mineral oil until XRD,
TEM, and SEM/EDX analysis the next day.
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2.2 SmCo5 CHARACTERIZATION
2.2.1 X-Ray Diffraction (XRD)
XRD analysis was done on a sample of superparamagnetic nanoparticles of SmCo5 synthesized
using high intensity ultrasound. The amorphous graph seen in Figure 2.2 indicates the presence
of particles present on the scale of nanometers. As shown at the bottom of the XRD plot, peak
intensities corresponding to nanoparticle SmCo3, Sm5Co2, SmCo5 were all present in the sample
analyzed.
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Figure 2.2: XRD plot of counts vs degrees measured.

2.2.2 SCANNING ELECTRON MICROSCOPY/ENERGY DISPERSIVE XRAY
SPECTROSCOPY (SEM/EDX)
As can be seen in Figures 2.3 and 2.4, SEM/EDX images were collected to analyze the product
formed during the synthesis of SmCo5. The images appear fuzzy because of the magnetic
properties of the SmCo5 nanoparticles. Due to strength of magnetization of the product, the
electrons that are ejected during SEM/EDX analysis are deflected off of the nanoparticles. This
tendency towards deflection produces pictures that are not as sharp as those would be of
nonmagnetic materials.

Figure 2.3: SEM/EDX 20!m image of SmCo5.
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Figure 2.4: SEM/EDX 10!m image of SmCo5.

As can be seen in the EDAX report in Figure 2.5, the atomic ratios of cobalt to samarium are
noteworthy in the indication of the presence of SmC05 in the product. The atomic percentage of
samarium is shown at 0.61% while the atomic percentage of cobalt is 3.27%. These percentages
give a ratio of 5:1 cobalt to samarium. This ratio is indicative of the correct stoichiometry of the
product SmCo5, in which there is indeed a 5:1 atomic ratio.
!
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Figure 2.5: Percent weight and atomic ratios from SEM/EDX analysis of SmCo5.
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2.3 NOTES ON SYNTHESIS OF SmCo5
2.3.1 Procedural Notes
While in the glove box, it is important that the samarium (II) chloride is added to the 3-neck
round bottom flask before the cobalt (III) chloride. The cobalt (III) chloride is a powder and
sticks to anything it touches, such as the spatulas and weigh boats. Care should be taken to
ensure that the salt containing flask does not tip over even while sealed. For the same reason as
above, the cobalt (III) chloride powder will cling to the sides of the glassware and stoichometric
measurements will become inaccurate. The lithium should be added to the sonication cell before
the naphthalide in the glove box. Although the glove box is considered anaerobic, there may be
minute traces of oxygen present. Lithium will oxidize quickly and result in less accurate
stoichometric measurements. The lithium metal should also be cut as finely as possible to ensure
maximum reacting during sonication.
The THF should not be added to the 3-neck round bottom flask containing the salts until right
before use. The salts showed solubility issues with the THF and had a tendency to aggregate and
clump together at the bottom of the flask. To avoid aggregation, the flask should be kept
continuously moving once out of the sonication flask. The movement should be done with a
circular, swirling motion and continued even through canulation. Some clumping will still
occur, but it will be much reduced.
When handling the dialysis tubing, it was discovered that the tubing becomes more brittle the
longer it is soaked in solvent and the longer it is being handled. Needles proved to be a risky
method to opening the tubing after soaking. The most effective and least risky method was to
open a corner of the tubing with a few drops of acetone and a syringe needle. The needle should
be worked slowly a few centimeters down the tubing. Then acetone should be injected until the
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tube is completely opened and slightly turgid with solvent. Once ready to inject the product, the
acetone should be dumped out while using a syringe to keep the tubing open until the product is
completely injected.

