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ABSTRACT
An investigation in creating highly magnetic and optimally sized iron nanoparticles for magnetic particle imaging (MPI) was performed. MPI is a noninvasive imaging technique that has gained much attention due to its high sensitivity, spatial resolution, and real time 3D imaging modality. The signal generated for MPI is highly dependent on the magnetic moment produced by magnetic nanoparticle tracers, which is related to the composition and size of the nanoparticles. Currently 25-30 nm sized iron oxide nanoparticles are the standard tracers used for MPI, however, further improvement of such tracers can be achieved by developing nanoparticles that contain pure iron. Therefore, various synthetic methods were investigated in order to determine optimal synthetic conditions for creating Fe nanoparticles around 20 nm in diameter. 
Three series of iron nanoparticle syntheses were explored. Series 1 tested the effects various alkyl chained surfactant have on nanoparticle shape and size. From the first series, 20 nm sized iron core-shell structured particles were obtained. It was found that longer alkyl chained surfactants allowed for larger particle sizes due to an increase in steric hindrances to prevent agglomerations from forming during growth.
Series 2 tested a continuous injection of iron pentacarbonyl using an extended LaMer growth mechanism of nanoparticles. Different injection speeds and different surfactants were tested to determine potential changes in size and shape of the nanoparticles through this growth mechanism. From this series, it was found that lower injection speeds using hexadecylamine or octadecylamine as surfactants could produce larger iron nanoparticles. 
Finally, series 3 investigated a solid-solid reduction synthesis to create iron nanoparticles. Iron oxide nanoparticles were synthesized through a thermal decomposition of iron (III) acetylacetonate and coated with silica. The uncoated and silica coated iron oxide nanoparticles were further reduced with calcium hydride to produce iron nanoparticles.
Characterization methods include Mössbauer spectroscopy, X-ray diffraction (XRD), transmission electron microscopy (TEM), vibrating sample magnetometry (VSM), cytotoxicity tests, and preliminary MPI measurements.
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[bookmark: _Toc289175819][bookmark: _Toc180856368]INTRODUCTION 
The purpose of this research was to develop iron nanoparticles tracers for magnetic particle imaging applications. Investigation of synthetic parameters to create 20 nm iron nanoparticles were performed. A thermal decomposition of iron pentacarbonyl was primarily used to test different surfactants and iron precursor injection rates. In addition, utilization of solid-solid reduction reactions using CaH2 was also explored. 
[bookmark: _Toc180856369]Magnetic Particle Imaging (MPI)
Magnetic particle imaging (MPI) is a novel imaging technique that was introduced in 2005 by Gleich and Weizenecker and shows promise in medical imaging due to its noninvasive, radiation-free imaging modality [1, 2]. MPI is highly competitive in sensitivity, contrast, and spatial and temporal resolution when compared to current clinical techniques like magnetic resonance imaging (MRI), computed tomography (CT) and positron emission tomography (PET) [3, 4]. Previous studies have suggested MPI has similar sensitivity as PET, with a sensitivity around 10-11- 10-12 mole/L of contrast agent. Around 200 nanograms of iron per voxel was achievable with MPI through advances in hardware and tracer design [3, 5]. From the use of low-frequency magnetic fields, MPI’s signal attenuation is unaffected by anatomical structures or tissue depth, which allows it to have excellent contrast [1]. MPI also has a theoretical spatial resolution around 200 - 500 μm and temporal resolution of seconds to minutes [3, 6]. These high-resolution images can be obtained in real time and direct quantification of superparamagnetic iron oxide nanoparticles (SPIONs) to a targeted site in the body is possible [7]. Due to these advantageous properties mentioned, MPI has proven to be useful in a wide range of biomedical applications such as cancer detection, cell monitoring, perfusion imaging, magnetic hyperthermia, and targeted drug tracking [1, 8].
From MPI system development, two established methods for MPI include harmonic-space and x-space. Although the two techniques differ, both generate a signal from a Langevin magnetization curve of magnetic tracers for excitation and selective saturation as shown in Figure 1 [7]. The magnetization behavior for magnetic tracers is represented
[image: A diagram of a function
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[bookmark: _Toc180943983]Figure 1: Comparison of harmonic-space and x-space MPI for signal generation.

