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ABSTRACT OF THE DISSERTATION 

 

Exploring size-tunable magnetite nanoparticles: synthesis, characterization, and 

quantification of superparamagnetic materials 

 
by 

 

Kyle M. Kirkpatrick 

 

Doctor of Philosophy in Chemistry 

University of California San Diego, 2023 

Professor Jeffrey D. Rinehart, Chair 
 

 

Superparamagnetic nanoparticles represent an exciting area of research within the broader 

field of nanoscale materials. Synthetic control over physical properties, such as nanoparticle size, 

shape, and crystalline phase strongly impact the magnetic properties, ultimately dictating the 

functionality in potential applications.  

Chapter 1 provides a brief background of nanoscale magnetic materials. It discusses the 

high degree of control possible through colloidal nanoparticle synthesis techniques, as well as 

common challenges encountered. The chapter includes specific examples on the structure-property 
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relationship, including implications for magnetism, concluding with a summary of 

superparamagnetism. 

Chapter 2 discusses the efforts to enhance the reproducibility in magnetic nanoparticle 

synthesis. The chapter introduces two novel forms of iron oleate precursor that offer long-term 

stability, well-defined stoichiometry, and large-scale availability, addressing issues with 

reproducibility. These advancements enable the synthesis of magnetite nanoparticles with tunable 

sizes ranging from 4 to 16 nm and low size dispersity, providing consistent results in the 

superparamagnetic size regime. 

Chapter 3 details the development of a new technique for the quantification and 

parametrization of superparamagnetic nanoparticle magnetization curves. The size-dependent 

magnetic properties were elucidated by fitting the data to a statistical model, leading to a better 

understanding of these materials' behavior and potential for applications. It emphasizes the 

challenges in interpreting magnetization data and the importance of simplified models in 

advancing the field. 

Chapter 4, in collaboration with Angelica Orlova, presents the extension of the statistical 

analysis of magnetization data to a molecular system. Three ErCOT2 compounds with varying 

structures, including the angle, and spacing between magnetic units, were analyzed. The 

temperature dependence and effect of dipolar coupling between ErCOT2 units on the 

magnetization curve were analyzed. Each curve was deconvoluted into its components, which 

were tracked and quantified across the parameter space.
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Chapter 1  

Fundamentals of Nanoscale Magnetism 

1.1 Introduction 

Nanoscience is an exciting and rapidly-evolving field of research on materials and phenomena 

occurring on the nanoscale ranging from 1 to 100 nanometers (nm) in size.1 While the concepts of nanoscale 

materials and processes have been recognized for centuries, recent advancements in science and technology 

have propelled this field into the forefront of scientific exploration. The Scanning Electron Microscope 

(SEM), for example, has allowed researchers to peer into the complex world of nanoscale materials. Figure 

1.1 demonstrates the power of electron microscopy, as tiny 10 nm particles are made visible, showcasing 

the intricacy that lies beneath the surface of materials we may encounter every day. One of the most 

important aspects of nanoscale materials is their propensity to exhibit properties distinct from their bulk 

counterparts. These properties span a wide range of scientific domains and applications, including 

electronics, medicine, energy, biology, optics, magnetism, and many more. 

 

Figure 1.1. Scanning electron microscope (SEM) image of an array of magnetite (Fe3O4) nanoparticles.  
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My research, dating back beyond my graduate studies, has largely focused on elucidating the 

fundamental structure-property relationship of magnetic nanomaterials. Located at the interdisciplinary 

intersection between chemistry, physics, and materials science, nanoscale magnetism is a mature, yet 

largely unexplored field with ample room for further study, innovation, and creativity.  

The maturity of nanoscale magnetism is evident in the extensive body of knowledge that has been 

amassed over the years. Researchers have made significant strides in understanding the principles 

governing the magnetic behavior of nanomaterials, unraveling the complex phenomena behind 

superparamagnetism. These foundational concepts provide a solid framework for comprehending the 

behavior of magnetic nanomaterials at the atomic and molecular levels. The depth of understanding 

achieved thus far has paved the way for practical applications in areas such as medical diagnostics and 

magnetic sensors. Despite these advancements, the field remains largely unexplored in terms of its full 

potential. The intricacies of nanoscale magnetism open up avenues for novel discoveries that could reshape 

our technological landscape. My research delves into these uncharted territories, pushing the boundaries of 

current knowledge to uncover new phenomena and establish connections that may have been overlooked, 

aiming to improve synthetic capabilities and advance characterization methods in the realm of magnetic 

nanomaterials. By doing so, I aim to contribute not only to the theoretical understanding of nanoscale 

magnetism, but also to its practical applications, unlocking possibilities for more efficient and advanced 

magnetic nanomaterials. In the broader context, the interdisciplinary nature of my work reflects the 

collaborative spirit required to tackle the challenges posed by nanoscale magnetism. Bridging the gaps 

between chemistry, physics, and materials science is essential for a holistic understanding of the field. My 

research serves as a testament to the need for diverse perspectives and skill sets in exploring the richness 

of nanoscale magnetism. As the boundaries between scientific disciplines continue to blur, the potential for 

groundbreaking discoveries in this mature yet evolving field becomes even more promising. 
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1.2 Colloidal Nanoparticles 

Colloidal nanoparticles are generally defined as nanoscale particles that are stably suspended in a 

liquid. As particle size decreases from the bulk to the nanoscale, significant differences arise in the 

electronic and vibrational structure compared to bulk materials. Moreover, this reduction in size 

substantially increases the surface-to-volume ratio of nanomaterials, a key characteristic that directly 

influences their extensive range of applications. A significant amount of research has focused on controlling 

nanoparticle size,2–5 as it alone determines a number of key properties. For example, optical properties of 

quantum dots,6 catalytic properties of gold nanoparticles,7 and magnetic properties of superparamagnetic 

nanoparticles8–10 all strongly depend on particle size. Arguably just as important as size, the broadness and 

shape of the size distribution can also have a detrimental impact on the intended properties. For example, 

the physical size distribution of colloidal plasmonic nanoparticles (quantum dots) directly correlates to the 

sharpness of the peaks in the corresponding optical spectrum.11,12 Both the precision and accuracy of the 

observed color emitted from quantum dots is tied to the synthetic capabilities. 

Shape control is also an important factor to consider in the structure-property relationship of 

nanoparticles. A wide range of dimensionalities and shapes are possible through various changes in reaction 

conditions, ranging from 0D (spherical, cubic, octahedral), 1D (rods and wires), 2D (plates, disks, rings), 

and 3D (nano-urchins),13 some of which are demonstrated in Figure 1.2. There are many examples of 

properties that are dependent on particle shape. In the 0D case, superparamagnetic magnetite (Fe3O4) 

nanoparticles of spheres, cubes, and octahedra exhibit drastically different magnetic properties.14 In the 1D 

case, the aspect ratio of cobalt nanorods tunes the magnetic field at which magnetization reversal occurs, 

commonly referred to as the coercive field (Hc) .15 In another example, the surface plasmon resonance effect 

of gold nanorods is dependent on aspect ratio, ultimately permitting treatment of cancerous cells through 

the photothermal effect.16 One specific advantage of shape control is the ability to expose specific facets of 

the nanoparticle’s crystal structure, with examples of changes in catalytic activity depending on the 

available crystal facets in 2D nanomaterials.17,18  
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Figure 1.2. Transmission electron microscope (TEM) images highlighting different examples of colloidal 
nanoparticle shapes. (a) Magnetite (Fe3O4) nanocubes synthesized from iron oleate. (b) Ni@NiO core-shell 
nanoparticles synthesized from nickel acetylacetonate, oleylamine, and trioctylphosphine oxide. (c) Cobalt 
nanorods synthesized from the polyol method using cobalt laurate. (d) Nickel oxide nanoflowers 
synthesized from nickel acetylacetonate, oleylamine, and trioctylphosphine oxide. 
 

In the case of every nanomaterial regardless of dimensionality, the morphology influences the 

packing and alignment on a surface. Low size dispersity (%RSD < 10%) nanoparticles tend to self-assemble 

into an ordered array when drop-cast from solution onto a surface, forming a superlattice, shown in Figure 

1.3. This self-assembly process is driven by a general minimization of energy, ultimately leading to a more 

favorable energetic state. A wide range of crystal structures, such as face centered cubic (fcc) and body 

centered cubic (bcc) type packing is possible, along with more complex structures through the introduction 

of additional materials or driving factors for assembly. For example, interparticle interactions can be 

mediated by coating nanoparticles with complementary strands of DNA, yielding incredible control over 

particle arrangement.19 While superlattice assemblies are aesthetically pleasing, they represent an additional 

degree of freedom with respect to interparticle interactions, which may influence the thermal, electronic, or 

magnetic properties.  

a) b)

c) d)
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Figure 1.3. TEM image of a superlattice type self-assembly of core-shelled FeO@Fe3O4 nanoparticles. 

Finally, due to the inherent bottom-up-nature and incredible control over reaction conditions, 

properties can also be modified through changes in nanoparticle composition. This includes core-shell 

particles where the interior material differs from the exterior material, which can be achieved by a variety 

of methods. For example, control of gas composition during synthesis can lead to two different iron phases 

within the same nanoparticle, identified by the difference in contrast within particles in Figure 1.3.20 

Additionally, one may grow a new material onto an existing one, referred to as seed-mediated growth.21 

Nanoscale materials offer opportunities for incredible precision and creativity, ultimately leading to 

unparalleled control over the resulting properties. 
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1.3 Synthesis of Colloidal Nanoparticles 

Nanoparticles are synthesized by a variety of methods, each with their advantages and 

disadvantages. Top-down style nanoparticle syntheses involve the breakdown of a larger material through 

various methods, such as ball milling. This technique involves the mechanical grinding of bulk materials 

to reduce particle size.22 Conversely, bottom-up methods involve the assembly of atoms or molecules 

through various reaction processes. Predominantly performed in the liquid phase, bottom-up methods offer 

more precise control over the crucial physical properties that render nanoscale materials so extraordinary. 

Common liquid phase methods for the synthesis of colloidal nanoparticles include co-precipitation, 

microemulsion, solvothermal, and high temperature thermal decomposition (thermolysis).23 While all liquid 

phase techniques produce nanoparticles, in many cases, thermolysis remains the premier option for optimal 

control of size, size dispersity, shape, and phase.24–26  

 In general, the reaction mixture of a thermolysis based nanoparticle synthesis contains three 

components: precursor, surfactant, and solvent. Generally, the precursor supplies the metal, the surfactant 

directs particle growth, and the solvent keeps the reaction mixture in solution. Beyond the reaction contents, 

there are countless parameters that provide additional levels of control, including temperature, stir rate,27 

gas composition and gas flow rate,28,29 and choice of glassware.30 Due to all these factors (and many more 

not listed) and in efforts to avoid the mysticism (irreproducible or unverifiable results only achievable by 

certain researchers) so commonly encountered in nanoparticle synthesis, it is imperative that synthetic 

methods are kept consistent and contain as much detail as possible.  

The first component of the reaction, the precursor, is arguably the most important of the three, as it 

contains the metal(s) of choice. Examples of common precursors include metal chlorides, metal alkoxides, 

metal carbonyls, metal carbonates, and a wide number of organometallic compounds.31–33 Selecting the 

correct precursor for modulation of the intended nanoparticle property is challenging, considering the 

abundance of research spent developing precursors.34–38 Considerations must be made with regard to purity, 
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decomposition properties, oxidation state, and reactivity of the precursor material, as they ultimately impact 

the resulting nanoparticles.31 

Thermolysis results in a colloidal suspension of particles coated with surfactant to keep them 

dispersed in solution. The surfactant is an organic amphiphilic molecule containing a functional group that 

attaches to the nanoparticle surface, while also containing a long chain non-polar carbon chain. Common 

surfactants include oleic acid (OA), oleylamine (OAm), and trioctylphosphine oxide (TOPO), each 

containing a carboxylate, amine, and phosphine oxide group, respectively, that binds to or “caps” the 

nanoparticle surface. Surfactant may also be present within the precursor material itself.31 In addition to the 

role of surfactant in dispersing the nanoparticles in solution and preventing aggregation, the quantity and 

type of surfactant strongly impacts nanoparticle growth, ultimately presenting itself through changes in 

nanoparticle size and shape. For example, the use of surfactant with a propensity to bind to a specific facet 

of a nanoparticle surface may help direct its overall shape, while the overall amount of surfactant in a 

reaction helps to determine the final nanoparticle size.39,40 

Finally, the solvent choice has a significant impact on the resulting nanoparticles, as it determines 

the boiling point of the reaction mixture. This boiling/reflux point can be another source of control, as it 

has been correlated with nanoparticle size.29 Additionally, the solvent may determine the overall reducing 

or oxidizing power of the reaction. In the case of the polyol-based synthesis of metallic nanoparticles, 

controlled decomposition of the solvent itself in the presence of base is responsible for the strongly reducing 

atmosphere, ultimately determining the phase (e.g., Fe vs. Fe3O4).5,41 

While control over the contents of the reaction mixture can lead to exquisite control over the 

physical properties of the resulting nanoparticles, it is a challenging task. Nanoparticle synthesis represents 

a uniquely complex system with many variables beyond just the reaction components. Truly understanding 

the mechanism and sources of control in a nanoparticle reaction requires rigorous and extensive 

experimentation. A primary goal of the research described in this dissertation is to identify and fix aspects 

of superparamagnetic nanoparticle synthesis and characterization that facilitate its quantitative 

characterization in forms of greater utility to those interested in potential commercial application. This 
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process includes more consistent production of phase pure materials and detection of impurity phases, as 

well as quantification of thermodynamic and kinetic aspects of the magnetization important to use in 

sensing, imaging, magnetothermal generation, and magnetic switching and torque. This topic as it pertains 

to synthesis of magnetic nanoparticles is discussed in detail in Chapter 2. 

1.4 Magnetism in Nanoscale Materials 

The incorporation of magnetism to colloidal nanoparticles introduces an additional layer of 

complexity, specifically in how the size, size dispersity, shape, exposed facets, and surface ligands 

contribute to the overall magnetic properties. Reliable synthetic methods are of utmost importance, as slight 

changes in physical characteristics can either facilitate or limit the functional magnetic capabilities. 

 Magnetic materials can be broadly categorized based on their response to an externally applied 

magnetic field, including diamagnetism, paramagnetism, and ferromagnetism. Present in every material, 

diamagnetism is a result of the orbital motion of electrons generating a weakly opposing magnetic moment 

with respect to the direction of the applied magnetic field. Conversely, paramagnetism is observed in 

materials containing unpaired electrons, resulting in an attraction to a magnetic field. Importantly, 

paramagnetism does not exhibit long-range ordering and does not retain its magnetic moment when 

removed from a magnetic field. Ferromagnetic materials, such as Fe, Co, and Ni also contain unpaired 

electrons yet are characterized by an alignment or long-range ordering of spins. Under the broader umbrella 

of ferromagnetism, subclassifications include ferrimagnetism and superparamagnetism. In the case of 

ferrimagnetism, a net magnetic moment is produced as a result of the anti-alignment of multiple sublattices 

with varying (unequal) magnitudes. Examples of ferrimagnetic materials include the spinel ferrites MFe2O4, 

where M represent Fe2+, Co2+ and Ni2+.  

