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Abstract

Biologically targeted magnetic hyperthermia (MH) is a promising cancer therapeutic that is both
non-invasive and has the potential to serve as a single-modality cancer treatment. MH operates
through the elevation of temperatures between 40-43 °C to induce apoptosis in malignant tumor
cells, while the small size of the magnetic nanoparticles preserves the healthy surrounding tissue.
At present, MH is limited by low heating efficiency and heterogenous outcomes, and treatment
requires direct-injection of the nanoparticles, excluding deep-tissue and metastatic tumors from
the therapy.

The most popular candidates for MH are the spinel ferrites iron oxide and manganese iron oxide
(MFO). These materials have been extensively discussed in the literature, but at present, no
significant relationship has been identified between synthetic method, material properties, and
in vivo efficacy. Synthesis at the nanoscale imparts a variety of novel properties on a material,
and difficulty in characterizing many of these features has led to a poor understanding of how to
tailor MFO for clinical applications. In order for MH to be realized as a standalone clinical
theranostic, several variables must be targeted. In particular, the saturation magnetization (Ms)
of the material must be maximized for in vivo applications.

Ms can be influenced by a variety of parameters that are highly dependent on synthetic condition.
Synthetic modifications were made to a facile polyol route in order to build a material model of
MFO using principal component analysis (PCA). Nanoparticles with average crystallite sizes
ranging from 4.8 to 12.3 nm were synthesized through a variety of conditions and served as
inputs for the PCA. This exploratory analysis aided in identifying which synthetic variations most
influenced material properties. A subset of samples was selected based on the PCA results for
further magnetic characterization, which enabled the identification of a single synthetic
methodology that maximized Ms for the series.

This work addresses several inconsistencies in existing literature regarding MH candidates, and
reports on the synthetic parameters necessary to maximize the Ms of MFO nanoparticles. It was
found that synthetic conditions played the most significant role in altering material properties,
while previously identified factors such as crystallite size were less influential. The optimized
synthetic strategy presented herein serves as a blueprint for future work in enabling MH as a
standalone treatment for cancer.



Chapter 1. Introduction to Magnetic Hyperthermia and
Magnetic Nanoparticles

1.1 Overview

According to the World Health Organization, cancer is a leading cause of death worldwide, with
the most common types being breast, lung, colon, and prostate.* While many types of cancer can
be cured, oncology treatments are notorious for their unpleasant side effects, extended
treatment times, and harsh treatment modalities. From the late 1800s, hyperthermia has been
used as an oncogenic therapy as whole body, regional, or local.? As hyperthermia continues to
gain traction as a cancer therapeutic, local treatments are being reduced to the cellular scale,
enabling a wider treatment scale than ever before.

1.1.1 Nanoparticles and Nanotechnology

The nanoscale comprises materials of sizes under 100 nm. At these dimensions, the increase in
surface area produces properties vastly different than those of the bulk counterpart due to
guantum size effects. Nanomaterials are able to cross cell barriers and be selectively activated,
and are currently being used in targeted drug delivery, enhancement of chemo and
radiotherapies, magnetic particle imaging, and as contrast agents for magnetic resonance
imaging (MRI).37® There is especially interest in nanoparticles with high photothermal and
colloidal stabilities for these applications.*?

For biomedicine, nanotechnology is one of the fastest growing research areas. When particles
have a single domain, they are able to absorb more radiofrequency to generate heat while leaving
healthy surrounding cells unaffected. Thus, a superparamagnetic material is the optimal
candidate for MH. It is important that the therapeutics have low toxicity and minimal nonspecific
binding in vivo.

1.1.2 Magnetic Hyperthermia as an Oncology Treatment

An often-undesirable side-effect of applying an alternating current (AC) magnetic field to
exothermic magnetic nanoparticles is the generation of heat. However, this property can be
capitalized upon for thermotherapies.!! Protein denaturation begins at 40 °C, and clinical
applications of magnetic hyperthermia (MH) operate through the elevation of temperatures from
40-43 °C to induce apoptosis in malignant cells.>14

MH has been combined with radiotherapy, chemotherapy, and magnetic particle imaging to
enhance their cytotoxic effects via intratumoral injection of magnetic nanoparticles.*°1215-17
However, these approaches are limited by low heating efficiency, heterogenous outcomes, and
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still require direct-injection of the nanoparticles, which prevents deep-tissue tumors from being
reached.>'®1° These weaknesses can be mediated with the assistance of biologically targeted
MH, which is a noninvasive treatment.*

MH localizes magnetic nanoparticles (MNPs) in tumor sites, where through the application of an
AC magnetic field, converts electromagnetic energy to heat. MNPs can easily cross biological
barriers to accumulate in the target cells, which enables extremely targeted treatment without
causing damage to the healthy cells surrounding the tumor. Ideal modes of administration of the
nanoparticles are either intravenous (IV) or through inhalation to target tumors inaccessible
through direct injection, though both methods deliver lower concentrations to the tumor site. It
is possible to optimize heat generation by tuning size, magnetic anisotropy, and saturation
magnetization of the particles.?31220-27

Clinical use of MH remains limited. While MH has been reported as a promising tumor therapy,
it has failed to heat damaged cells preferentially and effectively and research has not advanced
enough to enable clinical use as a single modality treatment. Current reports mention difficulty
in selectively accumulating particles that remain confined to the tumor site, and therapeutic
effects have only been achieved at high MNP concentrations, field strengths, and frequencies
that are often beyond tolerable limits in vivo. Literature reports fail to identify the specific
properties required for an effective material, and no significant relationship has been found
between synthetic method, material properties, and efficacy in vivo, where the influence of
magnetic interactions remains unclear.?®

Key parameters for an ideal MH material have been recognized as size, magnetic anisotropy, and
saturation magnetization, but there is little understanding to how these values are influenced by
physical and chemical properties of currently investigated materials. MH could be an incredible
therapeutic technique for a variety of cancers, where the patient could feasibly be diagnosed and
treated by a single modality. This work aims to elucidate the underlying mechanisms involved in
developing a reasonable material for clinical applications of MH. there is a high demand for
technology that enables homogenous delivery of heat within a clinically tolerable time frame that
can also operate on a wider variety of tumors.

1.2 Material Requirements for Magnetic Hyperthermia

1.2.1 Magnetism

All materials possess some magnetic properties. Diamagnetism is a property of all matter, and
from it stems all other types of magnetism. These relationships are depicted in Figure 1.1.
Diamagnetic materials contain independently operations atoms that are weakly repelled by
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magnetic fields and contain no unpaired electrons, and as such diamagnetism is observed only in
purely diamagnetic materials.?®

Figure 1.1. Flowchart of the various types of magnetism.

Every type of magnetism born from diamagnetism possesses a permanent magnetic moment.
These permanent magnetic moments are then split into two categories: independent magnetic
moments and cooperating magnetic moments. Paramagnetic materials have some number of
unpaired electrons and are slightly attracted to magnetic fields. The independent magnetic
moments experienced mean there is no order to the electron arrangement (Figure 1.2).%°
Application of an external magnetic field will produce some positive net magnetization.

o
>

Figure 1.2. Paramagnetic domain ordering.

Ferromagnetic materials tend to experience spontaneous spin alignments parallel to each other,
even in the absence of an applied field, enabling lower energies. All ferromagnetic materials have
a Curie point, where at any temperature above this point the material loses its magnetic
properties. Because of the lower energy, exceeding the Curie temperature results in greater
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energy due to disorder overwhelming the ferromagnetic order. Some examples of ferromagnetic
materials are iron, cobalt, nickel, their alloys, and alloys of some rare-earth metals.3°

Ferromagnetic materials orient into magnetic domains with overall uniform alignment (Figure
1.3). The boundaries of these domains move to encompass the entire material when exposed to
a magnetic field, where the removal of the field produces a permanent magnet and the material
remains magnetized. If one domain grows to take over the entire material, saturation is achieved.
If the material is heated to the Curie temperature and magnetic properties are lost, cooling back
below this point will produce a spontaneous realignment of the domains.3°

Figure 1.3. Ferromagnetic domain ordering.

Antiferromagnetic materials have domains that point in opposite directions (Figure 1.4). When
all neighbors are antiparallel, the material is considered to be antiferromagnetic and possesses a
net magnetic moment of zero. Antiferromagnetism is typically only observed at low
temperatures.3®

Figure 1.4. Antiferromagnetic domain ordering.

Ferrimagnetism is a form of cooperative magnetism that is similar to ferromagnetism in the sense
that magnetism is retained after the removal of an external field, but similar to
antiferromagnetism with the antiparallel ordering of electron spins. The magnitude of these
magnetic moments is unequal (Figure 1.5).3°
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Figure 1.5. Electron spin alignment for a ferrimagnetic material.

At the nanoscale, both ferro and ferrimagnetic particles exhibit superparamagnetic behavior
below a critical size, where magnetization flips randomly from temperature influence, referred
to as Néel relaxation (eq. 1.1). These materials are additionally subject to Brownian motion. In
the absence of a magnetic field, the net magnetization of the particles is zero; when an external
magnetic field is applied, the particles magnetize much like paramagnets, but with a much larger
magnetic susceptibility.

1.2.2 Heating Mechanisms and Figures of Merit

Nanoparticles, existing at sizes under 100 nm in diameter, are of widespread interest in
biotechnology, electronics, and high frequency applications due to the novel properties exhibited
relative to their bulk counterparts.3! Decreasing particle size increases the surface to volume ratio
of the particles, increasing the fraction of surface atoms available, which in turn increases the
surface energy and reactivity of the particles.3? With magnetic nanoparticles, the reduction in
size produces permanent magnetic losses and a shift from the paramagnetic to the
superparamagnetic regime, thereby increasing the magnetization per atom. Upon entering the
nanoscale, magnetic particles can be ferromagnetic or superparamagnetic. At the nanoscale,
multiple domains are energetically unfavorable, producing single domain nanoparticles.33

Figure 1.6 depicts the key differences between ferrimagnetic and superparamagnetic nanoscale
materials. The ferrimagnetic particles (blue) contain multiple domains with at least one spin. Prior
to the application of an external magnetic field, these spins are randomly oriented. Upon
application of a magnetic field, all the spins align in a single direction, magnetizing the material.
When the external field is removed, the material is demagnetized.