as a Langevin function, which is represented in Equation 1, where the magnetization (M) is represented as a function of applied magnetic field H(t):

Where , c is tracer concentration, μ0 is permeability, ms is the magnetic saturation moment, kB is the Boltzmann constant, and T is temperature. The ms term gives the magnetic moment of a spherical, single domain magnetic nanoparticle and is represented as:

Where dc is the magnetic core diameter, and Ms is the magnetic saturation constant that is specific for the tracer [9, 10].
A schematic of the MPI system is shown in Figure 2. Two permanent magnets generate a magnetic field gradient to saturate all SPIONs magnetization outside a central field free point (FFP) [11]. Driving coils within the system assist in shifting this FFP across a region of interest. A signal is produced from the nonlinear magnetization response of the SPIONs when the magnetic moments change direction with the moving FFP. Receiving coils measure the voltage produced by the SPION’s and generates the raw MPI signal. Then, image reconstruction techniques are used to generate a map of the tracer concentration [8].
Early MPI images were first generated with harmonic-space reconstruction methods and was used for in vivo imaging of a beating mouse heart [2, 6]. Harmonic-space MPI uses a system matrix that is comprised of Fourier components of the temporal signal for every possible location of a point source [2, 10, 12-16]. The system matrix is obtained by measuring the spectral responses of the nanoparticles at all locations in an imaging field of view (FOV) [7]. The field free point (FFP) passes over the FOV in a Lissajous pattern. Then, matrix inversion techniques such as algebraic reconstruction or singular value decomposition are used for image reconstruction [17]. However, these matrix inversions can be complex since the system matrix can contain over a billion elements.
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[bookmark: _Toc180943984]Figure 2: Schematic of MPI system for image and signal generation.


Therefore, careful analysis must be performed when regularizing solutions to achieve high resolution and low noise while inverting the system matrix [18]. In addition to the computational challenges this method poses, robustness of the system is another issue. If pre-characterization scans do not precisely reproduce the tracer’s in vivo micro-environment, artifacts can appear in the reconstructed image [18]. Viscosity variations in the body and concentration of tracers can alter MPI signal, which can contribute to modeling errors and lead to inaccurate system matrices and image reconstructions [14]. 
The second and more recent MPI technique is known as x-space MPI, which improves the speed and robustness of MPI image reconstruction [5, 19, 20]. X-space MPI is shift-invariant and linear and has shown to be mathematically equivalent to harmonic-space MPI’s system matrix approach [21]. Although general scanner geometry of x-space MPI and harmonic-space MPI are shared, x-space MPI signal corresponds to a temporal scan through x-space, rather than a set of harmonics [7]. Signal generation for x-space MPI is more straightforward. The magnetic field is shifted across the tracers located at a field free point, causing the magnetic moments of the nanoparticles to flip. A receiver coil detects the signal generated from this magnetic flipping. The signal shape corresponds to the derivative of the magnetization curve and is termed as the point spread function (PSF) of the x-space MPI system. Utilizing the same gradients as harmonic-space MPI, localization in space is obtained. Reconstruction of the image is achieved by gridding the raw signal to the known field free point trajectory [7]. X-space MPI is essentially the convolution of the PSF with the spatial distribution of tracer material [19, 20]. Once the PSF is obtained, image quality can be predicted. Due to the more straightforward nature of x-space MPI, it has become the more frequently implemented technique [22-24]. Therefore, this research will primarily use x-space techniques for preliminary nanoparticle tracer comparisons. 
For x-space reconstruction, image quality and tracer performance are primarily described by the point spread function (PSF) [19]. Theoretically, the PSF is derived from the differential of the Langevin function for magnetization of nanoparticles. The PSF of MPI tracers is a measure of change in magnetization as a function of the applied drive field [25]. Experimentally, the PSF can be obtained from relaxometry measurements using a RELAX module system in a MOMENTUM scanner [26-29]. Two important parameters to consider when evaluating the PSF is the signal intensity and full-width-half-maximum (FWHM). The signal intensity reflects the sensitivity of the nanoparticle tracers and the FWHM is related to the spatial resolution [25, 30]. For optimized MPI tracers, high signal intensity and low FWHM is needed in order to have high sensitivity and resolution respectively. By assuming superparamagnetic behavior detailed in the Langevin function, simple relations for sensitivity and resolution can be obtained since the signal in MPI is related to the time-derivative of the particle’s magnetization response [31]. A mathematical representation for MPI sensitivity is shown in equation 2, where sensitivity is measured by the peak intensity, I, of the PSF: 

where N is the number density of magnetic nanoparticles (particles/m3), Ms is magnetic saturation, and D is the diameter of the nanoparticles.