Thus far in this brief classification of magnetic materials, the assumption has been that all materials 

are in their bulk state, however, when certain magnetic materials are made on the nanoscale, a new 

subcategory of magnetism emerges, known as superparamagnetism. While a bulk material might contain 
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many grains of large size and thus multiple magnetic domains, nanoscale materials exhibiting 

superparamagnetism consist of single magnetic domains. In the realm of superparamagnetism, a distinctive 

feature emerges; thermal energy becomes commensurate with the energy barrier required for the collective 

magnetic moment to reverse. When thermal energy exceeds this threshold, the magnetic moment traverses 

the barrier, leading to a net zero magnetic moment among the entire collective sample of nanoparticles. 

Conversely, if thermal energy decreases below this threshold, the moment becomes effectively "blocked" 

or immobilized on one side of the energy barrier. The energy landscape for superparamagnetic nanoparticles 

can be conceptualized as a form of the double well potential model, depicted in Figure 1.4.  

 

Figure 1.4. Schematic of superparamagnetic energy barrier. With no applied magnetic field (H = 0), there 
is an equal population of nanoparticle moments in the up (q = 0°) and down (q = 90°) states. In this example, 
with an applied magnetic field (H ≠ 0), the nanoparticle moments in the up state become destabilized and 
are able to rotate over the barrier.  
 

 𝐸!"# = 𝐾𝑉𝑠𝑖𝑛$(𝜃) Equation 1.1 

 The energy barrier of superparamagnetism results from magnetocrystalline anisotropy, described 

by Equation 1.1, which is a preference for the magnetic moment to point in a particular direction stemming 

from the physical crystal structure of the material. This preferential direction is described as the “easy axis”. 
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In a uniaxial particle containing a single easy axis, the energy is minimized when the direction of the 

magnetic field is parallel to this easy axis. As the angle between the two, denoted q, changes between 0 and 

90°, the energy increases, then decreases following the shape of the double well schematic. While the 

relative energy at any point is determined by q, the anisotropy constant K, and the particle volume V, 

determine the magnitude of the energy barrier. The competition between thermal energy and degree of 

accessibility over the energy barrier can be directly visualized through a measurement of magnetization vs. 

temperature.  

 

Figure 1.5. Typical measurements for the characterization of magnetic materials. (a) Plot of zero-field 
cooled (ZFC) susceptibility and field cooled (FC) susceptibility. (b) Plot of magnetization curves for a 
typical superparamagnet above the blocking temperature (green) and below the blocking temperature 
(blue). The location of two important parameters, saturation magnetization (Ms) and coercive field (Hc), are 
highlighted on the curve. 

 This measurement consists of two parts: zero-field cooling (ZFC, solid) and field cooling (FC, 

dashed), shown in Figure 1.5a. When combined, the temperature dependent dynamics are revealed, 

specifically the temperature above which the nanoparticles exhibit superparamagnetic behavior. The split 

between the ZFC and FC curves is one indication of superparamagnetism, and it occurs where the energy 

barrier for magnetic moment alignment becomes equal to thermal energy. First, cooling under zero-field 
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essentially freezes the system in place with an equal population of magnetic moments on each side of the 

barrier, leading to a net zero magnetic moment. After cooling under zero-field, a small magnetic field, 

typically 100 Oersted (0.01 Tesla), is applied. The magnetization is measured as temperature is slowly 

increased. As thermal energy is reintroduced into the system, the nanoparticle moments can begin to orient 

themselves with the small magnetic field. Eventually, a peak in the magnetization forms near the “blocking 

temperature,” where the blocking temperature is defined as the temperature at which the superparamagnetic 

material is able to re-establish equilibrium on the timescale of the measurement once more. A single agreed 

upon definition for the blocking temperature does not exist unanimously, as multiple methods for blocking 

temperature determination exist depending on the field.42,43 In superparamagnetism literature, typical 

choices for the blocking temperature involve determining the temperature at which the maximum ZFC 

magnetization occurs, identifying the temperature corresponding to the inflection point, or pinpointing the 

temperature at which a peak appears in the derivative of the difference between the ZFC and FC curves. 

Above the blocking temperature, thermal energy again exceeds the energy barrier, leading to a net zero 

magnetization as the moments fluctuate randomly over the barrier. Next, in the FC case, the nanoparticle 

moments are already biased in the direction of the magnetic field, resulting in a larger magnetization at low 

temperatures. The shape of the FC curve below the blocking temperature yields information on interparticle 

interactions, described in more detail in Chapter 3. Finally, as the temperature increases, the FC curve 

converges with the ZFC curve near the blocking temperature. 

 While the temperature dependence of magnetization yields significant insights into the behavior of 

superparamagnetic nanoparticles, the magnetic field dependence can reveal further information. The 

measurement of a magnetization curve is demonstrated in Figure 1.5b, in which a magnetic field is swept 

from a large negative applied field to a large positive applied field (left to right), a sharp increase in 

magnetization is observed. Due to the nature of the double well behavior described above, 

superparamagnetic nanoparticles above the blocking temperature (green) exhibit zero magnetization at zero 

field. This is demonstrated by the complete lack of coercivity or a coercive field (Hc), referring to the 
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magnetic field needed to demagnetize a material. When below the blocking temperature, however, 

coercivity is observed in the magnetization curve (blue).  

 An additional parameter from the measurement of a magnetization curve is saturation 

magnetization (Ms), which represents the sum of all magnetic moments in a material, typically normalized 

by mass or volume. In a sample of superparamagnetic nanoparticles, saturation magnetization is determined 

by particle size, phase, and overall mass of superparamagnetic material being measured. Depicted in Figure 

1.5b, saturation magnetization is measured by applying a large magnetic field to a sample and determining 

the magnetization in which no further increase is observed. Typically, saturation magnetization is invoked 

as an indicator of crystallinity and thus, particle quality. While bulk Fe3O4 exhibits a saturation 

magnetization of roughly 92 emu/g,44 directly comparing this saturation magnetizations of nanoscale Fe3O4 

is not a recommended approach. A host of variables, including size, shape, surface effects, crystalline 

defects, and mass percentage of non-superparamagnetic material present in the sample all contribute to 

inconsistencies between the bulk and nanoscale saturation magnetization values.45–48 Moreover, the 

combined effect of errors in both mass and magnetization measurement can result in significant variations 

in saturation magnetization. The difference in error of the sample mass (± 0.1 mg) is roughly 102 larger 

than the error in magnetic moment. 

 Magnetite (Fe3O4) nanoparticles are the superparamagnetic material of choice throughout this 

dissertation. While many superparamagnetic materials exist, such as cobalt nanoparticles, magnetite is a 

naturally occurring material in nature and it is biocompatible, making it attractive for potential biomedical 

applications. Additionally, magnetite exhibits a large saturation magnetization, and a wealth of knowledge 

is available on its synthesis and characterization. The topic of magnetization curves of superparamagnetic 

nanoparticles is discussed in more detail in Chapter 3. 
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1.5 Outlook of Superparamagnetic Nanoparticles 

While the work described in this dissertation primarily focuses on the fundamental research of 

superparamagnetic nanoparticles, there are implications in many applications, including biomedical 

imaging, drug delivery, cancer treatment, and sensing of biomolecules.23,34,49–51 Superparamagnetic iron 

oxide nanoparticles, in general, exhibit biocompatibility, possess intrinsic customizability, and can be 

functionalized with biomolecules for precise targeting of specific cells or tissues. One example of an 

application that directly depends on the size and size distribution of superparamagnetic nanoparticles is 

Magnetic Particle Imaging (MPI). A relatively new technique, MPI is an alternative to MRI imaging, 

especially MRI imaging with the assistance of gadolinium-based contrast agents, which have been shown 

to be harmful in patients with kidney issues.52,53 MPI relies on an oscillating AC magnetic field to determine 

the location and intensity of the superparamagnetic nanoparticles, up to a spatial resolution of roughly 1 

mm.54 Likely introduced to the body via an injection or oral ingestion, the magnetic nanoparticles emit a 

signal in a magnetic field, allowing researchers and doctors to visualize internal structures, track blood 

flow, and diagnose medical conditions. Due to the inherent selectivity for magnetic material and the 

thousand order of magnitude difference in magnetic moment compared to paramagnetic molecules such as 

gadolinium, MPI proves to be an exceptionally sensitive technique for high-resolution cancer detection and 

imaging. The MPI signal itself is directly related to the derivative of the magnetization curve.55 As such, a 

sharp magnetization curve requires a smaller magnetic field and leads to a MPI signal with a higher signal-

to-noise ratio. Conversely, one may desire an MPI signal that is less sensitive at the expense of using a 

larger magnetic field range. The success of MPI hinges on the consistent and reliable synthesis of 

superparamagnetic nanoparticles. The size, size distribution, and shape of the superparamagnetic 

nanoparticles all strongly influence the magnetization curve, consequently impacting the MPI signal shape 

and intensity.56 The improved parameterization of magnetization curves is far-reaching in terms of its 

implications, as it could be used to both predetermine and quantify existing MPI signals. The future 
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prospects for superparamagnetic nanoparticles will undeniably revolve around their contributions to 

biomedical applications. 

 In a similar process to the AC magnetic field of several kHz utilized in MPI, a much larger 

frequency in the MHz range can lead to the conversion of magnetic energy into heat. Known as magnetic 

hyperthermia, this technique may potentially be used to ablate cancerous tumors and release drugs 

following thermal degradation triggered by the AC magnetic field.57 Similarly to the role of physical 

properties directing the magnetic properties with respect to MPI, the same is true of magnetic hyperthermia. 

An incredible amount of research has been carried out correlating size, elemental composition, shape, and 

crystallinity with magnetic hyperthermia performance.45,57–59 For example, the use of zinc substituted ferrite 

(ZnFe2O4) results in a larger saturation magnetization compared to the non-substituted ferrite (Fe3O4) 

analogue, leading to a higher heat capacity.60 

Beyond biomedicine, the improved nanoparticle synthesis and analysis of magnetization curves 

finds a direct application in granular magnetoresistance, an area where the Rinehart Lab holds expertise.9,30 

The discovery of various enhanced magnetoresistive (MR) effects in the late 1980s resulted in one of the 

most universally relevant quantum phenomena in modern technology.61 Fundamentally, MR effects convert 

magnetic signals into electronic ones, which are generally more manageable, as they can be easily 

amplified, processed, and transmitted via various compatible electronic components. Characterized by the 

ability of magnetic material to change its electrical resistance with a small applied magnetic field, MR 

found its primary application in computing technology in the form of hard disk read-heads.62 While this has 

undeniably made an impact on our daily lives, there remains ample room for further exploration and 

advancement in the field of sensing capabilities through enhanced MR effects. Beyond data storage, MR 

sensors are widely employed in various applications, encompassing industrial uses such as position, angle, 

and speed measurements, geophysical devices, and consumer electronics where they serve as compasses.62–

64 Additionally, MR sensors are used to detect and quantify a variety of biomolecules.49,65–67 
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Figure 1.6. Granular magnetoresistance of colloidally prepared magnetic nanoparticles. (a) SEM image of 
thin film of magnetite nanoparticles. (b) 3-D model of interdigitated gold electrodes with a 10 µm spacing 
for magnetoresistance testing. (c) Plot of magnetization (blue) and corresponding magnetoresistance curve 
(green) for superparamagnetic nanoparticles. 

 
Granular magnetoresistance is an enhanced MR effect found in arrays of magnetic nanomaterials 

separated by insulating materials, which act as tunnel barrier junctions. While MR effects based on tunnel 

barrier junctions are typically made through highly complex thin films of various magnetic and non-

magnetic material manufactured in a cleanroom through expensive processes, granular MR is a promising 

low-cost alternative with the potential for a similar degree of control. A physical representation of a granular 

MR system consisting of Fe3O4 nanoparticles on a silicon surface is shown in Figure 1.6a. While thin film 

MR relies on the high spin selectivity of a single complex interface, the advantage of granular MR is in the 

sheer number of interfaces; each boundary in a thin film of nanoparticles becomes spin selective. Shown in 

Figure 1.6b, the MR effects of colloidal nanoparticles are measured by drop-casting a suspension of 

nanoparticles onto a tiny device consisting of interdigitated gold electrodes, which increase the overall 

electrode surface area. The nanoparticles fill in the 10 µm gaps between the electrodes, the contact pads are 

connected to gold wire via a soldering process, and the device is inserted into the SQUID magnetometer 
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for measurements. The basis of the granular MR effect with respect to the magnetization is demonstrated 

in Figure 1.6c. With no applied magnetic field, the system is at a high-resistance state, as nanoparticle 

moments are randomly aligned. With a small applied magnetic field, however, the nanoparticle moments 

align with the field, resulting in a low-resistance state.  

The magnitude, curvature, and overall resistance is strongly dependent on the physical properties 

of the constituent nanoparticles used in the magnetoresistor. Thankfully, colloidal nanochemistry allows 

for incredible control over the physical properties that impact MR. The link between these two, however, 

is often unclear and warrants additional exploration. In 2018, Ben Zhou of the Rinehart lab elucidated the 

relationship between nanoparticle size (CoFe2O4) and the corresponding height of the MR curve.9 It was 

discovered that smaller nanoparticles (5.3 nm) exhibited the largest MR response due to the increased 

number of interfaces between particles. While the size-dependence was elucidated, it represents just one of 

many parameters involved.  

Depending on the application, one may need a sharp MR curve with the application of a small 

magnetic field, while another may require a wide MR signal that is resistant to change beyond a specific 

magnetic field. This particular level of control over the MR curve was achieved by physically mixing 

magnetically “hard” nanoparticles (CoFe2O4), which resist switching of its magnetization, with “soft” 

nanoparticles (Fe3O4) that rapidly switch magnetization in response to a small magnetic field.30 Together, 

this combination of magnetic materials forms a pseudo-spin valve, resulting in incredible control over the 

MR curve shape. Beyond nanoparticle size and overall phase composition, parameters such as intrinsic 

material conductivity, ligand choice, and particle alignment can potentially push the boundaries of granular 

MR further. For example, changing from Fe3O4 to Fe@Fe3O4 through a small change in the gas flow 

composition during synthesis would result in a significantly more electrically conductive material, as well 

as a sharper and larger MR curve as a result of a larger saturation magnetization, demonstrated in Figure 

1.7.68 The exploration into non-ferrite materials would potentially increase the functionality of granular MR 

in its current state. 
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Figure 1.7. Example magnetization curve (top) and corresponding magnetoresistance curve for assemblies 
of Fe3O4 and Fe@Fe3O4 nanoparticles. 

1.6 Organization of Chapters 

The following chapters detail our efforts to more fully understand the fundamental structure-

property relationship of superparamagnetic magnetite nanoparticles. Chapter 2 delves into the synthetic 

challenges associated with the iron oleate precursor and our solution in developing an improved precursor. 