With superparamagnetic materials (pink, Figure 1.6), each particle contains only one domain.
Similar to the ferrimagnetic particles, spins are randomly oriented until an external magnetic field
is applied. This orients each spin in the same direction, and removal of the external magnetic field
demagnetizes the material. For superparamagnetic materials, resultant magnetization is
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enhanced relative to their multi-domain counter parts, as magnetization becomes a sum of the
individual magnetic moments.

Ferrimagnetic particles Superparamagnetic particles

Prior to magnetic
field exposure

external magnetic
field

Application of an

After removal of
external magnetic
field

Figure 1.6. Comparison of ferrimagnetic and superparamagnetic spin alignments in nanoparticles
before, during, and after the application of an external magnetic field. The arrows depict the
direction of spin orientation. Adapted from Belyanina et. al.*°

Magnetic heating is achieved through two primary mechanisms: hysteresis and relaxation. The
primary method of heat formation in nanoparticles is hysteresis, where atomic spins are coupled
to the crystal lattice.?* Hysteresis is observed in materials with multiple magnetic domains, where
an AC field continuously orients the particles in the direction of the applied field at several
hundred kHz. This transfers electromagnetic energy to the lattice in the form of heat.
Superparamagnetic materials have magnetic moments that spontaneously orient with thermal
agitation and are not hindered by lattice orientation, therefore hysteresis is not observed.3*
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The two primary relaxation mechanisms involved in heat generation are Néel and Brownian.
Because these motions are not impacted by deep-tissue location, they are suitable targets for
MH.1® Néel relaxation (tv) rapidly changes the magnetic moment of the particle when exposed
to an alternating magnetic field. This is referred to as internal dynamics. The rapid realignment
of spins is prohibited by the crystalline structure, and heat is generated by the resulting friction.
This friction can be hindered by anisotropy.?!

Néel relaxation is given by

25Ty
_ T
=716 (1.1)

where Tgis the blocking temperature, T is the temperature, and 1o is the material-specific attempt
time.?! T, defines the temperature at which a material exhibits superparamagnetic behavior.
Below Ty, the material appears paramagnetic.

Brownian relaxation (tg) is frictional heat generated by the rotation of the particles as they
attempt to realign with the changing field, known as external dynamics. An inhibition of Brownian
relaxation has been observed in a cellular environment as a result of viscosity, which can counter
the movement of particles and reduce the heat capacity.> Brownian relaxation can be
mathematically represented as

T, =——
B kBT (1.2)

where Vis the volume of the particle, ks is the Boltzmann constant, and n is the viscosity.?! For a
finite system these processes take place together, and

=—+ (1.3)

where tis the effective relaxation time.
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G particle

Néel relaxation \ — e -

Single-domain
— superparamagnetic
particle

Brownian \ — —

relaxation

Figure 1.7. Comparison of hysteretic losses, Néel relaxation, and Brownian relaxation for multi-
and single domain nanoparticles in the presence and absence of an alternating magnetic field.
The pink arrows inside of the circles represent spin direction, while the orange arrows on the
outside of the circles represent the friction generated from the particle motions. Adapted from
Chang et. al.*?

A comparison of Néel and Brownian mechanisms of heat generation compared to a multidomain
particle are shown in Figure 1.7. A critical diameter D. exists for MNPs, below which Néel
relaxation dominates and above which Brownian relaxation dominates. D. for magnetite is
approximately 14 nm and 21 nm for maghemite.3> The critical size for superparamagnetic MFO
nanoparticles has been reported as 43 nm.3® A particle size between 10 and 200 nm is necessary
for MH applications; however, superparamagnetism is typically only observed below 50 nm.3?

The most common parameter for heat generated is the specific absorption rate (SAR).32 This is
system-dependent and depends on strength H and frequency f of the applied field. SAR quantifies
the heating efficiency of a material, and needs to be maximized at low particle concentrations
for MH applications. Due to the variety of synthetic methods for obtaining MFO nanoparticles,
and the variety of properties that each method offers, there are certain synthetic modifications
that can be made to maximize the SAR.

SAR is written as

17



C (dT
SAR = m—(g) (1.4)
np

where Cis the heat capacity of the fluid, mnp is the mass of the suspended magnetic phase, and
dT/dt is the slope of the temperature rise T with respect to time t.3° Experimentally, this is
measured by suspending the material in liquid and subjecting it to an alternating magnetic field.
The value of SAR depends on all parameters of the nanoparticle (i.e., size, shape, structure,
saturation magnetization, susceptibility, H, f) and eq. 1.4 can be rewritten as

872'3,L102MSZI’3H02f22'
3pk,T(1+27fr)

SAR = (1.5)

where Lo is the permeability of free space, Ho? is the magnetic field, p is the particle density, and
Ms is the saturation magnetization. For an effective material for MH, biokinetics, biodistribution,
and biodegradation must all be achieved while maintaining a high SAR.?! For clinical applications,
an optimal working frequency falls between 130 and 500 MHz and Ho below 600 Oe.*° SAR is
often interchanged with the specific loss power (SLP), both of which have been found to increase
Wlth Ms.26’35’41

1.2.3 Manganese Ferrite as a Material Candidate

Iron-based nanoparticles have, at present, been the most frequently studied material for MH
applications with both superparamagnetic iron oxide, Fe304, and maghemite, y-Fe;03, materials
being extensively studied for their effectiveness in clinical settings, including activated drug
delivery, and as MRI contrast and MH agents.?>374276 |ntroducing different dopants to Fe3O4 can
improve heating performance and provide a range of electrical and magnetic properties that are
influenced by the distribution of cations within the crystal lattice.*” This is due to the antiparallel
magnetic moments of tetrahedral and octahedral sites in the crystal lattice. Other divalent
transition metals include Mn?*, Mg?*, Co?*, Ni?*, and Zn?*. Additional considerations are the
biocompatibility of the dopant used for applications to MH. A proposed alternative to Fez0s and
y-Fe;03 is MnFe;0s4 (MFO). MFO exhibits high permeability, Ms, resistivity, and chemical

stability.*® These properties make MFO a promising candidate for MRI and, by extension,
MH.17’21’49_51

Ferrites belong to the spinel class. For a normal spinel, there are three atomic layers to the fcc
arrangement, where the third layer is displaced from both the first and second, creating a series
of holes that can be filled with ions. Figure 1.8 depicts a spinel ferrite unit cell, where the orange
circles represent the ccp oxygen anions, the green circles represent the tetrahedral lattice sites,
and the blue circles represent octahedral sites. A spinel ferrite unit cell contains 32 oxygen
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anions, 64 tetrahedral sites, and 32 octahedral vacancies.>> The geometries of the holes are
dictated by how many ions they can be coordinated to, with two tetrahedral holes and one
octahedral hole per atom created by the cubic closest packing (ccp) oxygen anions.>® Most
ferrites are ferrimagnetic, including MFO.

_ Sl
padppail

—

T
/LJ - T

Figure 1.8. The lattice arrangement of a spinel ferrite. Orange circles represent ccp oxygen
anions, green circles represent tetrahedral lattice sites, and blue circles represent octahedral
lattice sites. The rear four units have been omitted for clarity.

MFO crystallizes as a mixed spinel, where both normal and inverse structures can be observed.
Chemical composition produces profound effects on the magnetic properties of spinel ferrites,
most notably from the divalent cations.>? The general formula for a MFO spinel ferrite is

(1.6)

where the parentheses represent the tetrahedral occupancy of the material, brackets represent
the octahedral location, and x represents the degree of inversion of cations among tetrahedral
and octahedral sites. For a normal spinel arrangement, x is equal to 0, and for an inverse spinel x
would have a value of 1. Therefore, the degree of inversion for any spinel crystal can vary
between 0 and 1, and the range becomes broader as the particle size decreases.>* Magnetic
properties are closely related to inversion degree, which can be influenced by cation radii and
energy preferences of tetrahedral and octahedral lattice sites.>

Figure 1.8 depicts a spinel structure, where the green circles depict tetrahedral holes and the
blue circles represent octahedral ones. FesO4 exhibits an inverse spinel structure, where all A
cations and % of all B cations occupy octahedral sites, and the remaining % of B cations occupy
the tetrahedral sites. Unlike Fes04, MFO has zero crystal field stabilization energy (CFSE), and the
divalent cations have no preference for tetrahedral or octahedral sites, resulting in a mixed spinel
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arrangement. Mn?* is high-spin in tetrahedral lattice sites and intermediate-spin in octahedral
ones, greatly influencing magnetic properties.”® The ionic radii of Mn?* and Fe3* are relatively
similar, resulting in little preference for either lattice site, where smaller cations would typically
prefer the site of lower coordination.

The magnetic properties of spinel ferrites are the result of ions with different valences in the
crystal structure, where the ccp oxygen anions are surrounded by a combination of divalent and
trivalent cations.>” The unpaired ions create parallel but oppositely aligned magnetic moments.
Because there is no cancellation of moments, the particles can be spontaneously magnetized.
Resultant magnetism is dependent on how the unpaired spins of metal ions are coupled, with
the strongest coupling occurring between ions on neighboring tetrahedral and octahedral sites.
The higher the number of unpaired d-electrons, the greater the spin-only magnetic moment. Mn
has five unpaired electrons, owing to its high spin number. With higher magnetization than Fe30a,
MFO also exhibits reduced magnetocrystalline anisotropy.