Equation 3 shows the full-width-half-maximum (FWHM) of the PSF, which represents MPI resolution. 

In equation 3, kB is the Boltzmann constant, T is temperature, μ0 is the vacuum permeability, Ms is magnetic saturation, G is the magnetic field gradient strength, D is the core diameter [7, 31]. From this equation, MPI resolution is based on a function of both nanoparticle characteristics and magnetic gradient strength. From equations 2 and 3, one would assume that increasing the nanoparticle diameter and magnetic saturation would decrease the FWHM and increase peak intensity, which would lead to improvements in peak intensity and resolution. In addition, increasing the diameters of nanoparticles from 17 to 25 nm could theoretically lead to a greater than 3-fold improvement in resolution [7]. However, as previously mentioned, these equations assume ideal superparamagnetic behavior, suggesting there are no magnetic interactions between tracers and magnetic response is instantaneous to an applied field. Therefore, when testing experimentally, enhancement in intensity and resolution are still limited by the physics of magnetic relaxation and nanoparticle composition [7]. 
[bookmark: _Toc180856370]MPI Tracer Characteristics
Since resolution and signal-noise-ratio (SNR) are governed by the MPI’s system hardware and tracer properties, tracer development has been a central area of research in the advancement of MPI [7]. Signal generation for MPI is highly dependent on the magnetic properties of magnetic nanoparticles (MNPs) and certain characteristics are needed in order to achieve optimal signals [32].  Tracers must be superparamagnetic, possess high magnetic saturation, and have a short magnetic relaxation time, which are all affected by the size and composition of MNPs [32]. Superparamagnetic properties appear in small ferro- or ferrimagnetic nanoparticles [33]. Superparamagnetic nanoparticles have high magnetic susceptibility, and their magnetic moments can randomly flip directions under the influence of temperature. They are favorable for MPI since they have negligible coercivity and magnetic remanence [34]. Coercivity is the magnetic field strength needed to demagnetize a magnetically saturated material and magnetic remanence is the residual magnetization materials possess after an external magnetic field is removed [32].  
Magnetic relaxation in MNPs is another factor for consideration. Two magnetic relaxation types present in MNPs are Brownian and Néel relaxation. Brownian relaxation occurs from the rotation of the entire nanoparticle and Néel relaxation is caused by the realignment of internal magnetic spins inside the nanoparticles after an external field is removed [35, 36]. For MPI signal generation, short Néel relaxation is of high importance since MPI signals are generated from the relaxation of the magnetic spins at the field free point [32]. For sharper MPI signal generation and high image resolution, short magnetic relaxation is needed. Therefore, short magnetic relaxation found in superparamagnetic MNPs is favorable.
Finally, size of magnetic nanoparticles is an important characteristic when tailoring tracers for MPI. Nanoparticle size dictates the internal magnetic spin that determines magnetic saturation and signal intensity for MPI [3, 37-41]. Larger MNPs with high magnetic saturation assist in lowering the detection limit for MPI and a small size distribution is needed in order to obtain even signal generation and consistent image quality [32]. Du and colleagues demonstrated the importance MNP size can have on MPI performance by fabricating 8 and 18 nm magnetite nanoparticles. From their results, the magnetic saturation increased from 35.8 to 60.4 emu/g when the size increased from 8 to 18 nm respectively. When tested at the same iron concentration, the 8 and 18 nm nanoparticles had a 1.89 and 2.68 times higher MPI signal intensity when compared to Vivotrax respectively [42]. Shasha et al. studied varying sized magnetite nanoparticles and found that single crystalline magnetite nanoparticles close to critical size, around 25 nm, displayed good signal strength and resolution for MPI. However, nanoparticles larger than 25.2 nm displayed little to no enhancement in MPI signal compared to smaller magnetite nanoparticles due to ferromagnetic behavior. From their study, careful size control of nanoparticles is necessary in order to maintain superparamagnetic behavior and to achieve optimal MPI signal [43]. The critical size limit to maintain superparamagnetic properties varies for different materials and must be considered during synthesis in order to achieve optimal MPI performance.