Using this new precursor, the parameter space of iron content and ratio between iron and ligand in the 

nanoparticle synthesis was explored, leading to fine size control in the 5-20 nm range. The ability to 

reproducibly synthesize magnetite nanoparticles in a tunable size range with acceptable size distributions 

set the stage for the following study described in Chapter 3, which focuses on the statistical modelling of 

superparamagnetic magnetization curves. While saturation magnetization is typically invoked in the 

discussion of magnetite nanoparticle quality, fitting the data to a purely statistical distribution results in new 

quantifiable parameters that more fully describe the curvature of the magnetization curve. The success of 

the technique led to its implementation in analyzing magnetization curves of molecular magnetic materials 

with Angelica Orlova of the Rinehart Lab. Chapter 4 focuses on the extension of the fitting procedure to 
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molecular systems with complex magnetization curves, leading to unparalleled quantification and depiction 

of demagnetization processes that would have otherwise gone unobserved. 
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Chapter 2  

Size-Tunable Magnetite Nanoparticles from Well-

Defined Iron Oleate Precursors 

2.1 Introduction 

The synthesis of iron oxide nanoparticles with fine control over size and shape has been a long-

studied area of research, with iron oleate being arguably the most successful precursor. Issues with 

reproducibility and versatility in iron oleate-based syntheses remain, however, in large part due to the 

mutable nature of its structure and stoichiometry. In this chapter, two new forms of iron oleate precursor 

are presented that can be isolated in large quantities, show long-term stability, and have well-defined 

stoichiometry, leading to reproducible and predictable reactivity. Synthesis with these precursors is shown 

to produce iron oxide nanoparticles in a tunable size range of 4-16 nm with low size dispersity and 

properties consistent with magnetite in the superparamagnetic size-regime.  

The thermal decomposition of metal coordination complexes is a longstanding and commonly 

employed technique to produce colloidal nanoparticles.1–4 Complexes formed from transition metals and 

the oleate anion (Ol⁻ = CH3(CH2)7CH=CH(CH2)7COO⁻) are one of the most common precursors for 

nanoparticles, providing access to a wide variety of metal oxide (e.g., CoO,5,6 MnO,7 ZnO8) and metal ferrite 

(e.g., MFe2O4 (M = Fe, Co, Ni, Mn, Zn))9–11 materials. Perhaps the greatest testament to the utility of the 

oleate precursor is its continued dominance, despite persistent issues in reproducibility and predictability. 

Much of this variability arises from the fact that the term “metal oleate” rarely refers to an exact molecular 

formula. Indeed, there is significant evidence that metal oleates are highly variable materials where ligation, 

nuclearity, solvation, and oxidation state are sensitive to a host of synthetic details.12,13 This sensitivity 
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presents a challenge to sample-to-sample consistency, inhibiting predictive and scalable control over 

nanoparticle size, size dispersity, morphology, and phase. Often, even small alterations to a functioning 

synthesis require extensive re-optimization. Once optimized, however, control over nanoparticle phase, 

size, and shape has been demonstrated to impressive levels of precision.13–16 While the issues arising from 

precursor variability are a common challenge amongst nanoparticle syntheses, reliable methods are 

especially vital for magnetic nanomaterials. Even slight variations in phase, morphology, homogeneity, and 

heterostructure can limit or even negate their functional magnetic cabilities.17 Especially with iron oxide, 

these capabilities are vital for optimizing responses in applications such as magnetic hyperthermia,11,18 

nanocomposite magnetoresistance,19–23 smart fluids,24 magnetic particle imaging,25–27 magnetic particle 

spectroscopy,28,29 and thermometry.30,31  

Many syntheses for iron oxide nanoparticles have been explored from a host of precursors including 

long chain carboxylates (oleate,2,12 stearate,32–34 palmitate16), acetate,35,36 acetylacetonate,1,37 carbonyl,38 

carbonate,39 and hydroxide ligands.40,41 Amongst the many demonstrated precursor materials, iron oleate is 

arguably the most popular, as it is non-toxic, can be made on a large scale,2 and has been shown to produce 

particles of a variety of sizes (d = 1 – 40 nm),13,14 with considerable shape control.15,16 

Many research groups,10,12,14,42 including our own,23 have reported structural and magnetic data for 

magnetite nanoparticles using iron oleate syntheses, yet, somewhat counterintuitively, these syntheses 

continue to have challenges. The formulations of the iron oleate used as a synthetic precursor to magnetic 

nanoparticles has been shown, through careful characterization, to be highly sensitive to minor variations 

in its synthesis due to its propensity to retain water, oleic acid and other reaction byproducts.12,43,44  

Herein, we compare our standard preparation of the viscous red-brown oil typically characterized 

as iron oleate (FeOl-1), to two newly isolated iron oleate starting materials: a fine dark brown powder 

preparation (FeOl-2) and a hard, waxy preparation (FeOl-3) (Figure 2.1). Similar to FeOl-1, FeOl-2–3 lack 

crystallographic order, yet are compositionally more consistent, and upon thermal decomposition, lead to 

low size dispersity nanoparticles in a systematic and tunable size range of 4-16 nm. In this work, we detail 

the synthetic methods and characterization of these new precursors for the thermal decomposition synthesis 
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of magnetite nanoparticles. Additionally, we discuss the possible advantages of using FeOl-2–3 in 

nanoparticle synthesis in the context of both practical synthetic methods and the resulting magnetism. A 

general reaction scheme for the synthesis of each iron oleate precursor described in this work is depicted in 

Figure 2.1.  

 

Figure 2.1. Abbreviated reaction scheme and representative images of iron oleate precursors. 

2.2 Results and discussion 

2.2.1 Synthesis and physical characterization of iron oleate precursors 

 The oleate precursor for the synthesis of iron oxide nanoparticles is generally agreed to contain the 

ubiquitous trinuclear oxo-centered iron motif, [Fe3O]n+, with charge balance provided by chelating oleate 

ligation.10 Since there are countless variations on iron oleate syntheses, we use the general name FeOl-1 as 

a means to delineate observations based on procedures and characterization described herein for comparison 

with the materials FeOl-2 and FeOl-3.  
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 Synthesis for FeOl-1 proceeds by stirring a solution of iron (III) chloride and sodium oleate in 

deionized (DI) water, ethanol, and hexanes at 70 °C for four hours (Figure 2.1).2 Afterwards, the hexanes 

phase containing FeOl-1 is washed with DI water using a separatory funnel. The hexanes are removed under 

reduced pressure until the highly viscous, dark red oil (FeOl-1) is obtained. Literature procedures for this 

synthesis vary greatly and offer insight into how the starting material formulation can affect the resultant 

nanoparticle properties.  

 Unlike a well-defined, crystalline molecular structure, the connectivity and composition of FeOl-1 

can change dramatically during synthesis and workup as a result of reflux temperature, reaction solvent, 

volume of solvent, degree of diligence in byproduct extraction, and method of solvent removal. For 

instance, the reported reflux temperature from syntheses similar to FeOl-1 varies from 57 °C to 70 °C,2,14 

with this variability exhibiting important consequences on the resultant nanoparticles. Bronstein et al. have 

also demonstrated the partial removal of free/residual oleic acid (OA) from syntheses similar to FeOl-1, 

indicating a high potential for variability in stoichiometry.12 

 Additionally, the charge of the trinuclear iron-oxo cluster leads to further inconsistency. The mixed 

valence cluster [Fe3O]6+ leads to a net neutral molecule with 6 oleate anions, yet x-ray photoelectron 

spectroscopy (XPS) on material from syntheses similar to FeOl-1 is consistent with an all Fe3+ core.12 To 

further support this, the net charge of the iron-oxo core can be probed by peaks in the 500-650 cm⁻1 region 

of an infrared (IR) spectrum.10 Analysis of molecular iron-oxo clusters indicates that an all Fe3+ core 

exhibiting D3h symmetry will show a peak at ~ 610 cm⁻1, which we indeed observe in FeOl-1 (Figure 2.2c). 

Therefore, the [Fe3O]7+ cluster core predicted for FeOl-1 has uncompensated cationic charge, most likely 

resulting in anionic outer sphere oleate. 

In addition to residual anionic oleate present in FeOl-1, residual OA is also incorporated due to the 

nature of the biphasic synthesis, evident by the peak at ~ 1710 cm-1 in its IR spectrum (Figure 2.2b). 

Combined with residual OA present in the material, even in a purified form, FeOl-1 contains minimum 

excess ligand of roughly 30% by mass. Determining the carbon and hydrogen percentages through 

elemental analysis (EA) and iron percentage through inductively coupled plasma mass spectrometry (ICP-
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MS), FeOl-1 matches the formula of [Fe3O(oleate)6][oleate]·(oleic acid)2·H2O (Table 2.1), as noted by 

others.12,13 This composition, however, has been shown to vary as a function of storage, reaction, and 

workup conditions. Additionally, some syntheses use stoichiometries based on an assumed formula of 

Fe3O(oleate)6 or Fe(oleate)3, leading to higher uncertainty in the metal to ligand ratios. Typical nanoparticle 

syntheses add OA as a surfactant and because of the viscous and cationic nature of the core cluster in FeOl-

1, it is very difficult to fully separate from free OA, oleate anions, residual sodium, and other solvents. 

Thus, reproducing metal to surfactant ratios across different batches of starting material and in different 

laboratories is a recurring challenge.  

 

Figure 2.2. Infrared characterization of iron oleate precursors plotted as wavenumber (cm-1) vs. normalized 
transmittance. (a) Full infrared spectra. (b) Carboxylate region with free/residual oleic acid (OA) indicated 
at 1710 cm-1. (c) Metal-oxo core region with [Fe3O]n+ cluster peaks indicated at 610 cm-1 (n = 7) and 545 
cm-1 (n = 6). 

 

 The drying step contains two other seemingly innocuous variables that lead to reproducibility 

issues. Multiple studies have analyzed the impact of drying time and temperature on the metal-carboxylate 

binding mode distribution from syntheses similar to FeOl-1.12,18,43,44 Balakrishnan et al. observed 
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diminishing signal from free OA with increased drying times, attributing it in part to the removal of crystal 

hydrate water.44 This change in the binding mode distribution led to a dramatic change in the resulting 

nanoparticles, from 6 nm to 13 nm for drying times of 5 d and 30 d, respectively.44 Although the drying 

step represents a convenient parameter to tune the size in this case, a precursor that changes its composition 

over time is not ideal. 

Table 2.1. Elemental composition of iron oleate precursors with corresponding formulas.  
 

Sample C H Fe 

FeOl-1 71.19 ± 0.08 10.50 ± 0.31 6.51 ± 0.72 
[Fe3O(oleate)6][oleate] · (oleic acid)2 · H2O 71.10 11.09 6.12 

FeOl-2 62.34 ± 0.01 9.22 ± 0.02 15.27 ± 1.20 
Fe3O C55H103O7 62.32 9.8 15.81 

FeOl-3 67.42 ± 0.11 10.31 ± 0.01 9.40 ± 0.62 
Fe3O(oleate)6 · 3H2O 67.34 10.67 8.70 

 

Initial attempts to obtain a simplified formulation of FeOl-1 resulted in promising results from 

syntheses proceeding in organic solvents, specifically in methanol (MeOH). An optimized procedure was 

developed wherein FeOl-2 was prepared in a sealed Ace pressure vessel by stirring iron (III) chloride and 

sodium oleate in MeOH at 70 °C, followed by washing with DI water, homogenization of the resulting 

solid, and drying. A detailed step-by-step demonstration for the synthesis of FeOl-2 with photos is shown 

in Figure 2.3. Via this procedure, FeOl-2 is isolated as an air-stable powder on gram scale quantities.
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Figure 2.3. Step by step synthesis of FeOl-2. (a) Combined reactants in pressure flask. (b) Setup of flask 
in heating mantle. (c) Reaction end. (d) Rubbery solid resulting from the reaction. (e) Solid in ~ 250 mL DI 
water in 250 mL Erlenmeyer flask. (f) Tissue homogenizer inserted into flask. (g) Homogenization. (h) 
Product recovered after vacuum filtration. (i) Second homogenization (product floats to surface when not 
running homogenizer) (j) Dried 24 h in vacuum oven, then crushed with pestle. (k) Final product, FeOl-2, 
after additional 24 h in vacuum oven. 

A small degree of variability (Fe:OA ratio) in the FeOl-2 composition was discovered, likely due 

to differences in vacuum oven conditions and/or exposure to air in the vacuum oven. The observed changes 

in the Fe:OA ratio can result in a slightly different nanoparticle size (± 2 nm) from the intended size. This 

result with FeOl-1, however, still represents a significant improvement over FeOl-1, as one can follow an 

iterative process by systematically adjusting reaction conditions (Fe %, Fe:OA) to synthesize a given size.  

Homogenization in aqueous suspension was used to break up the tough rubbery clumps formed 

upon initially isolating the reaction mixture from MeOH (Figure 2.1). The thorough aqueous 

homogenization was found to be crucial for the removal of residual sodium chloride and sodium oleate, as 

confirmed by powder x-ray diffraction analysis (Figure 2.10). Following collection of the solid via vacuum 

filtration and drying (70 °C, 24 h, house vacuum), FeOl-2 was isolated as a fine, dark brown powder (Figure 

2.1) and used in nanoparticle syntheses without further purification. Importantly, FeOl-2 is found to be a 

convenient nanoparticle starting material, as it can be synthesized with consistent stoichiometry and readily 

converts to Fe3O(oleate)6 in the presence of excess OA (e.g., in precursor solutions for magnetite 

nanoparticles). 

With FeOl-1 leading to a viscous oil and FeOl-2 an insoluble powder, we sought methods to 

pinpoint key differences in composition, connectivity, and/or oxidation state. As in FeOl-1, IR spectroscopy 
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was used to probe the metal-carboxylate binding modes. The IR spectrum of FeOl-2 was found to be similar 

to FeOl-1, with metal-carboxylate peaks corresponding to symmetric and asymmetric stretching modes 

presenting in the region between 1300 cm-1 and 1800 cm-1 (Figure 2.2).12 Four binding configurations are 

possible: ionic, monodentate, bridging, and bidentate, with the latter two most commonly observed. The 

most probable binding mode can be predicted by the difference (∆) between the symmetric and asymmetric 

peaks, with ∆ = 140 - 200 cm-1 corresponding to a bridging mode and ∆ < 110 cm-1 corresponding to a 

bidentate mode.12 Via this analysis, FeOl-2 exhibits bridging (1592 cm-1, ∆ 1 = 163 cm-1) and bidentate 

modes (1514 cm-1, ∆ 2 = 85 cm-1), varying significantly from the IR spectrum of FeOl-1. Bronstein et al. 

observed a similar IR spectrum after washing with acetone and ethanol, attributing the change in ∆ to a 

more regular packing of the oleate ligands following the removal of free OA.12 Notably, FeOl-2 lacks a free 

OA carbonyl peak at 1710 cm-1 when fully purified. This spectroscopic signature can be used to prevent 

stoichiometric errors due to variable free OA, which can be difficult to remove from FeOl-1. 

While FeOl-1 exhibits a strong peak at ~ 610 cm-1 corresponding to a [Fe3O]7+ core, FeOl-2 exhibits 

a shifted peak at ~ 550 cm-1, suggesting a localized mixed valence [Fe3O]6+ core.10 Although not definitive 

evidence of the valence state, this shift is consistent with the local symmetry lowering from (pseudo) D3h 

to C2v expected for reduction at a single metal center. 