The SAR of nanoparticles is dependent on a multitude of factors: synthetic method, particle size
distribution, and degree of crystallinity. Because of this, it is difficult to optimize for size when
there are compounding independent variables at play. SAR is commonly reported as a function
of particle diameter.>® Figure 1.9 offers a comparison of SAR values for the two most competitive
MH candidates: Fe3Os and MnFe;04. Synthetic method was not consistent among references.
Particle size is given, in nm, on the x-axis, and SAR, given in W g1, is shown on the y-axis.
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Figure 1.9. Selected values from the literature comparing particle size (nm) to SAR (W g) for
Fe304 and MnFe,04 nanoparticles.>1121,59-65
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As can be seen in Figure 1.9, there is no obvious correlation between particle size and SAR for
either material. Additionally, it should be noted that some of the smaller-sized particles produce
larger SAR values than their larger counterparts. This brings attention to the fact that the
correlation between particle size and SAR typically only holds up for samples synthesized under
identical conditions, and highlights the variance in material properties that can be offered by
synthetic condition. Additional propositions for increasing SAR include tailoring the nanoparticle
shape, though this introduces toxicity in vivo.'®

1.3 Objectives

At present, particle size is most often reported as the controlling factor in optimizing the
magnetic properties of a material for maximizing heat generation.®® Nanostructure design is
incredibly important in functionalizing materials, and understanding key parameters is critical to
better target magnetism.®’ Efficient heating for MH is dependent on concentration, stability,
frequency, and field strength. Magnetic behavior should be superparamagnetic and heating must
be achieved under low magnetic field, as it is essential to reach an appropriate temperature in
reasonable time (<10 min).68

An idealized material for MH will have higher heating efficiency than what is currently reported
that can be achieved within a clinically tolerable range. There is a lack in consistency and
mechanistic understanding regarding how best to tailor material properties to maximize SAR, and
little agreement in how to optimize the multitude of factors that contribute to variation in
material properties. This work aims to improve understanding of material contributions and build
a comprehensive model for MH applications. Through the use of multivariate data analysis, it will
be possible to identify how to synthetically optimize for Ms, an important component of SAR.
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Chapter 2. Synthesis and Characterization of
Manganese Ferrite Nanoparticles

2.1 Synthesis

Synthesis at the nanoscale unlocks material properties that are strongly dependent on size and
shape. As particle size decreases, the demand for consistent and homogeneous preparation of
nanoparticles increases. Several synthetic approaches exist to produce nanoparticles, though
they are often difficult and require expensive materials. A principal concern in nanoparticle
synthesis is the rigorous control required, where every step must be closely monitored to ensure
uniform product size and composition.

2.1.1 Nanoparticle Synthesis

The properties of spinel ferrites are strongly dependent on synthetic technique. Synthetic
approaches for MFO nanoparticles include reverse-micelles, sol-gel, ligand-exchange,
hydrothermal, solvothermal, borohydride reduction, polyol, and co-precipitation, each of which
offer different degrees of control over material properties.*®°2686° Co-precipitation is the most
popular choice for a scalable synthesis but offers poor control over particle size and shape, in
addition to forming products with low saturation magnetizations due to agglomeration and
polydispersity, and thus is not an appropriate choice for nanoscale fabrication.”® The thermal
decomposition of metal complexes is the method of choice for nanoparticle synthesis due to ease
of preparation, affordability, and production of a highly crystalline, monodisperse, and stable
nanoparticles.

There are two main types of nanoparticle synthesis: top-down and bottom-up.”! The top-down
approach involves breaking down a metal into the desired size, while bottom-up decomposes a
precursor before nucleation and growth into particles. Nanoparticle synthesis in solution relies
on two components: nucleation and growth. When precursors react in solution, stable nuclei are
formed, enabling growth. The major barrier of precipitation reactions is poor control over particle
size as the only methods of growth control are kinetic (temperature, pH, stir rate,
concentration).®®

Crystals cannot form until the solution reaches supersaturation, which is accomplished when the
free energy of the precipitating species exceeds the minimum energy concentration and provides
a site for nucleation to occur. Quick nucleation, both to commence and complete a reaction,
produces high homogeneity of product, thus growth must begin synchronously and proceed
under the same conditions to achieve a uniform size distribution. High crystallinity is absolutely
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essential to maximize material functionality.”>’# This work utilizes a bottom-up approach to
maximize control over growth conditions through a variety of synthetic modifications.

2.1.2 Reproducible synthesis of MFO nanoparticles

A facile polyol route, adapted from Glinay et al., with modifications, was employed in the
synthesis of MnFe,04 nanoparticles.”> Manganese (Il) acetate tetrahydrate, 1 mmol, and iron (lIl)
acetylacetonate, 2 mmol, were covered with tetraethylene glycol (TEG) and stirred under N;
blanket. A two-step heating process was used, where the temperature was held constant at 240
°C for two hours to allow for decomposition of the precursors and then raised to 282 °C for an
additional hour, enabling growth of the nanoparticles. The resulting dark brown solution was
cooled naturally or in stepwise reductions before washing in a 1:1 mixture of ethanol and
deionized water. After three washes, the black precipitate was separated from the solution by
magnet and dried at 100 °C.

NG NP Ve N

Figure 2.1. Chemical structure of tetraethylene glycol.
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Figure 2.2. Chemical structure of iron (lll) acetylacetonate.
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Figure 2.3. Chemical structure of manganese (ll) acetate tetrahydrate.

The exact mechanism of MFO synthesis by thermal decomposition is unknown, but it loosely
involves the reduction of organometallic salt precursors followed by an oxidation. Chemical
structures for all precursors are shown in Figures 2.1-2.3, with a depiction of a TEG encapsulated
nanoparticle in Figure 2.4. This surface coating imparts biocompatibility upon the nanoparticles,
though this comes with the caveat of impacting magnetic properties. This effect will be discussed
more in later chapters.
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It is possible to achieve a narrow size distribution and enhanced magnetic properties with the
use of TEG as a chelating agent for several reasons. First, TEG is reductive at high temperatures,
allowing for the instantaneous reduction of metal cations to nanoparticles. High boiling solvents
improve crystallinity by clearly separating nucleation and growth.’® This minimizes agglomeration
while encouraging a narrow size distribution of spherical particles by preventing inhomogenous
growth at nucleation. A sufficient amount of exterior coating is essential for in vivo applications,
as suspension in biological media may remove some of the shell.”” Additionally, functionalized
surfaces have been shown to possess high specificity for tumor cells.”®

In this synthesis, TEG acts as both solvent and surfactant, leaving the product suspended in water-
soluble medium, resulting in no dependence of solute concentration on particle size. Because of
this, a high solid content is achieved without the use of additional stabilizers.”®2 Additionally,
thermal decomposition in the organic phase may improve magnetic sensitivity.882 This particular
synthesis offered spherical nanoparticles, which are ideal for homogeneous temperature
distribution.>823

There are a variety of synthetic options for surface-functionalized nanoparticles. Polar surfaces
are energetically unfavorable and thus a surfactant is used to passivate the surface. Coating the
MFO particles in TEG maintains biocompatibility and prevents oxidation, essential components
for applications in vivo. The motions discussed in eq 1.1 and eq. 1.2 can be hindered in
physiological environments, and so nanoparticles should be coated with a water-soluble material
to prevent heat losses.??

Figure 2.4. Depiction of one TEG coated nanoparticle.
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2.2 Characterization Techniques

Multiple characterization techniques were used to parameterize all features of the synthesized
nanoparticles to encompass physical, chemical, and magnetic properties. Selected methods were
limited to those that enabled frequent quantification for ease of modeling, which will be
presented in chapter 4. All characterization techniques utilized are outlined in Table 2.1, along
with a brief description of the purpose of each.

Table 2.1. Characterization Techniques Employed

Technique Purpose

Powder X-Ray Diffraction (XRD) Crystallite size
Lattice Parameter
Microstrain
Phase determination

Laser Ablation Inductively Coupled Cation occupancy
Mass Spectrometry (LA-ICP-MS) Elemental composition
Sample homogeneity
Vibrating Sample Magnetometry (VSM) Magnetic Properties
Thermogravimetric Analysis (TGA) Quantification of coating
Thermal stability
Transmission Electron Microscopy Particle size
(TEM) Particle visualization
Fourier Transform Infrared Bonding
Spectroscopy (FT-IR) Cation occupancy

2.2.1 X-Ray Diffraction

A crystal is composed of distinct and parallel planes separated by defined distances. Powder X-
Ray Diffraction (XRD) uses the diffraction patterns of incident X-rays to structurally characterize
crystalline substances. This enables the user to obtain an impressive amount of information
regarding the crystal structure of the sample, including phase determination, crystallite size,
lattice parameter, microstrain, bond angles, etc. A focused X-ray beam is either reflected off the
crystal surface or diffracted by the atoms of the crystal lattice, producing characteristic patterns
that can be further quantified.?

Diffraction occurs in accordance with Bragg’s law

nA ZZdSIH(Q) (2.1)
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where n is the diffraction order (n=1 is first order, n=2 is second order, and so on), A is the
radiation wavelength, d is the interatomic distance, and @ is the angle of incidence. Equation 2.1
defines the relationship between wavelength and scattering angle, and is the basis for how
crystalline materials can produce characteristic peaks when exposed to X-rays of specific
wavelengths. When reflections are constructive, producing a phase shift of any multiple of 2,
eq 2.1 is satisfactory. Diffraction patterns offer many pieces of information about a material. The
position of the peak corresponds to the unit cell size and shape, the intensity of the peak
corresponds to the position and atomic number of the atoms composing the unit cell, and the
width of the peak is influenced by structural properties. A wider peak indicates a smaller crystal.

For this work, a Malvern Panalytical X’Pert Pro MPD diffractometer with CuKa radiation
(A=1.5406 A), 20° < 26 > 90°, 45 kV and 40 mA, was used to collect diffraction patterns, and
X'Pert HighScore Plus software was used to determine crystallite phase, size, lattice parameter,
and microstrain through Reitveld refinement. All patterns were matched to the PDF-2 pattern for
MnFe204 (JCPDS card no. 01-074-2403). Samples were all assigned to the Fd3m space group.