2.3.2 Thoughts on Improvement
Since the samarium (II) chloride and cobalt (III) chloride presented solubility problems when
mixed with the THF, it is logical for the next progressive step to be to find samarium and cobalt
salts that are more soluble in THF. Another alternative would be to find liquid forms of these
salts. A third option would be to change the solvent. Replacing the THF with a solvent that has
better solubility with samarium (II) chloride and cobalt (III) chloride could result in better
stoichiometric results.
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PART III
3.1 REAGENTS, MATERIALS, AND EQUIPMENT
3.1.1 Reagents and Materials
Iron pentacarbonyl was purchased from Strem Chemicals, Inc. Neodymium
trifluoromethanesulfonate was purchased from Sigma-Aldrich. A solution of boron fluoride in
tetrahydrofuran was purchased from Alfa Aesar. Iron pentacarbonyl was purchased from Strem
Chemicals, Inc. Neodymium trifluoromethanesulfonate was opened and kept in the glove box to
prevent oxygen contamination. For toxicity reasons, iron pentacarbonyl and boron trichlroide in
tetrahydrofuran were opened under a hooded vent using a septa and stored under gas. Lithium
metal and naphthatlene were ordered from Alfa Aesar. The 4 angstrom molecular sieves were
Fisher brand. The sieves were placed under a vacuum hood for further purification. Anhydrous
methanol and isopropanol were from Sigma-Aldrich. Acetone was purchased from
Mallinckrodt. The food-grade mineral oil was manufactured from Aaaron Industries, Inc.
Tetrahydrofuran was purchased from Fisher and was distilled prior to use. The acetone,
anhydrous methanol, mineral oil, and isopropanol were sparged under argon gas for two hours
before using. As shown in Figure 3.1, the glass sonication cells used with the high intensity
ultrasound were designed and fabricated in-house at Texas Tech University. The dialysis tubing
was purchased from Sigma-Aldrich.
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Figure 3.1 Sonication cell used in high intensity ultrasound procedure. The cell is 250mL in
volume.

3.1.2 Equipment
SEM/EDX Data: The scanning electron microscopy used during data analysis was Hitachi
brand, model S-4300 high resolution field emission.
XRD Data: A Rigaku brand, model Ultima III was used for X-ray diffraction procedures.
TEM Data: The transmission electron microscopy used for analysis was Hitachi brand, model
H-8100.
Glove box: The glove box model HE-43-2 used was acquired from VAC (Vacuum Atmospheres
Company). The glove box was kept under pressure using argon gas.
Sonicator: The sonicator used was from Sonics Vibra-Cell.
Cooling bath: The cooling bath was acquired from VWR Scientific and was an 1156 model.
Sonication bath: The sonication bath used was Cole-Parmer brand, model 8891.
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3.2 Nd2Fe14B
The synthesis of Nd2Fe14B was modeled after the previous procedure outlined for SmCo5 in Part
II. The only adjustment was using three salts in their appropriate stoichiometric amounts to react
and to form the product, Nd2Fe14B, instead of two salts in the case of SmCo5.

3.2.1 Synthesis
Lithium metal, naphthtalene, neodymium trifluoromethansulfonate, 250mL round bottom, 3neck flask, 250 mL sonication cell, one 2.08cm diameter septa, copper wire, and sonication horn
were brought into the glove box which is depicted in Figure 3.2. Then, 6.983g (0.01mole)
neodymiumtrifluroromethanesulfonate was put into the 250mL round bottom, 3-neck flask. The
flask was previously sealed with two 2.08.cm diameter septa and tied with copper wire before
being brought into the glove box. The third neck was sealed with septa and copper wire after the
neodymiumtrifluoromethanesulfonate was added in the glove box. Next, 0.16g (0.023mole)
lithium metal and 0.531g (0.004mole) naphthalene were measured and put into the sonication
cell. The sonication cell was secured to the sonication horn, as seen in Figure 3.3. The other two
arms were sealed with the two 2.02cm diameter septa and tied with copper wire before being
brought into the glove box. The round bottom flask and sonication cell with their contents were
brought out of the glove box.
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Figure 3.2: Glove box used in synthesis of Nd2Fe14B.

The sonication horn (with sonication cell attached) was connected to the sonicator as seen in
Figure 2.3. A Schlenk line was used to transfer approximately 130mL distilled THF into the
sonication cell. The lithium and naphthalene were sonicated at 35% maximum amplitude for 4
hours. The sonicaiton cell sat in a cooling bath during sonication, which is kept at 5.5°C, to give
a cell temperature of 25°C. While the reducing agent was sonicating, the 3-neck flask containing
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the neodymium trifluoromethanesulfonate was sparged using the Schlenk line under ultra high
purity (UHP) nitrogen gas.

Sonication
Horn
Cooling bath

Sonication Cell

Figure 3.3: Sonication cell secured to horn and sonicator.