[bookmark: _Toc180856371]Current MPI Tracers
With the above characteristics in mind, MPI tracer development has been predominantly focused on optimizing particle core size and composition [11]. Various types of magnetic nanoparticles have been researched for MPI applications, with many being iron based. Doping of ferrite nanoparticles with transition metals such as manganese (Mn2+), cobalt (Co2+), zinc (Zn2+), nickel (Ni2+) and gold have been performed and have shown good potential in magnetic hyperthermia and MPI applications [29, 44-46]. These ferrite nanoparticles have displayed similar or enhanced properties when compared to superparamagnetic iron oxide nanoparticles (SPIONs) [47]. 
Other magnetic nanoparticles for MPI include iron alloys such as FeCo, FeAu, and Fe5C2 [48, 49]. Song et al. synthesized 10 nm FeCo nanoparticles with a graphitic carbon and PEG coating, and these tracers exhibited around 6 times higher MPI signal intensities when compared to the commercially available tracer, VivoTrax. In addition, FeCo nanoparticles display good potential for MPI-guided cancer therapy and imaging due to their magnetothermal and photothermal properties [49]. Dhawan et al. fabricated FeAu nanostructures for medical imaging and cancer theranostic applications. These nanostructures exhibited superparamagnetic and magnetic hyperthermia behavior, and improved image contrast for magnetic resonance imaging. From their use in MRI, these nanostructures could have potential for MPI applications as well [50]. In addition, FePt and Fe5C2 nanoparticles have exhibited promising properties for MPI, but these particular nanoparticles have currently only been tested for MRI applications [48, 51, 52]. 
Despite the wide range of magnetic nanoparticles being investigated, SPIONs are still among the most researched and used for MPI applications due to ease of preparation, low toxicity, and good magnetic properties [53-55]. Among the various types of SPIONs, magnetite (Fe3O4) is among the most common SPION synthesized for magnetic imaging purposes since it possesses higher magnetic saturation compared to other iron oxides [56]. Synthesis of magnetite nanoparticles is commonly performed using a thermal decomposition of iron precursors such as iron pentacarbonyl, iron oleate or iron (III) acetylacetonate with organic solvents [57]. Phase-controlled synthesis of magnetite can also be achieved from controlled oxidation of wüstite nanoparticles [53]. The oxidation approach and precursor selection are highly important for size control and phase purity of magnetite nanoparticles [54, 58]. Ferguson and colleagues synthesized varying sized magnetite nanoparticles ranging from 7-17 nm in diameter and found that 15 nm was an ideal diameter when testing initial signal generation from their MPI system [59]. Khandar et al. showed the importance of different surface coatings on magnetite nanoparticles using increasing molecular weighted PEG molecules from 5 kDa to 20 kDA on 25 nm magnetite nanoparticles. From their results, they found that higher molecular weighted PEG coatings assisted in improving tracer stability and preserved MPI signal response. In addition, they found their nanoparticles exhibited a 2-fold greater signal per unit mass and 20% better spatial resolution when compared to a commercial tracer, Resovist [60].
Maghemite (γ-Fe2O3) is another common SPION used for MPI applications that can be formed directly in solution or by further oxidation of magnetite nanoparticles. Hyeon and colleagues formed monodispersed maghemite nanoparticles of various sizes by a thermal decomposition of Fe(CO)5 with oleic acid and trimethylamine oxide [61]. From their study, they found that by varying the molar ratios of Fe(CO)5 and oleic acid, different nanoparticle sizes could be achieved. In addition, larger nanoparticles could be achieved from previously formed nanoparticles by adding more precursor to the solution with subsequent aging procedures. Generally, this type of thermal decomposition method is preferred due to ease of control over particle size and good reproducibility [61]. In contrast, Herynek et al. utilized a coprecipitation method of iron salts to form 8 nm maghemite nanoparticles and coated them with poly(N-(2-hydroxypropyl)methacrylamide) (HPMA) and N-[2-(hydroxyamino)-2-oxo-ethyl]-2-methyl-prop-2-enamide (HAO). From this study, 4 samples were tested that included uncoated and HPMA/HAO coated maghemite nanoparticles that had an anionic or cationic surface charge. When comparing MPI signal-to-noise ratios and signal displacement, cationic maghemite particles had an insignificantly lower signal than Resovist. Uncoated anionic nanoparticles had a slightly higher signal-to-noise ratio, while coated anionic nanoparticles had identical signal-to-noise ratio when compared to Resovist [62]. 