Scherrer analysis was employed to determine the average crystallite size for each sample. The
Scherrer equation

KA

Bcos(6) (2.2)

gives the relationship between mean crystallite size, T, and line broadening of the diffraction
pattern at the full width at half maximum (FWHM), denoted 8. The shape factor, K, is
dimensionless and varies with the crystallite shape, and @ is the Bragg angle. Use of eq 2.2 is
limited to nanoscale crystallites. The FWHM can be influenced by factors such as imperfections
in the crystal lattice and sample inhomogeneity, which can shift the peaks and change their
shapes. The influence of all of the variables in eq 2.2 tend to produce crystallite size calculations
that are larger than the actual crystal. For this work, all calculations were completed with X’Pert
HighScore Plus software.

The most notable diffraction peaks are indexed according to plane, labeled in Figure 2.6. To serve
as a reference for experimental XRD patterns, Figure 2.6 can be converted to a stick pattern of
relative intensities of characteristic peaks. This stick pattern is shown in Figure 2.7, and was used
as the reference for all XRD patterns in this work.
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Figure 2.6. Simulated XRD pattern for MinFe04. Peaks are indexed according to plane.
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Figure 2.7. Stick pattern for MinFe,04, JCPDS reference code 01-074-2403. This pattern provides
the reference set for all XRD measurements in this work.

Reitveld refinement enables reasonable quantification of additional details such as lattice
parameter and microstrain by performing a least-squares refinement of curve fitting to minimize
the difference between the observed and calculated XRD patterns.®> Lattice parameter
determines the reflection position, while microstrain is the root mean square of all lattice

parameters for the sample.
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2.2.2 Laser Ablation Inductively Coupled Mass Spectrometry

Laser ablation inductively coupled mass spectrometry (LA-ICP-MS) provides elemental, but not
structural information, on a solid. A laser beam is focused on the sample, which is ablated before
being transferred to a secondary ionization source. Vaporized particles are transferred out of the
chamber by a carrier gas, atomized, ionized until they form ions. The product is then suitable for
analysis by mass spectrometer.8®

The Mn to Fe ratio for each sample was verified as 1:2 using an Agilent ICP-MS. Powder samples
were pressed under 3 tons into 13 mm pellets and a scan speed of 50 pm sec? with 4 J cm™
fluence was used to collect 1.5 mm lines. External standards were used for comparison.

2.2.3 Vibrating Sample Magnetometry

Vibrating sample magnetometry (VSM) is used to quantify the magnetic properties of a material.
The application of an external magnetic field H aligns the magnetic moments of the nanoparticles
with the applied field, resulting in a net magnetization of the particles. This results in a reversible,
S-shaped function. The sample is placed in a constant magnetic field, which it will align with. The
sample moves up and down, and the magnetic dipole moment of the sample creates a magnetic
field that changes as a function of time. This alternating magnetic field induces an electric field
in the pickup coils of the VSM, which is proportional to the magnetization of the sample.
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Figure 2.8. Schematic of a VSM sample chamber.

Magnetics measurements were obtained on powder samples with a Quantum Design DynaCool
physical property measurement system (PPMS) outfitted with a D525 vibrating sample
magnetometer (VSM). Unless otherwise noted, measurements were taken in a field ranging from
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-2 to 2 T at 300 K. Zero-field cooled (ZFC) and field cooled (FC) measurements were obtained at
100 Oe.

2.2.4 Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) is a technique used to measure the thermal stability of a
material. Weight is measured over time as a function of temperature. This provides physical
properties of the sample, including phase transitions, adsorption, desorption, absorption, as well
as chemical properties, such as thermal decomposition, chemisorptions, and solid-gas reactions.
The TGA curve displays either temperature or time on the x-axis with mass on the y-axis. The first
derivative of this curve provides inflection points useful for more detailed analysis.®” Dynamic
thermogravimetry, which will be the focus of TGA measurements for this work, involves the linear
application of heat to the sample.

For a thermally stable sample, mass will not change for a given temperature range. Changes in
mass appear as a stepwise function, where discrete intervals can be identified and attributed to
sample properties. All thermal analyses were conducted on a TA Q5000 TGA to quantify the
amount of TEG coating around the nanoparticles. Power samples were heated at 10 °C min to
525 °C under an N3 flow rate of 10 mL min.

2.2.5 Transmission Electron Microscopy

A TEM consists of a column filled with a number of components: electron gun, magnetic lenses
and apertures, cameras, and detectors. To form an image, electron beams are focused on a solid
sample. The interactions of these electrons with the particles comprising the sample create an
image that is focused on a screen. The electron beam is generated by a field emission gun (FEG),
which can either be warm or cold. A cold FEG provides higher energy resolution than a warm one,
as electrons are tunneled with an anode plate without causing any temperature increases.?8

Transmission electron microscopy (TEM) offers the greatest spatial resolution of any of the
techniques utilized in this work. This form of imaging enables structural and compositional details
well within the nanometer range. In this work, TEM was employed to determine particle sizes
and features. Images were collected on a JEM-F200 cold FEG electron microscope. Particles were
suspended on a grid and imaged at 20x magnification. Particle size distributions were determined
with Imagel) software, where diameters of at least 30 individual particles were plotted on a
histogram to show the total size distribution.

2.2.6 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FT-IR) measures the absorption of a material. A beam
of various frequencies of light is shown onto a solid sample, and the amount of that light that is
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absorbed is measured. This is continued at various other frequency combinations and the data is
converted to a spectrum via Fourier transform.8?

FT-IR was used in this work to approximate Mn?* content in octahedral sites. A Thermo Scientific
Nicolet iS50 FT-IR with a Solid Substrate Far-IR filter was used to collect spectra down to 250 cm"
L, Silver bromide is transparent in the far-IR region and was used to create pellets for analysis. A
9:1 ratio of AgBr to powder sample was used to create 13 mm pellets under 3 tons of pressure.
For all spectra, a background spectrum was taken to minimize CO, and H;0 signals, and a pure
AgBr spectrum was subtracted from each sample. Absorbance was normalized to the maximum
of v, to account for differences in pellet thickness.

Due to the mixed spinel crystal structure of MFO, quantification of site occupancies is necessary
to better understand material properties. Cation distribution changes with the strength of
superexchange interactions across tetrahedral and octahedral sites, which can be influenced by
synthetic procedure.®® Extended x-ray absorption fine structure (EXAFS) is a reliable method for
determining cation occupancies but is prohibitive to daily analysis due to the requirement of a
synchrotron radiation source. However, a linear relationship was found to exist between EXAFS
determined cation distributions and the characteristic Fourier transform infrared spectroscopy
(FT-IR) absorption bands of manganese-zinc ferrites.’® These absorption bands are found in the
far-IR range between 300 and 600 cm™.

Two absorption regions were of interest in this work, being above and below 480 cm™. The
characteristic peak vi shifts in accordance with the percentage of cations occupying octahedral
sites, located above 480 cm™?, is the result of both Mn?*-Fe?*/3* stretching and Mn?*-O stretching,
where the shift can be correlated to the amount of Mn?* present. v, is related to the Fe3*-O
stretch, and vs is the Mn?*/Fe?*-O stretch. The model suggested by Shultz et. al.®® proposes the
equation for the determination of Mn?* occupied by octahedral sites as

y =0.0072x —3.8343 (2.3)

where x is the wavenumber of the respective vi peak absorbance and y is the percentage of Mn?*
present in octahedral sites.
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Chapter 3: Synthetic modifications and cation
arrangements

3.1 Synthetic modifications

A number of synthetic conditions with organic salts have been shown to impact the meso and
macrostructures of materials.”! A variety of synthetic variations were introduced in an attempt
to influence crystallite structure, crystallite size, and to alter cation occupancies within the
crystal. All parameter boundaries were defined by reasonable limits for the confines of the
synthesis, and only variables that could be directly controlled through synthetic modifications
were considered.

Nanoparticles were synthesized under various concentrations, stir speeds, and cooling rates to
produce a total of 23 samples, with all set points outlined in Table 3.1. [Fe] relates to the quantity,
in mmol, of iron (Ill) acetylacetonate used in accordance with the defined 1:2 ratio of Mn to Fe
precursor. Stir rate is the set point used for magnetic stirring during the synthesis, and dwell time
refers to the amount of time at the conclusion of the synthesis that the reaction vessel was cooled
at discrete intervals rather than performing an abrupt removal of the reaction vessel from the
heat source.

Table 3.1. Selected Synthetic Variables with Specific Set Points

Synthetic variable Set points

[Fe] (mmol) 1,2,4,8
Solvent volume (mL) 20, 50, 80, 100
Stir rate (rpm) 200, 500, 900, 1200
Dwell time (min) 0, 90, 120, 150

Magnetic properties are also dependent on surface structure.®> A magnetically dead layer,
referred to as the Griffiths phase (GP), is the result of lattice disorder at the particle surface often
due to phase inhomogeneity.>® Depicted in Figure 3.1, the GP consists either of vacant lattice
sites or zero-spin atoms, and can be a product of variations in synthetic parameters.®* A variety
of systems can experience behavior analogous to a GP, where random cation distributions
increase the propensity for GP formation, with increased surface anisotropy occurring with
decreasing particle sizes. While surface structure was not the primary focus of this work, the
effect of the surface coating will be examined in the following sections.

31



Table 3.2. Sample Naming Conventions for Synthetic Variations

Sample ID [Fe] (mmol) TEG (mL) Stir rate (rpm) Dwell time (min)
S 8 100 500 0
S2 4 100 500 0
S3 2 100 500 0
sS4 8 80 500 0
S5 4 80 500 0
S6 2 80 500 0
S7 1 80 500 0
S8 8 50 900 0
S9 4 50 900 0
S10 2 50 900 0
S11 1 50 900 0
S12 4 20 900 0
S13 2 20 900 0
S14 1 20 900 0
S15 2 20 500 90
S16 2 20 500 120
S17 2 20 500 150
S18 2 20 500 90
S19 2 20 500 120
S20 2 20 500 150
S21 2 20 900 90
S22 2 20 900 120
S23 2 20 900 150
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Figure 3.1. Depiction of a Griffiths phase on a single particle, where the outer shell is disordered
and the core particle is magnetically ordered.