After the lithium and naphthalene was reduced via sonication to make the reducing agent,
lithium naphthalide, 0.535mL (0.01mole) BF • THF and 18.407mL (0.01mole) iron
3

pentacarbonyl were transferred to the flask containing neodymiumtrifluoromethansulfonate using
a syringe. Yellow lights were used instead of fluorescent lighting during the transfer of iron
pentacarbonyl. The Schlenk line was then used to transfer approximately 30mL THF to the
round bottom, 3-neck flask containing the neodymiumtrifluorosulfonate, boron trifluoride in
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THF, and iron pentacarbonyl. To prevent the salts from aggregating in the THF solution, the
flask was shaken vigorously periodically to keep an even dispersion of the metal salts.
The cell was allowed to sonicate for four hours at 35% of maximum amplitude with the cooling
bath set at 5.5C.

3.2.2 Purification of Nd2Fe14B
Using a syringe purged with argon gas, the Nd2Fe14B product was quenched with 2cc sparged
isopropanol to ensure all the lithium metal had reacted.

A 4” piece of dialysis tubing was soaked in acetone for 15 minutes to quench any oxygen present
in the cellulose lining. One end of the tubing was folded and tied with a rubber septa-lined
alligator clip as can be seen in Figure 3.4. The tubing was opened along the edge with a needle.
Acetone was injected to open the entire tubing and to avoid puncturing the tubing with the
syringe needle. The acetone was then emptied out of the tubing as a syringe was used to extract
a sample of the product from the sonication cell. The sample within the syringe was injected into
the dialysis tubing and was quickly sealed with another rubber septa-lined alligator clip.

Figure 3.4: Alligator clip with septa lining used for synthesis.
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A large glass canister was filled with THF and sealed with 2.08cm diameter septa and copper
wire as can be seen in figure 3.5. Vice grips and vacuum grease were used to seal the glass lid
tightly to the glass canister. The product-filled tube was dropped into the glass canister. The
tubing was allowed to sit in the sealed canister and THF overnight.

Figure 3.5: Canister used for washing.

Four 250mL round-bottom, 3-neck flasks were prepared under a vacuum hood with 3 angstrom
molecular sieves overnight. 200mL of each acetone, isopropanol, anhydrous methanol, and
mineral oil were poured into separate flasks and each sealed with three 2.08cm diameter septa
and tied with copper wire. Each flask was sparged using the Schlenk line for two hours under
UHP nitrogen gas.
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In the morning, the used THF was switched out for fresh THF via the Schlenk line. After six
hours, the THF was switched out with isopropanol and allowed to sit overnight. The following
morning, the isopropanol was switched out with acetone through use of the Schlenk line. After
six hours, the acetone was switched out with anhydrous methanol using the Schlenk line. After
six hours the anhydrous methanol was switched out via the Schlenk line with mineral oil. The
product-filled dialysis tubing was allowed to sit in the mineral oil until being analyzed by
SEM/EDX, TEM, and XRD.
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PART IV
4.1 CHARACTERIZATION OF Nd2Fe14B
4.1.1 SEM/EDX
An SEM/EDX analysis was done on a sample of the product. The images generated from the
analysis can be seen in Figures 4.1 and 4.2. Similar to that of the SmCo5 sample, both of the
images appear slightly fuzzy due to the magnetic properties of the product. As indicated by the
100!m and 20!m resolution of the pictures, the clumps are not on the scale of nanometers in
diameter, but rather micrometers. The larger diameter size than is expected of a nanoparticle is
again due to the nanoparticles’ intrinsically potent magnetic characteristics, which allows the
particles to possess a tendency to aggregate together and form large clumps on the scale of
micrometers. The EDAX report for this analysis is shown in Figure 4.3. The atomic percents
given in the table show iron at 51.33% while neodymium is at 6.51%. When these numbers are
put into a ratio, it comes out to be 7.88:1.00, iron:neodymium. This atomic proportion is close to
the expected ratio given in the stoichiometry of 7:1, iron: neodymium. The EDAX report also
includes a photo of higher resolution than the 100!m or 20!m images. This image is on the
scale of 2nm, which corresponds with the predicted size diameter of 2-5nm. The nanoparticle
that is focused on in the picture, indicated by the red cross mark, possesses a diameter of 3-4nm.
Both the atomic percent ratio and the high resolution images indicate the presence of
nanoparticle Nd2Fe14B.
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Figure 4.1: SEM/EDX 100!m image of superparamagnetic nanoparticles of Nd2Fe14B
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Figure 4.2: SEM/EDX 20!m image of Nd2Fe14B
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Microanalysis Report