Given the possibility of a partially reduced metal cluster core, we were interested in exploring 

whether FeOl-2 formed via a more complex reactivity than expected. The [Fe3O]6+ motif has been shown 

to be catalytically active and convert olefinic alcohol acetates into epoxides, likely forming aldehydes in 

the process.45,46 To probe the importance of reactivity of olefins in the presence of [Fe3O]6+, the elemental 

composition of FeOl-2 was analyzed by EA and ICP-MS (Table 2.1). The Fe:C ratio for FeOl-2 (1:18), was 

well below than expected for Fe3O(oleate)6 (1:36), consistent with an irreversible loss of oleate or a 

breakdown of oleate into a smaller carboxylate. The redox activity of the iron-oxo cluster is consistent with 

some mechanisms for this oleate reactivity. Interestingly, such reactivity could be very difficult to 

characterize for in situ preparations or preparations where significant excess oleate is present, and thus 

could contribute to general reproducibility issues in many oleate based precursors.39  
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To further probe the reactivity of the [Fe3O]6+ cluster, we used headspace gas chromatography – 

mass spectrometry (GC-MS) experiments to monitor for any gaseous byproducts (e.g., aldehydes) released 

during the synthesis of iron oxide nanoparticles. FeOl-2 was reacted with OA in a GC vial and heated to 70 

°C, simulating the degas step prior to a typical nanoparticle reaction. The vial headspace was sampled for 

10 min at 70 °C and corrected for a background of neat OA. The chromatograph (Figure 2.11) shows the 

formation of aldehydes in sequential sizes, ranging from pentanal to nonanal. An identical experiment was 

performed with FeOl-1 in OA. Again, aldehydes ranging from C5 to C9 are observed (Figure 2.12). Cleavage 

of the alkene in OA likely proceeds through an epoxidation step at the trinuclear iron-oxo cluster, followed 

by addition of water, forming a di-alcohol.47,48 Finally, the di-alcohol can be oxidized to an aldehyde by 

ambient oxygen. The GC-MS experiments demonstrate the redox activity of iron oleate based precursors 

in ligand decomposition reactions. These results bolster synthetic methods that include complete removal 

of water and oxygen from the system at low temperatures to minimize reactivity from uncontrolled side 

reactions catalyzed by metal-oxo cluster reagents. 

To test the batch-to-batch reproducibility, the synthesis of FeOl-2 was performed in triplicate using 

the standardized procedure. The metal carboxylate behavior and elemental composition of the three batches 

were analyzed via IR and ICP/EA, respectively. The peaks in the IR spectra are functionally identical 

(Figure 2.13) and the elemental composition remains quite similar (Table 2.3), with a %RSD of 1.7, 0.50, 

and 1.6 for the percentages of Fe, C, and H, respectively.  

Although non-crystalline, FeOl-2 is a free-flowing powder that can be made reproducibly with 

well-defined molar ratios and is thus amenable for use as a starting material. From a synthetic standpoint, 

a powder is simple to manipulate. FeOl-2 is air-stable and can be made in large quantities, enabling a 

potential scale-up of the nanoparticle reaction. After storage in air for six months, FeOl-2 exhibits a nearly 

identical IR spectrum (Figure 2.14), demonstrating a high degree of air-stability, however, considering the 

reactivity of the [Fe3O]6+ cluster, storage of FeOl-2 under inert atmosphere is preferred.  

Finally, owing to its extended solid properties, FeOl-2 is highly insoluble in common organic 

solvents. However, it reacts with OA and mild heat (70 °C), allowing for dissolution in hexanes. This 
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permits characterization by matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) 

for a detailed investigation into its cluster size and molecular weight with minimal fragmentation. The 

MALDI-MS spectrum of FeOl-2 in OA (Figure 2.4a) exhibits peaks corresponding to the expected 

trinuclear iron-oxo cluster, Fe3O(oleate)6. The molecular cluster [Fe3O(oleate)6]+ is observed at 1872 Da 

(Figure 2.4b). Further confirming the assignment, the fragments [Fe3O(oleate)5]+ and [Fe3O(oleate)4]+ at 

1570 Da and 1320 Da, respectively, are observed due to the sequential loss of oleate ligands. 

These data are consistent with the idea that, following introduction of OA and mild heating, FeOl-

2 is converted in situ to a form similar to that of FeOl-1 in a nanoparticle synthesis. This “activation” process 

of FeOl-2 extends to other carboxylic acids. For example, heating FeOl-2 with lauric acid in hexanes, shows 

the presence of Fe3O(laurate)6 by MALDI-MS (Figure 2.15). Considering the characterization of the 

material conducted thus far, we propose FeOl-2 to be an extended solid based on [Fe3O]6+ clusters bound 

by carboxylates, and capable of in situ activation by OA for the synthesis of iron oxide nanoparticles. 

 

Figure 2.4. Molecular cluster structural data from MALDI-MS plotted as intensity vs. m/z. (a) Full 
MALDI-MS spectra of FeOl-2–3.  The asterisk indicates the m/z value of the [Fe3O(oleate)6]+ ion. (b) 
Zoomed in view of the asterisk-marked molecular ions of FeOl-2–3 compared to the calculated isotope 
pattern of [Fe3O(oleate)6]+. 

While storage and preparation were simplified by the insolubility of FeOl-2, extra care is required 

during the workup procedure to remove impurities. Achieving a soluble Fe3O(oleate)6 cluster in the initial 
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reaction mixture was likely to simplify purification from byproducts and residual salts. To do this, an 

identical procedure to that of FeOl-2 was followed with a mixture of iron (III) chloride and iron (II) chloride 

(2:1). The oily solid product of this reaction could be dissolved in hexanes, making a single aqueous wash 

usually sufficient for removing impurities. Hexanes was removed under reduced pressure to form a dark 

brown waxy solid (FeOl-3;Figure 2.1). Solid FeOl-3 was found to be suitable for synthesis directly or via 

formation of an octadecene stock solution for more convenient manipulation. The stock solution can be 

made by octadecene addition to FeOl-3 or octadecene addition directly to the hexane solution isolated after 

washing with water. 

The IR spectrum of FeOl-3 exhibits similar peaks to FeOl-2, with a bridging mode at 1580 cm⁻1 (∆ 

1 = 150 cm⁻1) and a bidentate mode at 1526 cm⁻1 (∆ 2 = 96 cm⁻1). The free OA peak near 1710 cm⁻1 is almost 

entirely absent. Additionally, IR data suggests the iron-oxo core of FeOl-3 is mixed valence, [Fe3O]6+, due 

to the observation of a peak observed at 550 cm-1.10 

In contrast with the insolubility of FeOl-2, FeOl-3 is soluble in hexanes and can be analyzed by 

MALDI-MS directly to determine the cluster size and molecular weight. The MALDI-MS data indicates 

that FeOl-3 consists of the trinuclear iron-oxo cluster, Fe3O(oleate)6, matching the calculated molecular ion 

at 1872 Da (Figure 2.4a). The two subsequent fragments at 1570 Da and 1320 Da are due to the loss of 

sequential oleates, confirming this assignment (Figure 2.4b).  

Elemental analysis (Table 2.1) closely matches a solvated formula of Fe3O(oleate) 6·3H2O. With 

these data, the assignment of FeOl-3 to a mixed-valence, trinuclear iron-oxo cluster, Fe3O(oleate)6, with no 

residual free oleic acid or anionic oleate is corroborated by elemental, IR, and MS analysis.  

Both FeOl-2 and FeOl-3 provide practical advantages as starting materials for magnetic 

nanoparticle synthesis. There are still details of their structure and reactivity to explore, and we continue to 

do so. Their ultimate utility, however, lies in whether the observed stability and well-defined stoichiometry 

can be leveraged to enhance control over size and phase purity in iron oxide (especially magnetite) 

synthesis. 
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2.3 Synthesis and physical characterization of iron oxide nanoparticles 

 The synthesis of iron oxide nanoparticles from FeOl-2 is adapted from literature procedures with 

modification (Figure 2.5).2,23,42 The Rinehart Group (Ben Zhou) previously observed an improvement in 

nanoparticle size dispersity with the use of Morton flasks instead of round bottom flasks, as they contain 

baffles that increase the turbulence in the reaction. The nanoparticle reactions are typically performed in 50 

mL 3-neck Morton flasks with a temperature probe (left neck), short Liebig condenser, (middle neck), and 

a flow adapter (right). The reaction is heated with a heating mantle tightly wrapped around the bottom of 

the flask. The flask is centered on the hot plate, as proper stirring and even mixing of the reaction is essential 

at high temperatures.   

 

Figure 2.5. Experimental setup for the synthesis of magnetite nanoparticles. 

 Briefly, a stirred solution of FeOl-2 was heated under active evacuation of the headspace to 110 

°C. After reaching 110 °C, the solution was evacuated for a further 30 min and then heated to reflux under 

N2 flow (100 sccm). Upon achieving reflux, a stream of O2 (5 sccm) in N2 (100 sccm) was flowed through 

the reaction vessel to ensure magnetite phase purity and the reaction was allowed to continue for an 
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additional 30 min. Representative nanoparticle samples in the 5 – 16 nm range are shown in Figure 2.6 and 

Table 2.2, along with a full table of synthetic conditions (Table 2.4). Two tests of reproducibility are shown 

for 10.5 nm nanoparticles (Figure 2.16) and 12.5 nm nanoparticles (Figure 2.17). 

 

Figure 2.6. Representative TEM images of nanoparticles synthesized from FeOl-2 with overlaid size 
histograms. 
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Table 2.2. Nanoparticle size and size dispersity with varying synthetic conditions 

 Nanoparticles from FeOl-2 

Size (nm) RSD (%) OA:Fe Fe % (w/w) 

5.19 11.2 2.0 0.5 
8.02 10.7 1.0 0.5 
9.62 10.5 1.0 2.0 
10.42 11.7 1.5 1.0 
12.41 13.6 1.0 1.0 
16.41 15.9 0.5 1.5 

 Nanoparticles from FeOl-3 

Size (nm) RSD (%) OA:Fe Fe % (w/w) 

4.24 10.8 1.5 0.9 
4.99 12.2 0.7 1.3 
5.19 12.9 1.5 1.4 

 

 As a result of the convenient ability to separately introduce iron and surfactant, the FeOl-2 precursor 

allows for a wider and more reliable investigation of the reaction parameter space than FeOl-1. Two 

variables are available for tuning nanoparticle size: the OA:Fe ratio and the overall Fe percentage (w/w) in 

the reaction. The OA in the OA:Fe ratio refers to the amount of OA added, as it assumes no residual/free 

OA present in FeOl-2 and FeOl-3. Figure 2.11 demonstrates a complete exploration of the parameter space 

with size distributions obtained from TEM images (Figure 2.18). Generally, we find that manipulation of 

these variables results in two different, yet rationalizable, trends. As the OA:Fe ratio increases, particle 

growth is inhibited by the additional surfactant, resulting in smaller particles. As the Fe percentage 

increases, more metal cluster i.e., [Fe3O(oleate)6]n+ is available for nanoparticle growth, resulting in larger 

particles. Due to the complex nature and large parameter space of these reactions, these trends are not 

universal. For example, changes in OA concentration can influence the boiling point of the reaction mixture. 

The reaction boiling point has been shown to induce nucleation of particles, with higher boiling points 

resulting in larger nanoparticles.49 Thus, as the two parameters (Fe % and OA:Fe) are adjusted, the boiling 

point is consequently altered, contributing to the size dependence in a way not fully captured by the OA:Fe 

ratio or the Fe percentage alone. A plot of particle size versus boiling point (Figure 2.19) exhibits a weak 
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trend, indicating that it is still a contributing factor for particle size control. Finally, magnetite phase purity 

was confirmed with powder X-ray diffraction (Figure 2.20). 

 

Figure 2.7. Nanoparticles synthesized from FeOl-2 were fit to normal distributions, demonstrating the 
effect of varying Fe % (w/w) and OA:Fe on nanoparticle size and size dispersity. 

 

 

Figure 2.8. Representative TEM images of nanoparticles synthesized from FeOl-3 with overlaid size 
histograms. 
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 The synthesis of iron oxide nanoparticles from FeOl-3 as a stock solution in octadecene was 

performed using a similar procedure to that of FeOl-2. In contrast to the wide size range accessible from 

FeOl-2, the size range of nanoparticles synthesized from FeOl-3 is limited to 4-5 nm (Figure 2.8). We 

attribute this to the structure and composition of FeOl-1. While FeOl-2 is an extended solid that is converted 

into reactive molecular cluster with heat and the addition of OA, FeOl-3 is likely far more reactive due to 

its discrete molecular cluster throughout its entire synthesis. Additionally, FeOl-3 is less sensitive to 

changes in OA:Fe and Fe %. Thus, the two materials complement each other; FeOl-2 allows for size control 

in the 5-16 nm range while FeOl-3 provides fine size control in the 4-5 nm range.  

 The two new starting materials, FeOl-2–3, are used in one-pot syntheses that selectively target a 

specific nanoparticle size without the use of an additional solvent,18 seed-mediated growth,50 or hot 

injection.51 As the OA:Fe ratio decreases, less OA is available to control the nanoparticle shape resulting in 

larger, albeit non-spherical particles (Figure 2.6f). Within the scope of the reaction conditions used herein, 

specifically with ODE as solvent, particles reach a maximum size of 16.5 nm, with spherical shape control 

best achieved in the 4-12 nm range.  

 In several synthetic procedures, larger particle size has been achieved by adapting a synthesis to 

use with a higher boiling point solvent such as docosane.42,44,52 As an initial test of the versatility of our 

precursors and methods, two reactions were performed with FeOl-2 in docosane, leading to low size 

dispersity 13 nm nanoparticles (Figure 2.21). Additionally, the role of flowing oxygen at reflux was 

simultaneously studied, with one reaction (Figure 2.21a) synthesized with 5% O2 at reflux and the other 

(Figure 2.21b) synthesized with no O2 at reflux, demonstrating the importance of O2 for the synthesis of 

phase-pure magnetite. 

2.4 Magnetic characterization of iron oxide nanoparticles 

 Iron oxide nanoparticles synthesized by thermal decomposition typically consist of magnetite 

(Fe3O4), a mixed valence material with a large saturation magnetization and a high magnetic 
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susceptibility.53 However, the reducing environment generated by the iron oleate decomposition often leads 

to inadequate oxidation of Fe2+, resulting in wüstite (FeO) core formation inside a magnetite (Fe3O4) shell. 