Each synthetic modification outlined in Table 3.1 will be discussed in the following sections, along
with a summary of characterization techniques employed (XRD, TGA, and FT-IR) to study the
effect of each modification on resultant material properties. Naming conventions for each
sample are defined in Table 3.2, along with the respective synthetic variables. Quantifications
from all characterization methods are summarized at the conclusion of section 3.1.3.

3.1.1 Controlled Cooling

Natural cooling of a reaction vessel does not allow for precise control over the particle growth
process, often resulting in poor quality crystals with inhomogeneous size distributions. This is the
result of supersaturation being pushed past its metastable limit, increasing the quantity of nuclei
in solution. Quenching the solution from boiling halts nucleation and subsequent growth. Three
methods of cooling were initially attempted to control particle size: natural, quenching from
boiling, and an intermediate of the two. No appreciable change in particle size was obtained
through any of the methods, necessitating further control over the particle growth mechanism.

Because cation arrangement can change based on the conditions at crystal formation, it was
desired to better understand the influence of nucleation temperature on the cation distribution
within the crystal lattice. Many methods exist for controlling particle size via thermal
decomposition, including increasing the concentration of the iron precursor, altering the pH of
the solution, and decreasing reaction temperatures. These methods do not enable precise
control over size and none address the underlying mechanisms and time dependencies involved
with nucleation and growth. A balance must be achieved between maximizing desired properties
while producing particles of an optimal biocompatible size within the superparamagnetic regime.
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Programmed cooling maintains the level of supersaturation within the metastable limit to
minimize the appearance of new nuclei and increase the final particle size relative to natural
cooling.®> For this synthesis, a proportional integral derivative (PID) controller was used to
maintain precise control over the cooling process. The controller maintained the temperature of
the reaction flask for the duration of the synthesis in an attempt to prevent additional nucleation
while promoting homogenous crystal growth.
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Figure 3.2. Cooling curve for a naturally cooled sample.

The cooling curve outlined in Figure 3.2, with time in minutes on the x-axis and temperature in
Celsius on the on the y-axis, depicts the ambient cooling experienced by the reaction flask at the
conclusion of the synthesis after the sample had been removed from the heat source. The
sharpest temperature change, more than 100 °C, occurs between 0 and 2 minutes, wherein the
greatest difference exists between the mixture temperature and its surrounding environment.
During this time period, supersaturation is maximized. PID cooling was employed in an attempt
to enable constant supersaturation through the entire cooling process, establishing greater user
control over the growth mechanism to produce a tunable size distribution of MFO particles.

Figure 3.3, with time in minutes on the x-axis and temperature in Celsius on the y-axis, displays
cooling curves for three dwell times: 90, 120, and 150 minutes. By establishing a controlled cool
time, it was possible to eliminate the sharp temperature drop in the first two minutes of cooling
exhibited in Figure 3.2. From prior experimentation with quenching the solution immediately
after removal from the heat source, it was determined that cooling beyond approximately 50 °C
was not influential in particle growth, and thus was omitted in the longer trials (120, 150
minutes). Relative to Figure 3.2, cooling is extended from a less than 20-minute period to a
maximum of 150 minutes.
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Figure 3.3. Cooling curves for samples synthesized with a PID-controlled dwell of 90, 120, and 150
minutes.
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Figure 3.4. XRD patterns for all samples synthesized with a dwell. Offset added for clarity.

XRD characterization, in Figure 3.4, shows little difference between individual patterns. The
characteristic peak of ferrites is seen at similar intensities around the diffraction angle 34 °26 and
aligns closely with the reference stick pattern (black lines). As such, it was determined that the
addition of a dwell had no impact on the crystallinity of the MFO samples. Crystallite sizes ranged
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from 7.5 to 11.7 nm, and lattice parameter varied between 8.41 to 8.48 A with a maximum
microstrain of 1.49%.

100

515

> 516

g —17
£ 9 —18
2 — 19
. 520

$21

522

80 523

0 100 200 300 400 500

Temperature (°C)

Figure 3.5. Overlaid thermograms for all samples synthesized with a dwell.

Thermal analysis, shown in Figure 3.5, was utilized to confirm the presence of TEG coating on the
synthesized particles. Thermograms showed two distinct points of weight loss, where that
occurring before 150 °C can be attributed to adsorbed water and the steeper decline after 200
°C is generally attributed to the decomposition of adsorbed organics and of the TEG coating. The
total weight loss for the sample was 13%, with 3% of the total mass attributed to adsorbed water
and the remaining 10% from the TEG coating of the nanoparticles. Thermograms for all samples
showed similar shapes, and comparable percentages of total mass loss indicate all samples
experienced similar mass loss processes.

Figure 3.6 shows the overlaid FT-IR spectra for each sample, zoomed into the vi absorbance
region. The maximum of the v1 peak can be seen to shift between approximately 510 and 536
cmt, with samples S20 and S22 being the most notably blue-shifted of the series. The movement
of the v1 maximum is indicative of Mn?* movement into octahedral lattice sites, suggesting that
longer dwell times may have some influence on cation distribution. However, this was not true
for samples S16 or S17, indicating that dwell time is not the only controlling factor of cation
distribution. Additionally, some samples synthesized with longer dwell times showed an increase
in crystallite size, though this trend was not linear for all samples in the series.
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Figure 3.6. Overlaid FT-IR spectra for all samples synthesized with a dwell.

3.1.2 Concentration by solid and solvent volume

Changing the mass ratios of precursors can alter x from eq. 1.1. To create samples representative
of a full concentration gradient, Fe precursor concentration was varied between 1 and 8 mmol
while maintaining the original 1:2 precursor ratio defined in section 2.1.2, along with a variation
of TEG volume between 20 and 100 mL. These modifications comprised a total of 14 samples in
the final material model.

Figure 3.7 shows the XRD patterns for all samples in the 100 mL series, where Fe precursor
concentration was varied between 8 and 2 mmol. A fourth sample was attempted in 100 mL
solvent and 1 mmol Fe precursor; however, this concentration was too low to offer a product of
appropriate crystallinity and thus was excluded from the model. All XRD patterns show the
characteristic peak around 34 °28 in line with the reference pattern, though intensity of this peak
decreases with solid content, and noisiness of the patterns indicates formation of a potentially
amorphous or mixed phase product.
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Figure 3.7. XRD patterns for the samples synthesized in 100 mL solvent. Offset added for clarity.

Crystallite size was minimized at 4.8 nm and 4 mmol Fe precursor (sample S2) and maximized at
7.3 nm and 8 mmol Fe precursor (sample S1). Sample S2 exhibited the greatest microstrain at
2.26%, indicating a greater number of defects in the crystal lattice and more stress than observed
by either sample S1 or S3.
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Figure 3.8. Thermograms for all samples synthesized in 100 mL solvent.

Figure 3.8 displays overlaid thermograms for all samples synthesized in 100 mL solvent. Fe
precursor concentration was varied between 8 and 2 mmol, and all samples exhibited similar
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quantities of TEG coating. Sample S3 showed a 5% increase in mass percentage of TEG coating;
this is attributed to the low solid concentration relative to glycol volume. Sample S3 also
exhibited an irregular data point around 500 °C, which is attributed to instrument error. All
samples experienced similar decomposition steps, with the first step up to approximately 100 °C
attributed to adsorbed water and the slow decomposition of the TEG beginning around 200 °C,
where organics such as CO; are also presumed to exist on the particle surface.

A comparison of the v1 peak location for all samples synthesized in 100 mL of solvent is shown in
Figure 3.9. The peak maximum did not shift, indicating that these syntheses were not successful
in producing any difference in cation distribution within the crystal lattice. Sample S1 showed the
greatest definition in absorbance peak, which may be due to discrete differences in pellet
composition. No differences in peak shape were observed, though the diffraction peak
corresponding to the (220) crystal plane around 29 °26 is hardly observed.
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Figure 3.9. Overlaid FT-IR spectra comparing the v1 peak location for all samples synthesized in
100 mL solvent.

Figure 3.10 provides the overlaid XRD patterns for all samples synthesized in 80 mL of solvent. Fe
precursor concentration was varied between 8 and 1 mmol, where samples S6 and S7 show more
amorphous profiles, characteristic of the lower concentration syntheses. As solid content
increased, crystallinity appeared to improve, particularly for sample S4.
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Figure 3.10. XRD patterns for all samples synthesized in 80 mL solvent. Offset added for clarity.

Crystallite size for the samples in Figure 3.10 were 7.12 + 1.13 nm, with a minimum lattice
parameter of 8.31 A and maximized microstrain for sample S7 at 2.06%. These values, along with
the decrease in intensity of the diffraction peak around 35 °26, support a more amorphous or
mixed phase composition for sample S7 relative to others in the series. The peak corresponding
to the (220) crystal plane can be seen gaining intensity as Fe precursor concentration increases,
being the most defined for sample S4.
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Figure 3.11. Overlaid thermograms for samples synthesized in 80 mL solvent.

Thermograms for all samples synthesized in 80 mL of solvent are displayed in Figure 3.11.
Samples S6 and S7, synthesized at the lowest solid precursor concentrations, showed similar
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quantities of TEG coating to the samples in the 100 mL series in Figure 3.8 (27 and 31%,
respectively).

TEG coating was minimized at 5% for sample S4 and maximized at 31% for sample S7. A reduction
in TEG coating was observed for samples S4 and S5, along with an improvement in XRD intensity
in Figure 3.10. Sample S5 showed a slight increase in mass beginning around 350 °C; this could
potentially be due to instrumental error.

Figure 3.12 displays the overlaid FT-IR spectra, focused on the vi region, for the samples
synthesized in 80 mL of solvent. Peak maxima were very similar, occurring within £1.30 of 530.58

cm. Peak shape also did not appreciably change, exhibiting lack of movement of cations within
the crystal lattice.
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Figure 3.12. Overlaid FT-IR spectra for all samples synthesized in 80 mL solvent.

Figure 3.13 displays XRD patterns for all samples synthesized in 50 mL solvent, with Fe precursor
concentration varied between 8 and 1 mmol. All concentrations produced similar diffraction
patterns, with a relatively well-defined characteristic peak around 35 °26. A slight spike before
the characteristic peak in sample S10 is observed and is attributed to instrument noise.