Figure 4.3: EDAX report for Nd2Fe14B.
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4.1.3 XRD
In addition to a SEM/EDX analysis, an XRD scan was also performed on the sample. An XRD
plot of the Nd2Fe14B sample can be seen in Figure 4.4. As can be seen by the peaks at the
bottom of the graph, the sample contains peak alignments and intensities that correspond to both
NdFe7 and Nd2Fe14B. These matching alignments and intensities indicate the presence of NdFe7
and the desired product of Nd2Fe14B within the sample. Figure 4.5 shows the same XRD plot
but with the figure of merit (FOM) results and percent composition by weight. The FOM for
Nd2Fe14B is shown to be at 1.6. The lower the FOM is, the better match that specific compound
is for the sample analyzed. In addition, 12.6% of the sample is composed of Nd2Fe14B as can be
seen by the percent composition by weight pie chart in Figure 4.5. These data results further
point to the presence of the desired product, Nd2Fe14B.
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Figure 4.4: XRD plot of Nd2Fe14B sample shown with matching peaks.
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Figure 4.5: XRD plot with percent weight and FOM shown for Nd2Fe14B. Figure of merit (FOM) is circled in red and
shown at 1.6. In addition, the sample analyzed is indicated at 12.6% Nd2Fe14B as shown by the red underlined text.

4.2 NOTES ON SYNTHESIS OF Nd2Fe14B
4.2.1 Procedural Notes
The same care with handling of the lithium metal while in the glove box should be taken as
outlined previously in 2.3.1.

Syringing the liquid salts, boron trifluoride in THF and iron pentacarbonyl, into the 3-neck round
bottom flask already containing the neodymiumtrifluoromethanesulfante proved to be difficult to
handle and deliver stoichiometric amounts to the flask. It was found that the most effective way
of doing this step was through utilization of the Shlenk line. The bottles should be kept under a
flow of UHP nitrogen while drawing the liquid into the syringe. This technique makes it less
strenuous to pull the syringe plunger up while holding the bottle. The pressure from the gas will
push it up with ease.

Once the THF was added to the flask of salts, some clumping and aggregation was observed.
Upon shaking the flask vigorously, the aggregates dispersed quickly into solution. But, once the
flask was set down for a few seconds, the clumping began again. The best method found was
continuously and vigorously to shake the flask, even during canulation.

As an observational note, after sonication of the lithium and naphthalene, the product, lithium
naphthalide was jet black in color and with even distribution over the entire product. Likewise,
after the salts were sonicated in the reducing agent, the product was a jet black color again.

When preparing the product for analysis by XRD, the best method found was to use a plastic
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bulb pipette. Since the nanoparticle product stayed suspended in solution, using a spatula did not
prove successful. Instead, the pipette was used to apply the seemingly liquid product drop-bydrop to the XRD holder. The THF was allowed to evaporate off between the application of each
drop. This evaporation technique eventually resulted in a nice, black film over the holder that is
sufficient for analysis.

Centrifugation with left over product was attempted. The contents of the dialysis tubing were
poured into a centrifuge tube and allowed to centrifuge for 10 minutes at 3000rpm. No visible
separation of product from the THF was observed. Approximatley 2mL of THF was added to the
tube containing the product and it was centrifuged two more times at the same setting and time
length. Again, there was no visible aggregation of product at the bottom. Perhaps this
observation is indicative of the strength of the superparamagnetic nanoparticles of Nd2Fe14B and
their strong ability to aggregate together in solution.

4.2.2 Thoughts on Improvements
Similar to the synthesis of SmCo5, problems of aggregation with the salts once the THF was
added were observed. The amount of clumping seen with
neodymiumtrifluroromethanesulfonate, boron trifluoride in THF, and iron pentacarbonyl was
much less than what was observed with previously used salts such as neodymium (III) chloride
and iron (II) chloride. But there was still enough clumping present to hinder a higher percent
yield. A possible alternative would be to find a neodymium salt that was also in liquid form as
are the boron trifluoride in THF and iron pentacarbonyl. The predicted best option for this
alternative is neodymium isopropoxide, which is, indeed, in liquid form. Another possible
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avenue for exploration is using a powder form of neodymium that is more soluble in THF. In
addition, an alternative solution with better solubility for neodymiumtrifluoromethanesulfonate
than THF could be used.
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