Nanoparticles of FeO@Fe3O4 exhibit a lower saturation magnetization and lower susceptibilities, limiting 

the sensitivity in magnetoresistance applications, for example.54,55 As previously mentioned, we used a flow 

of oxygen (5%) during reflux to maintain an oxidizing environment without requiring a post-synthetic 

oxidation step involving ambient oxygen or a chemical oxidant.42 

 The room temperature magnetization vs. field curves of nanoparticles synthesized from FeOl-2 

demonstrate superparamagnetic behavior consistent with magnetite (Figure 2.9a). As expected, the 

saturation magnetization generally increases with size. Additionally, a characteristic increase in blocking 

temperature with size is generally observed in the zero-field cooled (ZFC) curves (Figure 2.9b). This 

behavior is slightly more complex in the larger, faceted particles (10.4 nm and 12.4 nm), as well as in the 

largest, non-spherical particles (16.5 nm). Shape effects have been shown to strongly influence the ZFC 

curves and thus, the blocking temperature.17 Of particular interest from this set of nanoparticle sizes is the 

emergence of the Verwey Transition at ~ 105 K for the 16.4 nm particles. The Verwey Transition is a metal-

insulator transition observed in pure magnetite,56–58 but is often suppressed due to the presence of defects 

or nanoscale size and shape effects. The nanoparticles synthesized from FeOl-3 exhibit a similar size 

dependence on the saturation magnetization (Figure 2.9c) and blocking temperature (Figure 2.9d).
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Figure 2.9. Static magnetic properties of nanoparticles synthesized from FeOl-2 and FeOl-3. Plots of 
isothermal magnetization vs. magnetic field for (a) FeOl-2 and (c) FeOl-3 at 300 K. Plots of normalized 
zero-field cooled magnetization vs. temperature from 5-300 K under an applied field of 0.01 T for (b) FeOl-
2 and (d) FeOl-3.
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2.5 Conclusions 

Two new starting materials for the synthesis of high-quality magnetite have been synthesized, 

purified, and characterized. Namely, a free-flowing powder extended solid form (FeOl-2) and a soluble, 

waxy solid (FeOl-3). They display several desirable characteristics: a lack of free oleic acid, a consistent 

synthesis, and long-term stability. Thermal decomposition reactions of FeOl-2 and FeOl-3 yield 

nanoparticles in a tunable size range of 5-16 nm and 4-5 nm, respectively. A subsequent analysis of their 

static magnetic properties is presented, and trends are consistent with the expected dependencies of 

saturation magnetization and blocking temperature with size. Consistency of these materials, as well as the 

method of synthesis, will allow for a more reliable and quantitative mapping of magnetic properties on the 

nanoscale. Future work will extend the synthetic methods and precursor design ideas herein to enhance the 

reliability of magnetic properties in nanoparticle syntheses such as transition metal ferrites and 

antiferromagnetic oxides. 

2.6 Experimental details 

2.6.1 Safety considerations 

The use of a pressure flask represents a convenient and green alternative to flowing water reflux 

condensers. Safety is paramount when heating closed vessels. The Ace pressure flasks are rated for 60 psig 

at 120 °C, which is well above the calculated pressure of this reaction performed at 70 °C.  

2.6.2 Materials 

The reagents used were iron (III) chloride hexahydrate (97% Alfa Aesar), iron (II) chloride 

tetrahydrate (97% Fisher), sodium oleate (97% TCI), oleic acid (90%, Alfa Aesar) and 1-octadecene (90% 

Sigma Aldrich). ACS grade hexane, ethanol, and methanol were purchased from Fisher. Oleic acid was 
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degassed and stored under vacuum in a Schlenk flask covered with aluminum foil. All other chemicals were 

used as received. 

2.6.3 Synthesis of iron oleate: FeOl-1 

 In a 250 mL Ace round bottom pressure flask with a thermowell (rated for 60 psig at 120 °C), iron 

(III) chloride hexahydrate (4.05 g, 15 mmol) and sodium oleate (13.70 g, 45 mmol) were mixed with 

deionized (DI) water (30 mL), ethanol (23 mL), and hexanes (53 mL). The flask was sealed and heated to 

70 °C for 4 h. After cooling to room temperature, the upper organic layer of the reaction was separated and 

washed with DI water (~ 50 mL) in a separatory funnel. The hexane was removed via vacuum, resulting in 

a viscous, dark red solid that was further dried in a vacuum oven (70 °C, house vacuum) for 24 h. 

2.6.4 Synthesis of iron oleate: FeOl-2 

 In a 250 mL Ace round bottom pressure flask with a thermowell (rated for 60 psig at 120 °C), iron 

(III) chloride hexahydrate (4.05 g, 15 mmol) and sodium oleate (13.70 g, 45 mmol) were mixed with 

methanol (105 mL). The flask was sealed and heated to 70 °C for 4 h. After cooling to room temperature, 

a dark yellow clump was collected and washed with DI water (100 mL), forming a brown rubbery solid. 

The brown rubbery solid and 250 mL deionized water were added to a 250 mL Erlenmeyer flask. A tissue 

homogenizer (IKA Works T25 Basic S1) was used to simultaneously break up and wash the rubbery solid, 

converting it to a fine powder and removing residual sodium chloride and sodium oleate. The 

homogenization process was carried out for 0.5 h, followed by a vacuum filtration to recover the powder. 

An additional homogenization step was performed with 250 mL DI water for 0.5 h. The powder was 

collected again and dried in a vacuum oven (70 °C, house vacuum) for 24 h before being used in 

nanoparticle syntheses. 
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2.6.5 Synthesis of iron oleate: FeOl-3 

 In a 250 mL Ace round bottom pressure flask with a thermowell (rated for 60 psig at 120 °C), iron 

(III) chloride hexahydrate (2.70 g, 10 mmol), iron (II) chloride hexahydrate (1.00 g, 5 mmol), and sodium 

oleate (13.70 g, 45 mmol) were mixed with methanol (105 mL). The flask was sealed and heated in a mantle 

using a PID controller to 70 °C for 4 h. After cooling to room temperature, the viscous brown product was 

dissolved in 40 mL hexanes and washed with DI water (100 mL) in a separatory funnel. The iron oleate 

was left in hexanes. One mL of the hexane solution was dried out and weighed to determine the total amount 

of iron oleate. 1-octadecene was added to the iron oleate solution to make a 1:1 w/w stock solution. The 

hexane was removed via vacuum and the stock solution was dried in a vacuum oven (70 °C, house vacuum) 

for 24 h before being used in nanoparticle syntheses.  

2.6.6 Synthesis of Fe3O4 nanoparticles from FeOl-2 

 Fe3O4 nanoparticles were synthesized according to modified literature procedures. In a typical 

synthesis, FeOl-2 was mixed with oleic acid (Table 2.4) in a 50 mL three-neck Morton flask and placed in 

a vacuum oven (70 °C, house vacuum) for 1 h. During this step, a stir bar was added and used to mix the 

FeOl-2 and OA, ensuring a homogenous product. This step helps to react the FeOl-2 and oleic acid, 

preventing FeOl-2 from depositing on the upper half of the flask during the degas and heat up. Without this 

step, it is difficult to avoid unreacted solid FeOl-2 accumulation on the sides of the flask during degas and 

heating, which can affect the reaction outcome. Afterwards, 1-octadecene was added according to Table 

2.4. The flask was equipped with a temperature probe (left neck), condenser (middle neck), and flow adapter 

(right neck), then placed in a heating mantle. The reaction was degassed and backfilled with dinitrogen 

three times at room temperature. The reaction mixture was heated to 110 °C and degassed under vacuum 

for 0.5 h, after which the atmosphere was backfilled with dinitrogen. Throughout the reaction, dinitrogen 

(100 sccm) was flowed through a side neck of the Morton flask and out the top of the condenser, attached 

to an oil bubbler. The reaction mixture was heated to reflux at 3.3 °C/min using a PID controller and 
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refluxed for 0.5 h. When the temperature reached reflux, dioxygen (5 sccm) was added to the dinitrogen 

stream and flowed until the end of the reaction.  The reflux temperature was recorded, and the timer was 

started when vigorous bubbling began. The stir rate of the reaction was kept to a minimum (500 rpm) during 

heat-up and increased (1100 rpm) at 300 °C. This is necessary to keep material within the reaction mixture 

during heat up. 

2.6.7 Synthesis of Fe3O4 nanoparticles from FeOl-3 

 Fe3O4 nanoparticles were synthesized according to modified literature procedures. In a typical 

synthesis from the iron oleate stock solution, 2.00 g of the stock solution (1.00 g FeOl-3 in 1.00 g 1-

octadecene) was mixed with oleic acid (0.20 g) and additional 1-octadecene (6.00 g) in a 50 mL three-neck 

Morton flask. The flask was equipped with a temperature probe (left neck), condenser (middle neck), and 

flow adapter (right neck), then placed in a heating mantle. The reaction was degassed and backfilled with 

dinitrogen three times at room temperature. The reaction mixture was heated to 110 °C and degassed under 

vacuum for 0.5 h, after which the atmosphere was backfilled with dinitrogen. Throughout the reaction, 

dinitrogen (100 sccm) was flowed through a side neck of the Morton flask and out the top of the condenser, 

attached to an oil bubbler. The reaction mixture was heated to reflux at 3.3 °C/min using a PID controller 

and refluxed for 0.5 h. When the temperature reached reflux, dioxygen (5 sccm) was added to the dinitrogen 

stream and flowed until the end of the reaction. 

2.6.8 Fe3O4 nanoparticle purification 

 Nanoparticles were isolated and purified by the addition of hexanes and ethanol in a 1:1 ratio, 

followed by centrifugation (7 minutes at 8500 rpm). The nanoparticles were redispersed in hexanes. Two 

more cycles of purification by precipitation with ethanol and centrifugation were carried out before storing 

the nanoparticles in hexanes. 
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2.6.9 Characterization 

 Transmission electron microscopy was carried out using a FEI Spirit TEM operating at 120 kV, 

with images collected by a 2k x 2k Gatan CCD camera. TEM samples were prepared by drop-casting and 

air drying a dilute solution of nanoparticles in hexanes onto a carbon-coated copper TEM grid. Particles 

were analyzed in ImageJ using the default thresholding algorithm of sample sizes exceeding 500 particles 

for all syntheses.  

 IR measurements were carried out using a Bruker Alpha FT-IR spectrometer.  

 MALDI-MS was carried out on a Bruker Autoflex Max. Bruker peptide calibration standard II 

(Bradykinin Fragment 1-7, Angiotensin II, Angiotensin I, Substance P, Bombesin, Renin Substrate, ACTH 

clip 1-17, ACTH clip 18-39, Somatostatin 28) in a HCCA matrix was used as a calibrant. Samples were 

mixed with 9-nitroanthracene matrix in chloroform. A pulsed nitrogen laser (337 nm) with a power setting 

of 55% was used with a 21 kV potential operating in positive ion mode.    

 Magnetic measurements were carried out using a Quantum Design MPMS3 SQUID magnetometer. 

Nanoparticle samples were dried to a fine powder (1-2 mg), loaded into a VSM sample holder, and secured 

in a plastic straw. 

 The iron concentration was determined by ICP-MS. Samples were digested in 70% HNO3 

(TraceMetalTM grade), diluted to 3% HNO3 with milli-q water and analyzed by a Thermo iCAP RQ 

ICP−MS. Elemental analysis was performed on a Perkin Elmer PE2400-Series II, CHNS/O analyzer. 

Powder x-ray diffraction was performed with a Bruker D8 Advance diffractometer using Cu Kα (1.5418 

Å) radiation (40 kV, 40 mA) or a Bruker Apex II Ultra CCD using Mo Ka (l = 0.71073 Å) radiation. 
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2.7 Additional information 

Table 2.3. Batch to batch comparison of FeOl-2 from EA and ICP-MS  

FeOl-2 C H Fe 

Batch A 60.32 8.28 15.45 

Batch B 60.18 8.74 14.97 

Batch C 60.76 8.56 15.39 

Average 60.42 ± 0.30 8.50 ± 0.14 15.29 ± 0.26 
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Table 2.4. Summary of nanoparticle synthesis parameters 

 

 

 Nanoparticles synthesized from FeOl-2 
FeOl-2 (g) OA (g) ODE (g) OA:Fe (mol) Fe % (w/w) Size (nm) Stdev 

0.25 0.10 7.30 0.5 0.5 10.55 1.52 
0.25 0.19 7.20 1.0 0.5 8.02 0.86 
0.25 0.29 7.13 1.5 0.5 7.75 1.35 
0.25 0.38 7.00 2.0 0.5 5.19 0.58 

       

0.50 0.20 6.95 0.5 1.0 12.48 1.77 

0.50 0.39 6.80 1.0 1.0 12.41 1.69 
0.50 0.59 6.59 1.5 1.0 10.42 1.22 
0.50 0.78 6.40 2.0 1.0 8.64 0.87 

       

0.75 0.29 6.61 0.5 1.5 16.41 2.63 

0.75 0.57 6.30 1.0 1.5 8.19 1.03 
0.75 0.87 6.02 1.5 1.5 8.15 1.70 
0.75 1.16 5.74 2.0 1.5 12.30 1.97 

       

1.00 0.46 6.27 0.6 2.0 16.65 2.91 

1.00 0.77 5.87 1.0 2.0 9.62 1.01 
1.00 1.17 5.48 1.5 2.0 12.81 1.74 
1.00 1.55 5.09 2.0 2.0 8.80 2.03 

       

 Nanoparticles synthesized from FeOl-3 
FeOl-3 (g) OA (g) ODE (g) OA:Fe (mol) % Fe (w/w) Size (nm) Stdev 

0.87 0.59 7.00 1.5 0.9 4.24 0.46 
1.26 0.40 7.00 0.7 1.3 4.99 0.61 
1.50 1.01 7.00 1.5 1.4 5.48 0.67 
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Figure 2.10. Powder x-ray diffraction patterns of non-homogenized and homogenized FeOl-2 with NaCl 
reference pattern, demonstrating the utility of a tissue homogenizer in removing NaCl. 
 

 

Figure 2.11. GCMS chromatograph of the headspace during the reaction of FeOl-2 and oleic acid at 70 °C. 
Peaks without corresponding labels were unable to be identified by the MS software.
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Figure 2.12. GCMS chromatograph of the headspace during the reaction of FeOl-1 and oleic acid at 70 °C. 
Peaks without corresponding labels were unable to be identified by the MS software. 
 

 

Figure 2.13. Full IR spectra for three batches of FeOl-2 prepared in identical fashion. (a) Full spectrum and 
(b) metal carboxylate region.
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Figure 2.14. Full IR spectra (a) and metal carboxylate region (b) of freshly synthesized FeOl-2 vs. six-
month-old FeOl-2 stored under ambient conditions. 

 

Figure 2.15. MALDI-MS data demonstrating ligand replacement on the central metal-oxo cluster. (a) Full 
MALDI-MS spectra of Fe3O(laurate)6, (b) and molecular ion with calculated isotope pattern. 
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Figure 2.16. TEM images of repeated reactions for the synthesis of 10.5 nm nanoparticles from FeOl-2. 

 

 

Figure 2.17. TEM images of repeated reactions for the synthesis of 12.5 nm nanoparticles from FeOl-2. 
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Figure 2.18. TEM images from full exploration of the parameter space, varying the OA:Fe molar ratio (top) 
and Fe % (bottom). Synthetic parameters for each synthesis are in Table 2.4. 
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Figure 2.19. Plot of particle diameter (nm) vs. boiling point (°C) of the nanoparticle reaction showing weak 
correlation (y = 0.7951x – 240.67 R2 = 0.1425). 

 

 

Figure 2.20. Powder X-ray diffraction (PXRD) patterns for the six representative magnetite nanoparticle 
sizes shown in Figure 2.3, collected using a Mo Ka (l = 0.71073 Å) source. 
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Figure 2.21. TEM images of nanoparticles synthesized from FeOl-2 in docosane. (a) Phase-pure 
nanoparticles from 5% O2 flow at reflux. (b) Core-shelled nanoparticles from no O2 flow at reflux. (c) 
Observed core-shelling. (d) Plot of isothermal magnetization vs. magnetic field for phase-pure and core-
shelled nanoparticles at 300 K. 
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Chapter 3  

Quantifying superparamagnetic signatures in 

nanoparticle magnetite: a generalized approach for 

physically meaningful statistics and synthesis 

diagnostics 

3.1 Introduction 

Magnetization is a common measurable for characterizing bulk, nanoscale, and molecular 

materials, which can be quantified to high precision as a function of an applied external field. These data 

provide detailed information about a material's electronic structure, phase purity, and impurities, though 

interpreting this data can be challenging due to many contributing factors. In sub-single-domain particles 

of a magnetic material, an inherently time-dependent rotation of the entire particle spin becomes possible. 