In comparison with previous studies involving SPIONs, few studies have looked into the synthesis of pure iron nanoparticles for magnetic imaging applications. When compared to iron oxide, pure iron possesses higher magnetic saturation and susceptibility. Iron nanoparticles are typically produced through a thermal decomposition of organic iron precursors like iron pentacarbonyl, iron oleate or Fe(C5H5)(C6H7) under inert atmospheres [34, 63, 64]. Alternatively, other studies have used high temperature reduction reactions of iron oxide nanoparticles under hydrogen gas that also allow for the formation of pure iron nanoparticles where sintering of uncoated nanoparticles commonly occur. These nearly pure iron nanoparticles have shown to possess high magnetic saturation values up to 176 emu/g at sizes around 13 nm [65]. Due to the high reactivity of pure iron, these nanoparticles typically exhibit an iron core-iron oxide shell structure, whereby an iron oxide passivation layer will naturally form [66]. However, further coating with polymers or silica have shown to assist in preventing further oxidation of the nanoparticles and protect the iron core produced [67]. Previous studies by Gloag et al. reported the synthesis of 14 and 11 nm superparamagnetic iron core-iron oxide shelled nanoparticles. The iron oxide shell assisted in preventing rapid oxidation of the pure iron core, but an additional co-polymer coating increased colloidal stability in aqueous media. The 14 nm nanoparticles displayed high magnetic saturation around 166 emu/g and achieved an MPI signal intensity around 80% of the commercially available VivoTrax and had similar spatial resolution. The 11 nm nanoparticles had slightly lower magnetic saturation around 100 emu/g and displayed around 40% of MPI signal when compared to Vivotrax. Comparatively, SPIONs of similar sizes did not generate recognizable MPI signals due to having lower magnetic saturation values [34]. From this study, it is clear that utilizing pure iron for MPI tracer development could be advantageous when compared to SPIONs, since pure iron possesses enhanced magnetic properties compared to iron oxides. 
With consideration of previous literature, the creation of pure iron nanoparticles with little to no iron oxide is of interest. Due to pure iron possessing high magnetic saturation and offering better magnetic properties compared to SPIONs and other variants, it could offer good potential for MPI applications. Therefore, this research will focus on various synthetic methods to achieve iron nanoparticles that are mainly composed of pure iron with a thin iron oxide shell. The nanoparticles will be polymer coated with polyethylene glycol to decrease oxidation and improve biocompatibility and dispersibility. Optimization of composition, magnetic characteristics, and size of nanoparticles for MPI applications will be investigated in this study. Further cell viability tests will be performed and synthesis methods in fabricating iron nanoparticles around 20 nm in total diameter is of primary interest for this research.
[bookmark: _Toc289175825][bookmark: _Toc180856372]
CHAPTER I
VARIATION OF ALKYL CHAINED SURFACTANTS ON IRON NANOPARTICLE SIZE AND SHAPE



[bookmark: _Toc289175826][bookmark: OLE_LINK4][bookmark: _Toc180856373]    Abstract	
Currently, iron oxide nanoparticles around 25 - 30 nm in diameter are the standard magnetic tracers used for magnetic particle imaging (MPI) applications. Compared to iron oxide nanoparticles, less research has been performed in creating pure iron nanoparticles for MPI applications. Previous studies have created iron core - iron oxide shell nanoparticles around 15 nm in diameter, but in order to achieve optimal MPI signal similar to iron oxides, larger diameters around 20 nm are needed. However, due to strong magnetic characteristics of pure iron, synthesizing pure iron nanoparticles above 15 nm in diameter can be challenging due to the high risk of agglomeration. Therefore, an investigation in creating 20 nm sized iron nanoparticles was performed utilizing potential surfactants that might prevent agglomeration. A thermal decomposition of iron pentacarbonyl was performed with different surfactants including decylamine (DA), dodecylamine (DDA), hexadecylamine (HDA), octadecylamine (ODA), and dioctyldecylamine (DODA) to determine potential differences in size or composition. All surfactants possessed a linear structure and only varied in alkyl chain length. From the results, it was found that longer alkyl chain length surfactants assisted in creating larger iron nanoparticles.  