Average crystallite size was 7.05 + 0.89 nm for the series. Lattice parameter was minimally
impacted by synthetic condition at 8.41 + 0.01 A, and microstrain was 1.46 + 0.11%. Peak
intensities are relatively equal, evidence that differences in solid content had little influence on
crystallinity.
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Figure 3.13. XRD patterns for all samples synthesized in 50 mL solvent. Offset added for clarity.
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Figure 3.14. Thermograms for all samples synthesized in 50 mL solvent.

Figure 3.14 displays overlaid thermograms for all samples synthesized in 50 mL of solvent.
Samples all followed the same general weight loss pattern with sample S10 serving as a notable
exception. Sample S10 shows a 5% loss up to 100 °C, with another sharp 5% drop around 200 °C,
followed by a plateau. This plateau after 200 °Cis irregular, and indicates the nanoparticles were
not sufficiently coated with TEG.
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Figure 3.15. Overlaid FT-IR spectra for all samples synthesized in 50 mL solvent.

Figure 3.15 displays the overlaid FT-IR spectra for all samples synthesized in 50 mL of solvent. The
v1 maximum was slightly offset for sample S11, located at 537.09 cm?, while samples S8, S9, and
S10 fell within +1 of 530.98 cm™. From eq. 2.6, this indicates movement of 3.27% of Mn?* into
octahedral lattice sites for sample S11.
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Figure 3.16. Overlaid XRD patterns for all samples synthesized in 20 mL solvent. Offset added for
clarity.

Figure 3.16 shows overlaid XRD patterns for all samples synthesized in 20 mL solvent. Fe
precursor was varied between 4 and 1 mmol. At 8 mmol, the reaction flask was too concentrated
to produce a crystalline product, and that condition was excluded from the model.

43



100

95
¥ 90
z
5 s12
2 85 513
1
80
75

0 100 200 300 400 500
Temperature (°C)

Figure 3.17. Thermograms for all samples synthesized in 20 mL solvent.

The XRD patterns in Figure 3.16 show the greatest definition of all within this chapter, owing to
the low solvent volume. Characteristic peaks for the (220), (311), (511), and (440) planes are all
visible. Average crystallite size for the 20 mL series was 11.07 £ 1.08 nm, with lattice parameter
varying less than 0.01 A among all samples. The lowest microstrain occurred in sample 514 at
1.13%.
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Figure 3.18. FT-IR spectra for all samples synthesized in 20 mL solvent.

Thermograms for all samples synthesized in 20 mL of solvent are overlaid in Figure 3.17. All
samples showed similar weight loss patterns, but masses varied between 10 and 21%. The mass
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of TEG coating was not concentration dependent; it was maximized for sample S13, which was
synthesized at the greatest solid concentration, 4 mmol.

FT-IR spectra for all samples synthesized in 20 mL of solvent are shown in Figure 3.18. While the
shape of the vi1 peak did not change, the peak location shifted from 520.69 cm™ for sample $12
to 532.27 cm™ for sample S14. This v1 shift indicates some change in bonding within the crystal
lattice.

3.1.3 Stir rate

A modification of synthetic transport properties was attempted by varying the synthetic stir rate
at either 500 or 900 rpm, as shown in Table 3.2. Stir rates below 500 rpom were deemed too slow
at low concentrations to form appropriate crystals for analysis, while speeds above 900 rpm were
not appropriate for synthesis at low volumes.

All parameters determined by XRD, TGA, and FT-IR are detailed in Table 3.3. No linear trends
were observed between any of the obvious synthetic modifications, indicating that the
modifications used here were not alone suitable to understand their impact on material
properties (size or cation occupancy). To better understand their relationship to the synthetic
variations, these values served as supplementary variables for the modeling detailed in Chapter
4.
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Table 3.3. Quantifications from Preliminary Characterization Methods

Sample ID Size (nm) Lattice (A) Microstrain Shell Mass v1 (cm™)
(%) (%)
S1 7.3 8.43 1.60 25 529.85
S2 4.8 8.46 2.26 25 520.69
S3 5.4 8.31 1.98 30 534.19
S4 8.0 8.41 1.44 5 530.34
S5 7.5 8.43 1.53 13 532.75
S6 7.8 8.45 1.45 27 529.37
S7 5.2 8.31 2.06 31 529.85
S8 7.9 8.40 1.37 16 529.85
S9 7.3 8.40 1.51 19 531.30
S10 5.8 8.42 1.37 9 531.78
S11 7.2 8.41 1.60 15 537.09
S12 12.3 8.48 1.22 21 520.69
S13 10.3 8.47 1.21 10 529.85
S14 10.6 8.48 1.13 14 532.27
S15 8.1 8.48 1.45 11 513.46
S16 8.6 8.47 1.42 13 510.09
S17 11.4 8.46 1.09 9 513.94
S18 8.9 8.47 1.33 15 513.94
S19 8.3 8.46 1.42 10 521.18
S20 11.7 8.45 1.07 9 536.12
S21 11.5 8.45 1.04 10 523.59
S22 7.5 8.41 1.49 12 530.34
S23 9.1 8.42 1.28 10 528.89

3.1.4 Size Validation

Crystallite size was calculated for all samples using eq. 2.2 on the FWHM of the peak around 29
°20. Average crystallite size tends to be smaller than the whole particle, and TEM was performed
on a subset of samples to validate the particle sizes against calculations from eq. 2.2. These
images further validate the synthetic methodology for MH applications, where the uniform size
and shape distribution is reproducible between syntheses.

Figure 3.18 shows three images for sample S19. The particles can be seen to be uniformly
spherical, with no obvious size discrepancies. A histogram of particle size distribution is offered
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in Figure 3.19, where particle size was found to be 8.93 + 1.21 nm. These sizes are slightly larger
than the XRD calculated size of 8.3 nm.

Figure 3.18. TEM images for sample 519.
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Figure 3.19. Histogram of particle diameters for Sample S19.

Figure 3.21 displays selected TEM images for sample S20. TEM again confirmed a uniform size
distribution of spherical particles, with some clustering potentially due to self-attraction of the
particles. The average particle size for sample S20 was 8.76 + 1.29 nm, which is smaller than the
XRD calculations of 11.7 nm (Figure 3.20). This could be due either to peak broadening of the XRD
pattern skewing calculations, or self-attractions of the nanoparticles offsetting the diffraction
pattern.
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Figure 3.20. Histogram of particle diameters for sample S20.
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Figure 3.21. TEM images for sample S20.
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Chapter 4. Statistical Modeling and Chemometrics

4.1 Modeling

Statistical modeling was utilized to explore the multifactor opportunity space presented by the
test set outlined in Table 3.2. From the results given in Table 3.3, no obvious trends could be
identified among the synthetic conditions. However, the changes in material properties,
specifically size and v1 peak location, indicate that synthetic modifications were impacting the
material structure.

4.1.1 Principal Component Analysis

Principal component analysis (PCA) is an unsupervised, multivariate technique used for
exploratory analysis and predictive modeling in complex datasets. By reducing the dimensionality
of the sample space, the visualization of complex information and the identification of patterns
becomes possible, enabling clarification of underlying dissimilarities.’® This dimensionality
reduction results in a small number of independent linear combinations that capture as much of
the original variability of the dataset as possible.®’

PCA creates a matrix X={x;} of size IxJ, where I is the number of samples and J is the number of
variables, that is decomposed into

X:TAPtA +E (4.1)

where A is the number of principal components, Ta={tia}(/xJ) is the scores matrix, Pa={pja}(J xA) is
the loadings matrix, and E={e;} is the residuals matrix.® The principal components belong to a
variable space composed of unit vectors, where the i-th vector is a line that best fits the data and
is orthogonal to the first i-1 vectors (PC 1 labeled in Figure 4.1).°° This line of best fit minimizes
the average squared distance from all datapoints back to that line. PCA involves computing these
principal components in order to perform a change of basis on the data. The principal
components are the eigenvectors of the covariance matrix, and the proportion of variance that
each eigenvector represents is calculated by dividing the corresponding eigenvalue by the sum
of all eigenvalues. Once most of the information is captured, the remaining components can be
reasonably ignored.?®
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PC1

Variable 2

Variable 1

Figure 4.1. Two-dimensional representation of a PCA score plot. Adapted from Beebe et. al.*®

For any PCA, a score is assigned to each observation in the dataset, and a score plot measures
the distance for each of these from the origin along the loading vector of the first component
until the observation is projected onto the direction vector. The first score vector belongs to the
greatest source of variation in the dataset, and the following scores are attributed to the next
greatest sources of variation, in descending order.

PCA was utilized as an exploratory analysis to uncover hidden variance on the 23 samples
outlined in Table 3.2. For this work, the PCA was performed on the correlation matrix.
Correlations were selected over covariances or unscaled data due to the variety in data (many
different units and measurements).1%° In the analysis, each variable was standardized to unit
norm.%’

The analysis was conducted using JMP Pro 15.1 statistical software. Independent variables in the
test set were those in Table 3.2: molar concentration of iron precursor, solvent volume, spin
speed, and dwell time. Supplementary variables included those in Table 3.3: crystallite size,
lattice parameter, quantity of glycol shell coating, microstrain, and maximum absorbance of the
v1 region. Supplementary variables do not influence the PCA, and simply serve to assist in
interpreting the dimensions of variability.

Variance is systematic in a multivariate dataset, and multiple components are often necessary to
fully describe the dataset. The second principal component is orthogonal to the first, and
together they define a plane of the K-dimensional variable space. These coordinates are the
scores that make up the score plot, which explores relationships between variables to reveal
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groups or trends.’® Covariances are used to interpret correlations. If positive, the two variables
are correlated. If negative, the two variables have an inverse correlation.

Component 2 (287 %)
[
|

Compeonent 1 (50.9 %)

Figure 4.2. Score plot for the first two principal components.

Figure 4.2 displays the score plot for the first two principal components, where the black dots
represent individual scores. The first component can be seen on the x-axis, and the second
component on the y-axis. Several clusters can be noticed though little other information is
offered by the plot beyond the observation that 50.9% of the variance is associated with the first
principal component and 28.7% is associated with the second.