This phenomenon, known as superparamagnetism (SPM), simultaneously represents a very early size-

dependent property to be considered, while being one of the least explored in the current quantum materials 

era. This discrepancy is, at least in part, due to the need for models with less built-in complexity that can 

facilitate the generation of comparative data. In this chapter, we map an extensive dataset of variable-size 

SPM Fe3O4 (magnetite) to an intrinsic statistical model for their field-dependence. By constraining the SPM 

behavior to a probabilistic model, the data are apportioned to several decorrelated sources. From this, there 

is strong evidence that standard measures such as saturation magnetization, MS, are poor comparative 

parameters, being dependent on experimental knowledge and measurement of the magnetic mass. In 
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contrast, parameters of the intrinsic probability distribution, such as the maximum susceptibility, cmax, are 

far better suited to describe the SPM behavior itself and do not propagate unknown magnetic mass error. 

By confining the data fitting to intrinsic variables of the model distribution, scaling parameters, and linear 

contributions, we find greater value in magnetic data, ultimately aiding potential synthesis diagnostics and 

prediction of new properties and functionality.  

Much of nanoscience is predicated on the idea that fundamental properties of solid-state materials 

undergo radical changes when reduced to the nanoscale size regime, both as the result of the outsized role 

of the surface and from spatial confinement of the wavefunction. The enhanced and tunable functionality 

possible from such changes has resulted in a rapidly expanding array of synthetic and characterization 

techniques, as well as more intuitive and physically accurate models. In this pursuit, chemistry has played 

an increasingly important role in targeting and optimizing structure-property relationships on the nanoscale. 

One of the most intriguing areas to build structure-property insight is in nanoscale analogues of correlated 

magnetic materials. Such materials display fundamentally different behavior as a result of spatial 

confinement, enhancing the role of phonon coupling and giving rise to superparamagnetism (SPM) - a 

curious blending of permanent magnetism and paramagnetism. In SPM, the sub-single-domain confinement 

results in a collective angular momentum state with moment 𝑀%&' = M%Cos(𝜃), where 𝜃 is the angle of 

rotation of the moment vector 𝜃 = [−𝜋 2⁄ , 𝜋 2⁄ ] with 𝜃 = ±𝜋 2⁄  representing the energy minima of a 

bistable double-well potential with spins totally aligned or anti-aligned. In this framework, the ground state 

is defined by an energetically isolated manifold of coupled spins known as a macro- or superspin. The 

macrospin has a collective spin that scales with the particle volume and takes on a time-dependent, high 

susceptibility switching behavior that is sensitive to a wide range of interactions and chemical 

modifications. Effectively, the SPM particle acts as a Curie paramagnet with a moment equivalent to the 

net moment of all contributions of the SPM nanoparticle, often 10( − 10)	𝜇* . The switchable nature of 

SPM finds applications at the intersections of many diverse fields1 such as biomedicine,2 electronics,3,4 

sensing,5 imaging,6 rheology,7 and catalysis.8 With energy concerns driving the need for higher performance 
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and materials scarcity driving efforts to diversify component resources, the need for understanding, control, 

and quantification of magnetic materials is extant.  

Herein, we demonstrate how the stochastic nature of SPM can be leveraged in a general, physically 

meaningful model wherein the field-dependent magnetization curve is treated as a parameterized 

cumulative distribution function, F(x), of a Cauchy distribution (also known as the Lorentz or Cauchy-

Lorentz distribution). Within this framework, we can decorrelate the intrinsic distribution of particle spin 

alignments from overall scaling and background paramagnetism. This method is designed to generate a 

consistent parameter space across samples displaying SPM to extract consistent, intuitive, and quantitative 

information from samples collected under a variety of conditions and with various imperfections. In 

essence, it acts as a pre-processing step to categorize parameters by their origin and constraints, dramatically 

reducing the noise in any further modeling based on specific quantum mechanical models. In a useful 

example, we demonstrate how peakshape parameters such as the maximum susceptibility, cmax, display a 

consistent linear trend with magnetic particle size while scaling parameters such as saturation 

magnetization, MS do not. 
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Figure 3.1. Magnetization curves (top), differential magnetization (c) curve (middle), and corresponding 
Cauchy CDF (bottom). The effect of 𝜒+,-./0 (green dashed line) is demonstrated in the magnetization curve, 
as it obscures both the true saturation magnetization (Ms) and coercive field (Hc), however, it is depicted 
more clearly as the vertical offset of the differential magnetization curve at H = ±∞. Stemming purely from 
the statistical model, g is represented in red as the half-width at half-max (HWHM). The susceptibility at 
Hc, denoted cmax, is represented in purple. 
 

Arguably the most common and information-rich characterization method of bulk, nanoscale, and 

molecular magnetic materials is the measurement of magnetization as a function of an external magnetic 

field (Figure 3.1; Figure 3.6). In nanomaterials, specific models have been employed to interpret magnetic 

moment vs. magnetic field in terms of structure9,10 and degree of crystallinity,11–13 as well as nanoscale-

specific properties such as size,14,15 shape,16,17 and surface.18,19  

In many cases, the correlation of properties with fit parameters depends strongly on the specifics 

of the material and sample form, making broad comparisons across many samples difficult. At the heart of 
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the difficulty in applying generalizable models to nanoscale magnetism, especially colloidal nanoparticles, 

is the meaningful treatment of rapidly fluctuating forces arising from non-uniform physical systems (i.e., 

particle distributions). Modeling complex data as a combination of both deterministic and stochastic forces 

is often achieved via solutions to stochastic differential equations. For example, the effect of particle size 

dispersity can be modeled through a lognormal distributed function. The most common solution to a 

Langevin equation used in magnetism corresponds to the macrospin limit (	𝐽 	→ 	∞) of the Brillouin 

equation for saturation behavior of a discrete magnetic angular momentum vector, 𝐽. The macrospin 

approximation of the SPM, however, means that the moment vs. external field behavior is better estimated 

as the net sum of the moment-weighted populations of fully aligned and anti-aligned states. From this 

standpoint, a magnetic field sweep can be re-normalized in the form of a cumulative distribution function 

(CDF; F(H)). This CDF describes a large population of macrospins aligned in one field direction changing 

their equilibrium population as field is swept until the equilibrium lies fully in the other direction. Due to 

the equilibrium nature of the system, the CDF endpoints of 0 and 1 are only reached at fields of 𝐻 = ±∞. 

The use of such a model for data modeling and comparative analysis is of interest because any parameter 

distribution associated with it can be assigned to the intrinsic SPM behavior and is subject to the constraints 

of the distribution.  

The Cauchy distribution (Figure 3.7) is a continuous, stable probability distribution that conforms 

to the requirements detailed above. Its cumulative distribution function (Figure 3.1, Equation 3.1) and 

probability density function (PDF; Equation 3.2) are modified by the location parameter, x0, and the scale 

parameter, g.20 As a stable distribution, the Cauchy distribution has applications in chemistry and physics,21–

23 geology,24 engineering,25 and economics.26  

 𝐹(𝑥; 𝑥1, 𝛾) =
1
𝜋
𝑎𝑟𝑐𝑡𝑎𝑛 M

𝑥 − 𝑥1
𝛾 N +	

1
2

 Equation 3.1 

 𝑓(𝑥; 𝑥1, 𝛾) =
1
𝜋
Q

𝛾
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2𝑀3

𝜋
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All data reported herein is fit to the CDF of an underlying Cauchy distribution that is scaled 

proportional to Ms with an additive parameter clinearH, where clinearH is a susceptibility term accounting for 

the sum response from paramagnetic and diamagnetic components. To extract consistent and quantitative 

information, the Cauchy distribution model is presented to provide insight into intrinsic SPM behavior. 

This model provides a material-independent formalism for standardized data collection and comparison, as 

well as a method for pre-processing data for validation and further analysis via deterministic models.  

3.2 Results and discussion 

3.2.1 Synthesis and physical characterization of iron oxide nanoparticles 

Magnetite (Fe3O4) nanoparticles have a high magnetization and superparamagnetic susceptibility 

over a wide size range, making them desirable targets for magnetic optimization towards numerous 

applications.27 Magnetite nanoparticle samples of varying size (d = 5 – 12 nm) were synthesized according 

to our previously described method (Figure 3.2a, Figure 3.8a-e, Table 2.4).15 The percent relative standard 

deviation (%RSD) among all samples exhibits a notable degree of consistency, falling between 9.88% and 

12.97%. Briefly, a stoichiometric powder form of iron oleate was used in the high temperature 

decomposition of iron oleate with octadecene and oleic acid as the solvent and surfactant, respectively. To 

avoid the commonly observed issue of overreduction of magnetite (Fe3O4) to wüstite (FeO), 5% O2 was 

flowed through the reaction during the reflux stage. One particularly difficult aspect of modeling SPM 

nanoparticle magnetization is the detection and quantification of interparticle interactions. To probe the 

effect of interparticle interactions, silica shells were grown onto each set of magnetite nanoparticles (Figure 

3.2b) through a previously described reverse microemulsion procedure.28 Briefly, silica shells were grown 

onto Fe3O4 by the hydrolysis of tetraethylorthosilicate (TEOS) in microemulsions of aqueous ammonia in 

cyclohexane. Empty silica shells further prevent interparticle interactions. The average diameter was 

determined via TEM. Magnetite phase purity was confirmed by pXRD (Figure 3.9). Finally, to account for 
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variability in surface ligand mass by sample, Thermogravimetric Analysis (TGA) was carried out from 30 

°C to 1000 °C under air (Figure 3.10, Figure 3.11, Table 3.3). 

 

Figure 3.2. TEM images (a) 9.57 nm Fe3O4 nanoparticles and (b) Fe3O4@SiO2 nanoparticles. 

3.2.2 Magnetic characterization of iron oxide nanoparticles  

 Magnetization vs. magnetic field studies (Figure 3.3a-b) were conducted on all Fe3O4 and 

Fe3O4@SiO2 samples (H = −7 to 7 T; T = 300 K). A calibration of the magnetic field was carried out using 

a palladium standard with a precisely known susceptibility. This step is necessary for precise measurement 

of the low-field magnetization, as remnant fields of approximately ±30 Oe in the superconducting magnet 

can fluctuate over time. This small residual field leads to a difference between the recorded and true fields, 

resulting in an “inverted” hysteresis loop and false coercivities (details in Experimental Details). An 

interpolation was performed on the forward sweep of each curve, generating evenly spaced points to prevent 

biasing, then fit to Equation 3.3 for further analysis (Table 3.1). The derivative, 𝑑𝑀/𝑑𝐻 of the fit function 

from each data set (Figure 3.3d-e) represents the instantaneous magnetic susceptibility as a function of 

magnetic field. Visualizing 𝑑𝑀/𝑑𝐻 (proportional to the Cauchy PDF and also known as a Lorentzian 

lineshape) can be advantageous for various applications, such as Magnetic Particle Imaging (MPI),29 and 

provides intuition about parameters typically neglected in SPM analysis. These parameters include the 

maximum superparamagnetic susceptibility, cmax, (Figure 3.3f), g, (Figure 3.3g) and clinear, the y-axis offset 

of 𝑑𝑀/𝑑𝐻	vs. 𝐻 at H = ±∞ (Figure 3.1). While some amount of clinear is common due to decoupled spins 
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at the particle surface,  from defects, or from molecular impurities, these effects are typically only 

observable at fields where the SPM macrospin is fully saturated. 

 

Figure 3.3. Magnetic properties. Plots of isothermal magnetization vs. magnetic field for (a) Fe3O4 and (b) 
Fe3O4@SiO2 at 300 K. (c) Plot of saturation magnetization vs. nanoparticle diameter (nm). Plots of 
derivative to fit (magnetic susceptibility) vs. magnetic field for (d) Fe3O4 and (e) Fe3O4@SiO2 at 300 K. (f) 
Plots of cmax vs. nanoparticle diameter (nm) and (g) g-1 vs. nanoparticle diameter (nm). 
 

One of the most interesting points to emerge from our quantification of SPM magnetization data 

by the Cauchy distribution function was the lack of conformity of the saturation magnetization, MS to a 

distinct size trend. The size of the macrospin is expected to increase linearly with particle volume in the 

SPM regime, and we observe only a very weak trend (Figure 3.3c). In a general sense, an increase in 

saturation magnetization with nanoparticle diameter is observed for the bare Fe3O4 nanoparticles, while a 

slight decrease in saturation magnetization with diameter is observed in Fe3O4@SiO2. This difference in 

behavior could be attributed to surface effects at the interface between the two materials, although due to 

the effect of sample mass error, it is important to exercise caution when considering saturation 

magnetization. The difference in error of the sample mass is roughly 102 times larger than the error in 

magnetic moment. To demonstrate the effect of error, 1000 samples following randomized normal 

distributions in magnetic moment and mass with corresponding typical errors were generated and plotted 

as a histogram of magnetic moment per gram (Figure 3.12). For these reasons, parameters based on 
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susceptibility (g, g--1, cmax, clinear) can supplement saturation magnetization to better describe the overall 

magnetic properties of SPM nanoparticles. The use of susceptibility-based terms is demonstrated in Figure 

3.3f and Figure 3.3g, as both cmax and g--1 exhibit a strong linear dependence on nanoparticle diameter. By 

comparison, only a weak trend is evident in Ms vs. d in (Figure 3.3c), highlighting that g is determined from 

the distribution function only and thus decorrelated from the scaling of the magnetization curve.  

The effect of interparticle interactions via dipolar coupling is commonly neglected in measurements 

of nanoparticle SPM due to assumptions about its relative strength or how the behavior should manifest. It 

has been shown that the introduction of large silica shells can drastically reduce interparticle interactions 

compared to other methods. Indeed, from our ZFC-FC measurement, stark differences are observed 

between interacting vs. non-interacting samples (Figure 3.13). While non-interacting Fe3O4 nanoparticles 

are expected to exhibit a rise in the FC curve with decreasing temperature below the blocking temperature, 

as dipolar coupling strength increases, Fe3O4 nanoparticles (e.g., randomly-close-packed powder 

assemblies) will exhibit a slight dip in the FC curve below the blocking temperature.32,33 Additionally, the 

non-interacting case results in a sharper ZFC curve. All five Fe3O4@SiO2 lack signatures of interparticle 

interactions, confirmed by the rise in the FC curves below the blocking temperature and a significant 

enhancement in peak sharpness (Figure 3.14b). To compare both nanoparticle sets, the Fe3O4 mass 

percentage in Fe3O4@SiO2 was determined by EDX (Table 3.3). In applications such as MPI and granular 

magnetoresistance, the sharpness of the magnetization curve directly correlates with performance. In the 

absence of dipolar coupling, cmax and g--1 increase across all sizes, indicating a sharpening of the 𝑑𝑀/𝑑𝐻 

peak. For example, the 12.3 nm sample exhibits an increase in cmax of 106 % between Fe3O4 and 

Fe3O4@SiO2.
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Table 3.1. Magnetic hysteresis loop fit parameters to Cauchy distribution. 