A loading matrix, or biplot, depicts the influence of each characteristic on a principal component
and tends to be the most informative part of a PCA.°®°® Small angles are indicative of positive
correlations, while large angles are indicative of negative ones. A 90° angle shows no correlation
between two variables.

The biplot for the first two principal components is shown in Figure 4.3. Independent variables
are represented by red arrows, and supplementary variables are represented by the blue arrows.
Axes are defined the same as in Figure 4.2. Data labels are as follows, in accordance with Table
3.2: “TEG” is TEG volume, “[FeAcAc]” is Fe precursor concentration, “Dwell” is dwell time, and
“Speed” is stir rate. For supplementary variables, “Microstrain”, “Size”, and “Lattice” all correlate
as defined with what is given in Table 3.3. “Shell” references the mass percentage of TEG coating,
and “Max abs” is the vi peak location.
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Two variables are seen to have a positive correlation with component 1: TEG volume and Fe
precursor concentration. Dwell is negatively associated with both components, and stir rate is
only positively correlated with component 2. From Figure 4.3, it can be seen that TEG volume is
the only independent variable positively correlated with component 1 alone, and thus is
attributed to the 50.9% variance observed. Shell and microstrain are also positively correlated
with component 1, indicating association.

The second principal component is attributed to stir rate. Crystallite size and lattice parameter
are very lightly correlated with component 2, indicating moderate influence of stir rate. Fe
precursor concentration showed a positive correlation with both components, indicating indirect
influence on sample properties. This is potentially correlated with the vi peak location. Dwell

time showed no influence on either component, and did not correlate with any supplementary
variables.
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Figure 4.3. The loading matrix for the first two components, which provides a breakdown of
principal components by variable.
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Figure 4.4. Score plot offering the PCA breakdown of component 2 versus component 3.

The score plot for the second and third principal components is given in Figure 4.4. As seen in
Figure 4.3, 28.7% of the total sample variance is associated with component 2. The third principal
component accounts for another 16.8% of the total sample variation.
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Figure 4.5. PCA breakdown by variable for components 2 and 3.
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The biplot for Figure 4.4 is shown in Figure 4.5, where stir rate and Fe precursor concentration
are positively correlated with both component 2 and 3. TEG volume was negatively correlated
with both components, indicating no influence on either. Dwell time was positively correlated
with component 3, indicating influence with the lattice parameter. The association of stir rate
and Fe precursor concentration with both components 2 and 3, while in Figure 4.3 stir rate was
only positively correlated with component 1, is attributed to residual effects.

A Scree plot provides a visual comparison of eigenvalue sizes by showing how much variation is
captured by each component. Because the majority of influence is usually explained by the first
few components, a scree plot helps to visualize which components should be retained, and which
can be reasonably ignored. An acceptable scree plot has several distinct features: a steep drop,
an elbow-shaped bend, and a flatline. The elbow defines the cut-off point for important and
unimportant information. If a scree plot does not match the ideal visuals, the Kaiser rule can be
added to the analysis, where only eigenvalues larger than 1 are selected as important.
Additionally, it would be ideal for the selected components to describe at least 80% of the total
sample variance. Too many components are indicative of poor fit of PCA to the dataset.1

Table 4.1. Eigenvalues for Each Principal Component

Component Eigenvalue

2.0354
1.1462
0.6729
0.1454

AW IN|E

Eigenvalues for each component are given in Table 4.1. In Figure 4.6, the number of components
is shown on the x-axis and the eigenvalue is shown on the y-axis. Each black dot depicts one
component, and the red connecting line provides a guideline to visualize the variance between
each component. A slight shoulder can be seen around component 3, but this visual is not
sufficient, as the plot fails to level out.

For this dataset, the Kaiser rule was used to determine which components to retain; components
1 and 2 both had eigenvalues larger than 1, and were accepted as the most influential variables.
These two components accounted for 79.6% of the total sample variance, indicating reasonable
fit of the data to PCA. Component 3 produced an eigenvalue of 0.6729, and was retained.
Component 4 was the least significant and was ignored.
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Figure 4.6 Scree plot for the four components in the analysis.

The outlier analysis provides T? values for all variables in the analysis. T2 is calculated as

T>=X.P

i cii A

LPIX; (4.2)

where Pa is @ matrix containing the first A eigenvectors, L is a diagonal matrix containing the first
A eigenvalues, and X is the standardized data for the /" observation. Both the median and the
UCL are calculated as

a =(n—l)zﬂ[q§’n—§—1} (4.3)

n

An-A-1
E’— is the g™ quantile of the 8

where n is the number of observations and ,B[q,

An-A-1
(E'Tj distribution. For median calculations, g=0.5, and for UCL, g=(1-a).1®°
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Figure 4.7. Outlier analysis for all variables in the PCA. The green line represents the median, the
red line the upper control limit, and the blue lines depict the distance between each variable.

Figure 4.7 displays the T? contribution plots for all 23 samples in the model. Each plot displays
the independent variables of the PCA on the x-axis and the contribution proportion on the y-axis.
The contribution of each variable to the respective sample variance is represented as a bar.
Samples showed a range of variance, with each variable producing a range of contribution to
each sample. Horizontal lines are shown at the median (green, 3.41) and the upper control limit

(UCL) (red, 8.29). An a value of 0.05 was used to compute the upper control limit. No outliers
were observed for the test set.

Figure 4.8 provides the T2 contribution proportion plots for all samples in the test set. Samples
are numbered according to the naming conventions defined in Table 3.2. Independent variables
are shown on the x-axis, and contribution proportion is on the y-axis. The proportion of
contribution is represented as a bar. Each sample experienced a range of contribution from each
variable, where only one sample was influenced by a single variable, and another 17% were only
influenced by two variables. Figure 4.8 aids in the visualization of the multivariate nature of the
test set, where multiple synthetic conditions can be attributed to variance for a single sample.
Additionally, it was noteworthy that no identifiable pattern exists between samples.
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Figure 4.8. T? contribution proportion plots for all samples in the PCA.
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4.2 Statistical Inferences

The impact of the first component, TEG volume, was presumed to be the result of concentration
differences during synthesis, with low concentrations leading to more amorphous product and
high concentrations leading to more crystalline product. Additionally, larger particle sizes were
achieved at lower TEG concentrations. Stir rate, the second principal component, was influential
in the hydroxide to oxide conversion, confirmed by TGA and IR measurements. The third and final
principal component, dwell time, is attributed to a reduction in the polydispersity of the
nanoparticles. Increasing dwell times tends to improve crystallinity, where particles may have
experienced longer periods of molecular reorganization.

Supplementary variables of interest were crystallite size, which showed little correlation with any
principal component. Additionally, vi peak location did not appear to be correlated with any
synthetic condition. TGA volume showed strong correlation with both the quantity of coating on
the particles and with microstrain. The PCA results were used to inform a subset of samples for
magnetic characterization, which is described in chapter 5.
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Chapter 5. Identifying an Optimal Synthetic Method to
Maximize Saturation Magnetization
5.1 Constructing a Material Model

PCA results were used to inform the selection of a subset of samples for magnetics
measurements that encompassed the full spread of variance, both in independent and
supplementary variables. The model encompassed a range of both significant independent
variables (TEG volume, stir rate, and dwell time), along with a full range of size and vi peak
location. The synthetic conditions for these samples are outlined in Table 5.1.

Table 5.1. Selected Sample Subset for Magnetics Measurements

Sample ID Fe precursor TEG volume Stir rate (rpm) Dwell time
concentration (mL) (min)
(mmol)
S5 4 80 500 0
S11 1 50 900 0
S12 4 20 900 0
S16 2 20 500 120
S19 2 20 500 120
S20 2 20 500 150
s21 2 20 900 90

Sample stoichiometry was minimally affected by synthetic modifications, though samples
synthesized at the lowest concentrations showed slightly more amorphous XRD profiles than
those at high concentrations. No impurities were observed in any diffraction patterns, Figure 5.1.
The average crystallite size varied between 7.2 and 12.3 nm.

Thermograms for all samples in the subset are overlaid in Figure 5.2. The quantity of glycol
coating the particles ranged from 9-25%. This encompassed the full range of values for TEG
coating from the test set (Table 4.1). All samples experienced similar weight loss patterns, save
for sample S5, which exhibited a slight weight gain beginning around 400 °C.

Overlaid FT-IR spectra for the test set are shown in Figure 5.3 between 350 and 750 cm™. The
selected samples encompassed a vi peak shift between 510 and 537 cm™. This indicated
octahedral occupancy of Mn?* ranged between -16 and 3% (Table 5.2). There is some evidence
that Mn?* may prefer tetrahedral sites.'9? This is supported by IR measurements, as vi peak
locations indicated most samples adopted a normal lattice structure, with only a few samples
displaying positive percentages of octahedral site occupancies for Mn?*,
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Figure 5.2. Thermograms of the sample subset selected for magnetics measurements.

62



S5
511

-]

Absorbance

-6

519
-0

L Lyil

750 650 550 450 350

Wavenumber (cm™)

Figure 5.3. Overlaid IR spectra of the sample subset selected for magnetics measurements.
5.2 Magnetics Measurements

Ms is the maximum magnetization a material will exhibit in the presence of an increasing external
magnetic field, beyond which the moment is considered saturated. The distribution of cations
among tetrahedral and octahedral sites influences Ms of the material, where oxygen exchange
interactions with cations influences both the sign and magnitude of Ms. Magnetization tends to
decrease with particle size, due to the increasing surface contribution at smaller sizes.'03
However, PCA did not identify any clear association of crystallite size with significant sample
variance (Figures 4.3, 4.4).

Ms was measured to better understand how the magnetization of the particles could be
influenced by synthetic condition, and to which degree it may be associated with particle size
and cation occupancy. Figure 5.4 shows the M(H) curves for the samples in the subset, where M
is the magnetization of the material and H is the external magnetic field. Characteristic of
superparamagnetic materials, hysteresis was not observed for any sample. A negative correlation
was observed between the mass percent of TEG surface coating and Ms, as the exterior coating
produced a magnetically dead layer around the particles (Figure 3.1). Stir rate had no impact on
Ms, while a positive increase in Ms was observed with the addition of a dwell.