Fe3O4 
Size 
(nm) 

Ms (emu/g 
Fe3O4) 

Hc (Oe) g clinear (cm3/g 
Fe3O4) 

cmax (cm3/g 
Fe3O4) 

c2 of fit 

5.43 72.69 0.40 0.154 -3.77 x 10-6 0.030 941.5 

7.83 66.22 0.80 0.065 -7.34 x 10-6 0.065 1562.7 

9.57 87.38 1.23 0.059 -1.27 x 10-5 0.094 5247.7 

11.00 82.21 0.91 0.052 -1.40 x 10-5 0.101 3894.1 

12.33 86.95 1.76 0.039 -8.05 x 10-6 0.143 2051.2 

Fe3O4@SiO2 
Size 
(nm) 

Ms (emu/g 
Fe3O4) 

Hc (Oe) g clinear (cm3/g 
Fe3O4) 

cmax (cm3/g 
Fe3O4) 

c2 of fit 

5.43 64.89 -0.08 0.132 -2.89 x 10-5 0.031 222.1 

7.83 51.79 -0.07 0.039 -1.48 x 10-4 0.083 27.3 

9.57 58.60 0.36 0.027 -1.05 x 10-4 0.139 32.5 

11.00 48.58 0.47 0.020 -1.29 x 10-4 0.155 120.9 

12.33 51.32 0.80 0.016 -6.35 x 10-5 0.208 317.3 
 

As a test of the trends observed with cmax and g--1, an analysis across a larger dataset was 

performed (Figure 3.4, Table 3.4). An identical analysis was conducted using 22 Fe3O4 samples, 

synthesized over a period of two years with variations in iron oleate synthetic methods, and with diameters 

ranging from 4 nm to 14 nm. Each 300 K magnetization curve was fit to Equation 3.3. In a similar fashion 

to the smaller dataset, the larger dataset also exhibits a weak dependence of Ms on diameter (R2 = 0.37) 

with a stronger relationship of cmax (R2 = 0.88) and g--1 (R2 = 0.88) vs. diameter, thus demonstrating the 

viability of this method. The collection, analysis, and statistical modelling of large datasets holds the 

potential to uncover previously unobserved trends in magnetic nanoparticles and help identify impurities, 
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phase mixtures, multi-domain relaxation effects, and other synthetic challenges often obscured by 

qualitative or overly parameterized models. 

 

Figure 3.4. Plots of magnetic parameters for large dataset of Fe3O4 nanoparticles, plotted in per g of sample. 
(a) Plot of Ms vs. d. (b) Plot of cmax vs. d. (c) Plot of g-1 vs. d. 
 

Following the strong trend of maximum magnetic susceptibility as a function of diameter, the 

ability to predict and target specific magnetic properties can become trivial. This may prove useful in 

biological and sensing applications requiring maximal magnetic susceptibility response within a targeted 

field range. For example, in MPI, the  parameter (HWFM of c vs. d) is indicative of spatial resolution.29 

Another example is in nanocomposite magnetoresistance, where predicting the structure-property 

relationship correlates with magnetoresistance percentage and curve shape.4 
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As previously discussed, superparamagnetic nanoparticles are typically characterized with their 

native long-chain ligands present and thus contain a significant percentage (10-25 % w/w) of diamagnetic 

organic material. The presence of diamagnetic material is wholly accounted for by the linear susceptibility 

term, clinear. Therefore, any diamagnetic contribution can be effectively subtracted out, leaving just the 

contribution from the SPM portion. This concept is also observed in the Fe3O4@SiO2 samples, as the 

diamagnetic contribution from silica is entirely accounted for with clinear. 

 Extending this concept to multiple independent SPM signals, the Cauchy method can deconvolute 

contributions from magnetic materials beyond the simple case of neat oleate bound and silica shelled iron 

oxide nanoparticles. While any sum of Cauchy distributions within an isolated particle will form a single 

Cauchy distribution (e.g., representing a more complex energy manifold), a separate, population of isolated 

magnetic components with different properties will be represented with a unique Cauchy function. To show 

this experimentally, a physical mixture was made with 5.4 nm Fe3O4@SiO2 and 12.3 nm Fe3O4@SiO2 to 

simulate a bimodal distribution that can result from colloidal synthesis. Contributions from each sample are 

observed in the ZFC-FC measurement (Figure 3.5a). The magnetization curve was fit to a linear 

combination of two unique Cauchy functions (Figure 3.5b) modified by a term, p, to account for the relative 

ratio of each component. The plot of magnetic susceptibility vs. magnetic field (Figure 3.5c) of the mixture 

demonstrates that two unique distributions are necessary to fully describe the magnetization curve, while a 

single Cauchy CDF is a poor fit (Figure 3.15). A test for multiple distribution fits to interpret magnetization 

data may prove useful in applications beyond the SPM nanoparticles studied in this work. At minimum, it 

can help to prevent misinterpretation of mixed samples where qualitative interpretation of the data may 

result in poor conclusions and perpetuate synthetic difficulties.  
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Figure 3.5. Magnetic data for a physical mixture of 5.4 nm Fe3O4@SiO2 and 12.3 nm Fe3O4@SiO2. (a) Plot 
of normalized zero-field cooled magnetization vs. temperature from 5-300 K under an applied field of 0.01 
T. (b) Plot of isothermal magnetization vs. magnetic field for the physical mixture. The fit is shown in 
black, with contributions from 5.4 nm and 12.3 nm shown in red and purple, respectively. The fit was 
carried out using a sum of two unique Cauchy functions, with a relative ratio between the two, p, as an 
additional fit parameter. The g and Hc parameters from the individual samples were held constant, while Ms 
and clinear were allowed to vary to account for mass errors. (c) Plot of magnetic susceptibility vs. magnetic 
field, with contributions from the 5.4 nm and 12.3 nm shown in blue and orange, respectively. and (e) 
Fe3O4@SiO2 at 300 K. (f) Plots of cmax vs. nanoparticle diameter and g-1 vs. nanoparticle diameter. 

3.3 Conclusions 

In this chapter, statistical modelling is shown to improve the quantification of experimentally 

complex data of SPM nanoparticles. A generalized curve-fitting model is demonstrated based on the 

Cauchy distribution to better describe the overall magnetization curve. The preservation of underlying 
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statistics is imperative for making accurate comparisons between datasets, with the potential to discover 

stronger trends, built upon new models, ultimately aiding material design. 

3.4 Experimental details 

3.4.1 Materials 

The reagents used were iron (III) chloride hexahydrate (97% Alfa Aesar), iron (II) chloride 

tetrahydrate (97% Fisher), sodium oleate (97% TCI), oleic acid (90%, Alfa Aesar) and 1-octadecene (90% 

Sigma Aldrich). ACS grade hexane, ethanol, and methanol were purchased from Fisher. Oleic acid was 

degassed and stored under vacuum in a Schlenk flask covered with aluminum foil. All other chemicals were 

used as received. 

3.4.2 Synthesis of iron oleate 

Iron oleate in its powder form was synthesized according to a previous literature procedure 

described in Chapter 2.15 

3.4.3 Nanoparticle synthesis from iron oleate (FeOl) 

Fe3O4 nanoparticles were synthesized and purified according to a previous literature procedure 

described in Chapter 2.15 

3.4.4 Synthesis of Fe3O4@SiO2 nanoparticles 

Silica shelled iron oxide nanoparticles were synthesized in a reverse microemulsion method 

according to a literature procedure.28 In a typical synthesis, 17 mL Igepal CO-520 was stirred in a 20 mL 

scintillation vial for two minutes, followed by the addition of 0.8 mg Fe3O4 nanoparticles in hexanes (1-10 

mg/mL Fe3O4 dispersion in hexanes). Next, 0.13 mL NH4OH was added dropwise, and the solution was 

stirred for five minutes, followed by the addition of 0.15 mL tetraethylorthosilicate (TEOS). The reaction 
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was capped and allowed to stir at room temperature for 72 hours. The final purification step consists of a 

of an initial flocculation with methanol, centrifugation (7 minutes at 8500 rpm), redispersion in ethanol, 

flocculation with hexanes, and a final centrifugation step (7 minutes at 8500 rpm) to recover the 

Fe3O4@SiO2 nanoparticles. 

3.4.5 Characterization 

Transmission electron microscopy was carried out using a FEI Spirit TEM operating at 120 kV, 

with images collected by a 2k x 2k Gatan CCD camera. TEM samples were prepared by drop-casting and 

air drying a dilute solution of nanoparticles in hexanes onto a carbon-coated copper TEM grid. Particles 

were analyzed in ImageJ using the default thresholding algorithm of sample sizes exceeding 1000 particles 

for all syntheses.  

Powder X-ray diffraction was performed with a Bruker D8 Advance diffractometer using a Bruker 

Apex II Ultra CCD using Mo Ka (l = 0.71073 Å) radiation.  

Thermogravimetric analysis was carried out using a SDT650 instrument. Samples (10-20 mg) were 

loaded into a 90 µL alumina pan and heated under air from 30 °C to 1000 °C. The conversion of Fe3O4 to 

Fe2O3 was accounted for and confirmed via powder X-ray diffraction. 

Energy dispersive X-ray analysis was performed on a Zeiss Sigma 500 SEM instrument operating 

at 15 kV. Samples were prepared by dropping powdered Fe3O4@SiO2 samples onto conductive carbon tape. 

Each sample was analyzed at three locations on the stub for a minimum of 200 seconds each. 

Magnetic measurements were carried out using a Quantum Design MPMS3 SQUID magnetometer. 

Nanoparticle samples were dried to a fine powder (1-2 mg), loaded into a VSM sample holder, and secured 

in a plastic straw. A calibration of the magnetic field was carried out using the palladium standard supplied 

by Quantum Design with a precisely known susceptibility, a necessary step to remove small remnant fields 

in the superconductive magnet. This small residual field leads to a difference between the recorded and true 

fields, resulting in an “inverted” hysteresis loop and an incorrect coercivity. Further details for this 

calibration are found in Quantum Design Application Notes.34,35 
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Fitting of the magnetization curves were performed in Python. To remove emphasis on any 

particular portion of the magnetization curve, a linear interpolation was performed on the forward sweep 

of the magnetization curve, generating 10,000 equally spaced points. Fitting was carried out using the 

default least squares method of the LMFIT package according to the initial values and constraints below. 

The data and code for this analysis can be found at DOI: 10.5281/zenodo.7987572. 

3.5 Additional information 

Table 3.2. Summary of synthesis parameters for Fe3O4 nanoparticles. 

Size (nm) Stdev FeOl (g) OA (g) ODE (g) 

5.43 0.62 0.50 0.78 6.40 

7.83 1.05 0.25 0.29 7.10 

9.57 1.01 1.00 0.77 5.87 

11.00 1.08 1.00 1.16 6.48 

12.33 1.61 0.50 0.39 6.78 
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Table 3.3. Iron oxide percentages for Fe3O4 and Fe3O4@SiO2 nanoparticles. 

 Fe3O4 (native oleate ligands) Fe3O4@SiO2 

Size (nm) Fe3O4 % (w/w) Fe3O4 % (w/w) 

5.43 74.862 8.742 

7.83 79.733 2.315 

9.57 86.115 3.996 

11.00 86.920 2.618 

12.33 85.611 5.357 
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Table 3.4. Magnetic hysteresis loop fit parameters to Cauchy distribution for large dataset. 

Size (nm) Ms (emu/g Fe3O4) g clinear (cm3/g Fe3O4) 
cmax (cm3/g 

Fe3O4) 

4.26 54.33 0.329 9.17 x 10-7 0.011 

4.87 62.73 0.175 8.93 x 10-6 0.023 

4.89 57.04 0.217 -1.58 x 10-5 0.017 

5.23 55.73 0.155 -3.36 x 10-5 0.023 

5.38 58.77 0.183 1.32 x 10-5 0.020 

5.64 66.96 0.140 -3.72 x 10-7 0.030 

5.93 68.33 0.079 -5.56 x 10-6 0.055 

7.49 51.94 0.111 5.10 x 10-6 0.030 

7.58 55.46 0.095 3.00 x 10-6 0.037 

7.78 70.83 0.079 -7.43 x 10-6 0.057 

8.16 61.97 0.053 -1.29 x 10-6 0.074 

8.41 67.69 0.069 -4.83 x 10-6 0.062 

8.58 65.23 0.049 -8.82 x 10-6 0.084 

8.86 61.83 0.065 4.88 x 10-5 0.061 

8.87 75.94 0.060 -2.44 x 10-6 0.081 

9.57 75.22 0.061 -1.02 x 10-5 0.079 

10.23 76.33 0.060 -1.03 x 10-5 0.080 

10.99 71.44 0.053 -1.15 x 10-5 0.085 

11.06 62.84 0.047 -6.87 x 10-6 0.084 

11.71 77.67 0.055 -1.26 x 10-6 0.089 

12.33 74.42 0.040 -6.39 x 10-6 0.119 

14.37 67.40 0.036 -3.40 x 10-6 0.121 
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Figure 3.6. Magnetization curves (left) and corresponding differential magnetization curves (right) with 
varying parameters of Ms, Hc, c, Hc, and clinear. 
 

 
Figure 3.7. Cauchy distribution with varying location parameters (x0) and scale factor (g) in its (a) 
cumulative distribution function (CDF) form and (b) probability distribution function (PDF) form. 
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Figure 3.8. TEM images of (a-e) Fe3O4 nanoparticles and (f-j) Fe3O4@SiO2 nanoparticles. 
 
 

 
Figure 3.9. Powder X-ray diffraction (PXRD) patterns for the five Fe3O4 nanoparticle sizes, collected using 
a Mo Ka (l = 0.71073 Å) source. 
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Figure 3.10. Thermogravimetric analysis (TGA) for the five Fe3O4 nanoparticle sizes, collected under air 
from 30 °C to 1000 °C at 10 °C/min. The Fe3O4 mass percentage was calculated after accounting for the 
3.40% mass increase for the conversion of Fe3O4 to Fe2O3. 
 
 

 
Figure 3.11. Powder X-ray diffraction (PXRD) patterns after TGA (Figure 3.10) for the 5.4 nm and 12.3 
nm samples, collected using a Mo Ka (l = 0.71073 Å) source. 
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Figure 3.12. Histogram of magnetic moment per gram generated with 1000 samples following randomized 
normal distributions in both mass and magnetic moment. Typical values with a mass of 1.0 ± 0.1 mg and a 
magnetic moment of 0.1 ± 0.005 emu were used. 
 
 

 
Figure 3.13. Plots of normalized zero-field cooled magnetization (solid) and field cooled magnetization vs. 
temperature (dashed) from 5-300 K for a nanoparticle system containing interparticle interactions (blue) 
and no interparticle interactions (green). 
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Figure 3.14. Plots of normalized zero-field cooled magnetization (solid) and field cooled magnetization 
(dashed) vs. temperature from 5-300 K under an applied field of 0.01 T for (a) Fe3O4 and (b) Fe3O4@SiO2. 
 
 

 
Figure 3.15. Magnetization curves for a physical mixture of 5.4 nm Fe3O4@SiO2 and 12.3 nm Fe3O4@SiO2. 
(a) Plot of isothermal magnetization vs. magnetic field for the physical mixture. The fit is shown in black, 
with contributions from 5.4 nm and 12.3 nm shown in red and purple, respectively. The fit was carried out 
using a sum of two unique Cauchy functions, with a relative ratio between the two, p, as an additional fit 
parameter. The g and Hc parameters from the individual samples were held constant, while Ms and clinear 
were allowed to vary to account for mass errors. (b) Plot of isothermal magnetization vs. magnetic field for 
the mixture with fit to a single Cauchy function. 
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Chapter 4  

Analyzing Magnetization Curves of Molecular Er3+ 

Networks with 0−3-Dimensional Spin Interactivity 

4.1 Introduction 

While the materials of choice in Chapters 1-3 are superparamagnetic nanoparticles, many more 

interesting magnetic systems exist, including molecular materials.1–6 Characterized by slow magnetic 

relaxation, single-molecule magnets (SMMs) are a family of materials that have gained incredible interest 

in recent decades for applications such as molecular spintronics and quantum information storage.1–3 

Extensive research efforts have focused on improving the functionality of SMMs by increasing the blocking 

temperature,7,8 the critical point at below which the material exhibits slow relaxation of its magnetization 

in the absence of an applied magnetic field. While increasing the functional temperature remains a key goal 

in the field, it is equally important to comprehensively control and understand the directional dependence 

of magnetization (referred to as anisotropy) as well as the interactions between magnetic units.9 This 

understanding is essential for practical applications of SMMs. 

Molecular magnetism is a recently developed, yet diverse area of research at the intersection 

between chemistry, physics, materials science, and mathematics. Many subsets exist within molecular 

magnetism, including the study of multifunctional materials such as photoswitchable magnets,10 as well as 

porous materials11 and quantum spintronics materials.12 At the heart of molecular magnetism is the single 

molecule magnet (SMM), an organometallic coordination complex which exhibits slow relaxation of its 

magnetization. The field of SMMs was initiated with the discovery that the Mn12 cluster retains its 

magnetization at extremely low temperatures.13 While large organometallic clusters have been synthesized 
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approaching the scale of nanoparticles in attempts to increase the blocking temperature by maximizing 

spin,14 extreme care must be taken in the arrangement and choice of metal(s) and ligand(s) to maximize 

magnetic anisotropy.  

 

Figure 4.1. Depiction of erbium (III) bis-cyclooctatetraene anion. 

To control magnetic anisotropy, appropriate ligands can be used to stabilize the magnetic moment, 

such as cyclopentadiene based ligands,15 porphyrins,16 and cyclooctatetraene.17 In the case of erbium-based 

SMMs, the magnetic moment states of Er3+ form an oblate charge density, which is best stabilized by a 

symmetrical equatorial coordination environment, complementing the cyclooctatetraene dianion (COT2-) 

in the complex ErCOT2.17 Termed Metal-Ligand Pair Anisotropy (MLPA), a single COT ring was found to 

sufficiently stabilize Er3+, thereby leaving the remaining half of the Er3+ coordination sphere available for 

additional functionalities, such as bridging to other ErCOT units.18,19 An incredible amount of synthetic 

tunability and creativity within the ErCOT MLPA system is possible, demonstrated by the bottom-up style 

synthesis of mono-, di-, and trinuclear ErCOT based magnets.20 Synthetic choices, such as the ligands used 

to arrange the ErCOT units result in drastic changes in the magnetic properties.21 

Generally, magnetization curves on molecular materials are measured with the primary intent of 

searching for open hysteresis, and in the process, a wealth of information is typically neglected. Typically, 

the coercive field (Hc) and saturation magnetization (Ms) are determined, along with a qualitative 

description of the shape. however, A quantitative in-depth analysis, however, reveals subtle differences that 

can be identified and compared. Statistical parameters can be extracted, quantified, and tracked, with the 

intent of better understanding the field dependent behavior. While the goal of this analysis was to determine 

the effect of crystallographic arrangement on the magnetization curve, additional parameters were explored, 
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such as the effect of dipolar coupling between units and temperature dependence. This work represents the 

first use of a purely statistical model to garner quantifiable parameters from magnetization curves of 

molecular magnetic materials. 

This analysis, described in greater detail in Chapter 3, was previously carried out on the 300 K 

magnetization curves of superparamagnetic nanoparticles containing a single transition at exactly 0 T,22 

however, the ErCOT2 system represents a much more complex magnetization curve involving multiple 

transitions. As such, a linear combination of multiple distribution functions is necessary to completely 

account for each component in the ErCOT2 magnetization curves. The Cauchy distribution, also known as 

the Lorentz distribution, is a continuous distribution function has been used in chemistry and physics,23–25 

geology,26 and economics27 to model a variety of data and processes. The distribution can be presented in 

the cumulative distribution function (CDF, Equation 3.1) form or the probability density function (PDF, 

Equation 3.2) form. The CDF form represents magnetization vs. magnetic field, while the PDF form 

represents the derivative or magnetic susceptibility vs. magnetic field. Adapting the Cauchy distribution 

requires slight changes, with the implementation of a scaling factor (Ms), and substitution of the location 

factor from x0 to Hp, representing the magnetic field at which the process is centered. The modified 

equations for fitting to the magnetization and derivative of the magnetization are show in Equation 3.3 and 

Equation 4.4, respectively. The open-source software package, multi_cauchy, was used to automatically 

parse, analyze, and plot the large amount of data for this study.28 

 𝐹(𝑥; 𝑥1, 𝛾) =
1
𝜋
𝑎𝑟𝑐𝑡𝑎𝑛 M

𝑥 − 𝑥1
𝛾 N +	

1
2

 Equation 4.1 
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4.2 Results and discussion 

Co-crystallizing the identical magnetic unit of [(ErCOT2)]- with various cationic molecules shown 

in Figure 1.1 changes the crystallographic arrangement between ErCOT2 units. Depending on the counter-

ion, the organizational motif can be described as layered hexagons, zig-zag triangles, or alternating sheets, 

altering both the spacing and angle between magnetic units. While a host of characterization techniques 

and additional analysis were carried out in this project, this chapter only describes the parsing, 

deconvolution, fitting, and analysis of the magnetization curves.  

 
Figure 4.2. Scheme of molecular compounds 1, 2, and 3 with corresponding space group, organizational 
motif, and crystallographic arrangement of ErCOT2 units. 
 

For compounds 1, 2, and 3, magnetization curves were collected at temperatures of 2, 4, 6, and 8 

K at a magnetic field sweep rate of 60 Oe/s, with the 2 K scans shown in Figure 4.3. In the 2 K scan alone, 

clear differences between the curves of each compound are observed. While each exhibits the same number 

of inflection points in their magnetization curves, the magnitude and/or location of each process varies. 

While one could qualitatively compare the data to draw conclusions, describing the characteristics 

quantitatively—by mathematically determining the number of components and analyzing the curve shape, 

location, percent contribution, and magnitude of the curve—is significantly more meaningful. This 

approach makes it easier to make comparisons across samples and temperatures. 
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Figure 4.3. Magnetization curves of 1, 2, and 3 collected at 2 K at a magnetic field sweep rate of 60 Oe/s. 

It is immediately clear from Figure 4.3 that two distinct processes take place near 0 field and 

between 1-3 T. Once the fitting analysis is carried out, however, a third process, albeit broad and low in 

intensity, presents itself near -2.5 T. This third component becomes clear at higher temperatures with the 8 

K scan shown in Figure 4.4a. A testament to this fitting analysis, small contributions that would otherwise 

go unnoticed are now visible. Each of the three processes, described as “terms” in Figure 4.4a, are unique 

Cauchy distributions of Equation 3.3, which are ultimately combined to form the final function, shown in 

black, and fit to the data, shown in red/blue. The difference between the fit and the forward sweep (red) and 

reverse sweep (blue) of the magnetization curve is the residual, shown at the bottom of the plots in Figure 

4.4. Clear visualization of the residual can help identify missing components or peaks, as well areas where 

the model may fail to properly fit the data. 
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Figure 4.4. Magnetization curves of 1 collected at 8 K highlighting individual Cauchy components and 
resulting fit in its (a) CDF form and (b) PDF form. 

An inherent advantage of the Cauchy distribution is the ability to view and fit the data in both the 

magnetization (CDF) and derivative (PDF) form. For example, Figure 4.4b shows the derivative of the 

magnetization curve, revealing distinct peaks, which can then be fit to the Cauchy PDF. The flexibility of 

statistical modelling allows one to move between both forms, which can be advantageous for visualization 

purposes. In this work, each magnetization curve was fit to a sum of three unique Cauchy CDF distributions. 

Those fit parameters can then be used to view the data in both the magnetization (CDF) and derivative of 

magnetization (PDF) form. While fits to both the magnetization and its derivative can be performed, in this 

case, only the fits to the magnetization curve (CDF) were carried out.  

From the Cauchy fitting analysis, the parameters obtained are the half-width at half-max of the 

peak, denoted g, and the location, denoted Hp. Additionally, determining the peak's maximum height and 

its overall percentage contribution, calculated based on the area under the curve, can complement the 

findings from the statistical model. It is worth noting that these peak parameters are interrelated, and the 

choice of which parameter to prioritize may depend on the specific system under investigation. 
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Figure 4.5. Cauchy analysis of compound 1 across a temperature range of T = 2, 4, 6, and 8 K. 
Magnetization curves (top) highlighting the three components, PI (green), PII (yellow), and PIII (blue). 
Cauchy PDFs from the fit analysis (bottom) with the first process (PI) and third process (PIII) magnified. 

The temperature dependence of each compound was analyzed, with 1, [ErCOT2][CoCp*2],  as an 

example in Figure 4.5. While a few differences are observed between the magnetization curves (Figure 

4.5a), these subtle differences are much clearer when plotted as the PDF (Figure 4.5b). For example, PI and 

PIII increase and decrease in height, respectively. While these temperature dependent differences can be 

described qualitatively, it is much more impactful to scientifically and rigorously quantify the changes. 
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While all of the quantitative parameters obtained from the fitting analysis give insight into the underlying 

nature of each inflection point of the magnetization curve, the peak properties are best described through 

percent contribution in this case. Determined by the area under the curve of each process with respect to 

the others, the percent contribution is normalized, allowing for comparison between compounds and 

potentially other molecular systems. Shown in Figure 4.6, both PI and PII steadily decrease in their percent 

contribution, while PIII increases. These temperature dependent trends are consistent for all compounds, 

demonstrated in Figure 4.9. 

 

Figure 4.6. Bar graph of percent contributions for each process in 1 at T = 2, 4, 6, and 8 K. 

The concrete quantification of the magnetization curves gained as a result of the Cauchy fitting is 

important in discussing the identity and underlying nature of each process. While the specific underlying 

phenomena behind processes PI and PIII are yet to be unambiguously assigned, the tools needed for 

systematic tracking and analysis of these processes are now readily available.  

The sharp change in magnetization that occurs near zero field (PII), however, is likely associated 

with a quantum process. An abrupt inflection point in magnetization is indicative of quantum tunneling of 

magnetization (QTM), a phenomenon in which the magnetic moment can undergo a coherent transition by 
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“tunneling” through the energy barrier to a different quantum state.17 Additionally, PII may also represent 

the quantum avalanche effect, characterized by a rapid cascade of dipole flipping in a self-propagating 

process.29,30 Further complicating the assignment is the possibility that PII may be a combination of both 

quantum effects occurring simultaneously. Dipolar interactions have been shown to impact the magnitude 

of both processes. To explore the underlying quantum effect(s) of PII with respect to dipolar interactions 

between magnetic units, dilutions were prepared using diamagnetic yttrium analogues. 

 In addition to the temperature dependence, the magnetization curves of 1-3 were analyzed and 

compared to draw conclusions on the crystallographic differences, with the fit results shown in Figure 4.7. 

In each compound, the ErCOT2 units can be simplified as an Ising-type spin that is held constant while the 

distance, angle, and strength of interactions between ErCOT2 is varied. Structurally, compound 1 consists 

of a complex layered hexagon organization of ErCOT2 units. While ErCOT2 units between layers are 

predicted to interact ferromagnetically, the ErCOT2 units within each layer are predicted to act in an 

antiferromagnetic fashion. Compound 2 is composed of a zig-zag triangle motif and compound 3 consists 

of alternating sheets of ErCOT2 units.  

 Correlating each ErCOT2 interaction observed in the crystal structure to a component in the 

magnetization curve is a non-trivial process, however, the fitting analysis still yields information on the 

impact of the three structural motifs on the overall curve. For example, a trend in increasing peak height is 

observed for PI and PIII as the structural arrangement transitions from alternating sheets (3), to zig-zag 

triangles (2), and then layered hexagons (1). This trend, however, is reversed for PII, yielding insight into 

the effect of crystallographic structure on the behavior of the QTM process or quantum avalanche process. 

The percent contribution of each component is another parameter that can be used to make comparisons 

between samples, as it incorporates the area under the curve as opposed to the peak height alone. 
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Figure 4.7. Magnetization curves of 1-3 collected at 2 K with individual Cauchy PDF contributions plotted 
from (a) H = -7 to 7 T and (b) H = -0.65 T to 0.65 T.  

 

 

Figure 4.8. Bar graphs of percent contributions for each process in 1 and 1-Y at T = 2 and 8 K. 

Finally, to further study the impact of dipolar coupling between ErCOT2 units, each of the three 

compounds shown in Figure 4.3 was diluted in a 95:5 molar ratio with the diamagnetic yttrium analogue, 
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YCOT2, denoted 1-Y, 2-Y, and 3-Y. The percent contribution of each component at both 2 and 8 K was 

utilized to compare the undiluted compounds to the diluted compounds, shown in Figure 4.8. Of particular 

note is the decrease of PII in all diluted compounds, reinforcing the notion that PII is a process dependent 

on the rapid flipping of spins; if the effective distance between ErCOT2 units decreases, PII would decrease 

as well. Additionally, PI increases in its contribution across all diluted analogues, indicating the origin may 

be intramolecular, within each ErCOT2 unit, as opposed to a long-range interaction, such as the quantum 

avalanche effect. 

4.3 Conclusions 

In this chapter, the magnetization curves of a series of ErCOT2 compounds were fit to a statistical 

model. Each component constituting the overall curve was quantified and tracked across varying 

crystallographic arrangements, temperature, and degree of dipolar coupling by diluting with a diamagnetic 

analogue. This analysis provides a universal method to extract additional information from magnetization 

curves of molecular magnetic materials. 

4.4 Experimental details 

The magnetization curve fitting analysis was performed in Python using the multi_cauchy program 

developed by Phil Bunting of the Rinehart Lab.28 While the software can automatically identify peaks, this 

analysis was carried out using user-specified peak locations and constraints. Fits were performed to both 

the magnetization and derivative of magnetization data using the Cauchy CDF and PDF, respectively. 

Fitting was carried out using the default least squares method of the LMFIT package. The data and code 

for this analysis can be found at https://doi.org/10.5281/zenodo.8322969, an online repository called 

Zenodo. A README is available with examples. The multi_cauchy software can be found at 

https://doi.org/10.5281/zenodo.8299498, 
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4.5 Additional information 

 

Figure 4.9. Bar graph of percent contributions for each process in 1, 2, and 3 at T = 2, 4, 6, and 8 K. 
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