It was possible to alter the cation occupancies of the nanoparticles through synthetic
modifications without compromising the general form of the nanoparticles (phase, crystallinity,
qguantity of TEG coating). However, it was determined that synthetic route plays the greatest role
in influencing magnetic properties of the material. As seen in Table 5.2, there is no clear trend
between vi and Ms values.
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Figure 5.4. Overlaid Ms measurements for the selected subset.

Table 5.2. v1 Peak Positions and Ms Values for Selected Samples

Sample ID v1 (em?) Mn?* octahedral Ms (emu g?)
occupancy (%)

S5 533 0.15 40.12
S11 537 3.27 25.07
S12 521 -8.53 48.16
S16 510 -16.17 56.57
S19 521 -8.18 57.75
S20 536 2.58 55.69
S21 524 -6.45 55.60

Four samples produced similar Ms values larger than 50 emu g; all were synthesized with a
dwell, were sized between 7 and 9 nm, with only one sample achieving a positive octahedral site
occupancy for MnZ*. It can be reasoned that Mn?* presence in octahedral sites has little influence
on Ms. Considering these results, it can be seen that in order to maximize Ms for MFO
nanoparticles synthesized through the polyol route, specific synthetic steps must be utilized. The
synthetic scheme outlined in this work provide a standard for maximizing Ms through the polyol
route. Results further indicate that, at least under the size constraints of a nanoparticulate
system, controlling for cation occupancy may not be necessary when controlling for magnetic
moment.
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As thermal energy decreases, the magnetic moment of the particle becomes blocked. At a certain
temperature, the preferred direction of magnetization is lost and superparamagnetism is no
longer observed. This temperature is referred to as the blocking temperature Tg

ro_ KV (5.1)

° T,
k, In[mJ
z-0

where K is the magnetic anisotropy energy density of the nanoparticle, V is the volume of the
nanoparticle, kg is the Boltzmann constant, and 1o is the attempt period for the material. Below
Ts, the material exhibits relaxed magnetism. Below T, the magnetic properties of the
superparamagnetic material are comparable to those of the bulk one.33
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Figure 5.5. FC and ZFC curves for sample S11.

Figures 5.5-5.9 shows the overlaid FC and ZFC curves for all samples in the subset, where
temperature in K is given on the x-axis and magnetic moment in emu g is on the y-axis. Sample
S11, shown in Figure 5.5, shows maximum of the ZFC curve occurring at approximately 100 K.
The FC and ZFC curves do not appear to overlap, indicating a large spread of domain sizes. This
could explain the low Ms value for sample S11 of 25.07 emu g™

Figure 5.6 provides the FC and ZFC curves for sample S12, with T, occurring around 75 K. The two
curves overlap around 125 K, indicating a slight distribution of domain sizes. Ms increased relative
to sample S11, up to 48.16 emu g*.
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Figure 5.6. FC and ZFC curves for sample S12.

The FC and ZFC curves for sample S16 are provided in Figure 5.7, with T, occurring at 122 K. The
two curves overlap at 80 K, which may be the result of to sample movement during
measurements. Ms for sample S16 was 56.57 emu g1, where the decrease in stir rate relative to
either samples S11 or S12 appears to have positively impacted saturation values. It was
additionally noteworthy that sample S16 was synthesized at a lower solid concentration than
S12, but produced an almost 10 emu g increase in Ms.
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Figure 5.7. FC and ZFC curves for sample S16.
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Figure 5.8 displays the FC and ZFC curves for sample S19. Ty, occurs at 90 K, and the FC and ZFC
curves overlap at nearly the same temperature, indicating a narrow distribution of domain sizes.
Ms was maximized for sample S19 at 57.75 emu g. It should be noted that the synthetic
conditions for samples S16 and S19 were identical, though sample S19 produced a vi peak
maximum 11 cm™ higher than S16. This, combined with the data presented in Figures 5.7 and
5.8, shows that while control has been achieved for this synthetic technique, variability still
occurs between individual trials.
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Figure 5.8. FC and ZFC curves for sample S19.
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Figure 5.9. FC and ZFC curves for sample S20.
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FC and ZFC curves for sample S20 are given in Figure 5.9. The maximum of the ZFC occurs at 115
K, while the curves intersect at approximately 140 K. Again, this is indicative of multiple domain
sizes for the material. The Ms for sample S20 was only slightly lower than that of sample S19, at
55.69 emu g
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Figure 5.10. Overlaid M(H) curves for sample S19 at 50 K, 300 K, and 315 K.

All values of Ty occurred at 100 + 19 K, well below room temperature and confirmation that all
samples fell within the superparamagnetic regime. Deviations between the FC and ZFC curves
are indicative of multiple phases present in the sample. T, was maximized for sample S16 and
minimized for sample S12, while sample S11 showed the greatest distance between FC and ZFC
curves. Samples S16 and S19 were synthesized under identical conditions, but had different
values for v1. A comparison of M(T) plots supports the increased presence of Mn3*in sample S16,
as there is a slightly greater difference between FC and ZFC curves than for sample S19. These
results are indicative that there still exists a lack of consistency between identical syntheses that
may be due to subtle differences in physical or chemical environment. Generally, it appears that
lower concentrations encouraged the presence of multiple phases.

Additional M(H) curves were obtained for a range of temperatures. Ms tends to be inversely
proportional to temperature, seen in Figure 5.6. A comparison at 50, 300, and 315 K is shown,
with Ms being maximized for sample 519 at 50 K (blue line) and 73.79 emu g1. Ms was minimized
at 315 K (pink line) and 52.55 emu g*. This brings us into the clinical temperature range for MH,
where saturation decreases slightly from that at room temperature.

68



Table 5.3. Blocking Temperatures for Selected Samples

Sample ID T (K)

S11 100
S12 75
S16 122
S19 90
S20 115

Table 5.4. Ms Values for Sample 519 at Various Temperatures

50 73.79
300 57.75
315 52.55

T, was measured as a function of field strength, shown in Figure 5.11 with Ty, values given in Table
5.5. As field strength increased from 100 to 1,000 Oe, T, decreased from 90 to 54 K. Magnetic
moment can be seen to be directly proportional with temperature. From the theory surrounding
eq. 1.5, it is known that the maximum tolerable field strength for clinical applications is
approximately 600 Oe. At 500 Oe, sample S19 has a blocking temperature well below room,
maintaining the required superparamagnetic state for MH.
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Figure 5.11. Overlaid ZFC curves for sample 519 at 100 Oe, 500 Oe, and 1,000 Oe.
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Table 5.5. Ty, Values by Field Strength

100 90
500 54
1,000 45

All magnetic characterization maintains that sample S19 is a reasonable candidate for MH
applications. Despite the reduced Ms observed in Figure 5.10 at the target temperature range,
S19 outperforms similarly sized particles from the literature (11 nm MFO particle with Ms
reported at 48 emu g1, 29 nm MFO particle with Ms reported at 64.26 emu g*).357> Particularly
for the 29 nm particle, at more than 3 times the size of 519, Ms is less than 10 emu g* greater.
This imparts the conclusion that synthetic condition is more influential than material properties
when identifying how to target Ms. From Figure 4.8, the T? contributions for sample S19 are
mainly attributed to TEG volume and stir rate, with a small contribution from dwell time,
identifying clear synthetic targets for future studies.
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Chapter 6. Conclusions and Future Work

6.1 Conclusions

The goal of this work was to identify which synthetic and material properties could be tailored to
best maximize Ms for MH applications. This was accomplished through varying the synthetic
conditions of a thermal decomposition and using statistical modeling to identify variables of
significant influence. Three synthetic conditions were identified as contributing to the observed
variance among samples: solvent volume, stir rate, and dwell time. All material candidates in the
statistical model fell below the critical size for superparamagnetism in MFO and had narrow size
and shape distributions, essential components of a MH candidate.

Ms was maximized at 57.75 emu g under synthetic conditions of 20 mL solvent, stir rate of 500
rom, and a dwell time of 120 minutes. There was no observable correlation between particle
size and Ms for nanoparticles within a size range of 7-12 nm. Ms was found to be insensitive to
Mn?* occupancy in octahedral lattice sites for the test set. It can be concluded that a maximal Ms
can be achieved irrespective of targeting size or cation distribution, and is instead primarily
dependent upon synthetic conditions. Trial-and-error synthesis, specifically at the nanoscale, fails
to identify many confounding variables, where the identification of such is critical to enabling MH
as a standalone treatment modality. These results not only identify a clear synthetic route when
using a thermal decomposition, but provide a new perspective when assessing MH literature at
large.

6.2 Future Work

This exploratory work identified the importance of understanding the role those synthetic
modifications can impart on nanoparticle properties, particularly when trying to optimize for a
specific application. While the understanding that size is the controlling factor in maximizing Ms
was not found to hold up under the influence of broad synthetic conditions, the identification of
the optimal synthetic parameters when conducting a thermal decomposition may now serve as
the blueprint for fine-tuning future studies. The proposed synthetic scheme offers high Ms while
minimizing the presence of multiple phases.

Because all crystallite sizes were below the critical size for superparamagnetism, future work may
include specific tailoring of particle size through the refined synthetic parameters. Additionally,
while cation occupancy showed little dependence on maximizing Ms, the presence of mixed-
phase materials may have skewed that understanding. With the identification of key synthetic
parameters, it is now possible to more effectively study the influence of size and cation
occupancy on Ms, and subsequently SAR. Relaxation mechanisms for heat generation may be
temperature dependent, and serve as a next target for material optimization.1® Cation
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distribution has been found to impact Néel temperature, and serves as a logical next target for
this work.1% Additionally, the next variable in the SAR equation worth investigating is frequency,
where magnetization may further be influenced.1% Finally, the proposed material will be ready
for in vivo studies, which may finally offer a deterministic model of how to realize MH clinically.
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