[bookmark: _Toc180856374]Introduction 
Magnetic nanoparticles have gained much attention in biomedical applications such as biosensing, cancer theranostics, drug delivery vehicles, and medical imaging agents [68]. Superparamagnetic iron oxide nanoparticles (SPIONs) are among the most commonly used for such biomedical applications due to their high biocompatibility and good magnetic properties [69, 70]. Currently, FDA approved SPIONs such as Resovist, Feridex and Ferumoxytol have been used as contrast agents for magnetic resonance imaging (MRI) and have become a favorable alternative for patients suffering from chronic kidney disease [71, 72]. In addition, these nanoparticles have been used for magnetic hyperthermia treatment of various cancers.

Magnetic particle imaging (MPI) is a new imaging technique that uses magnetic nanoparticles and offers high-resolution imaging of SPIONs in real-time [2]. Compared to MRI, MPI offers direct detection of SPIONs with no background signal from surrounding tissues [6, 12]. MPI uses magnetic field gradients and time varying magnetic fields to excite SPIONs to obtain a nonlinear magnetization response for signal generation [2, 19, 20]. The image resolution for MPI is determined by the full-width-half-maximum (FWHM) of the point spread function (PSF). Ideal PSFs generated by tracers should be symmetrical with a high signal-to-noise ratio (SNR) and small FWHM [73]. Although initial imaging studies of MPI used commercial MRI contrast agents mentioned previously as a “gold standard,” recent work has proven that tailoring tracers assists in generating higher image resolution [74, 75]. Therefore, in order to improve MPI’s performance, research has been focused on developing tailored MPI tracers to enhance resolution and sensitivity [10, 12, 76-78]. 
Currently, iron oxide nanoparticle tracers with a diameter of 26 - 27 nm have been shown to provide the best performance for MPI. Similarly, modeling studies suggest that 25 - 30 nm is the optimal diameter for magnetic nanoparticles [11]. Although iron oxide nanoparticles have been shown to provide good MPI signal, interest in creating a magnetic tracer that can provide high magnetic susceptibility and improved magnetic properties is needed. The synthesis of pure iron nanoparticles is of interest in many magnetic imaging applications due to the increased magnetization that is generated from pure iron compared to other metals or metal oxides. 
Previous research from our group was conducted that involved synthesizing superparamagnetic iron core - iron oxide shelled nanoparticles around 14 nm in diameter [79]. Although the nanoparticles possessed a high magnetic saturation around 133 emu/g, it was found that the nanoparticles still theoretically required higher magnetic response to successfully provide optimal MPI signal when compared to standard tracers. Theoretically, in order to improve MPI signal and resolution, a narrow PSF and low FWHM is needed, which can be achieved by increasing the magnetic diameter of the nanoparticle tracer [32].  

In order to achieve high MPI signal, the goal of this study was to investigate a simple method to achieve larger iron nanoparticles around 20 nm in total diameter. However, due to the high magnetization pure iron nanoparticles possess, susceptibility to agglomeration during synthesis is a major issue, especially when synthesizing iron nanoparticles above 15 nm in diameter. Previous studies using a thermal decomposition of iron pentacarbonyl have been investigated using long chained surfactants to assist in forming larger iron nanoparticle sizes. Long alkyl chained surfactants provide more steric hinderances in the solution during nanoparticle growth, allowing for larger nanoparticle sizes to be achieved while lowering agglomerations. Therefore, this study investigates the effects various long alkyl chained surfactants have on iron nanoparticle size, shape, and composition. We hypothesize that longer chained surfactants will yield larger nanoparticle sizes, which can provide better MPI signal and resolution. 
[bookmark: _Toc180856375]Materials and Methods 
[bookmark: _Toc180856376]Chemicals
Octadecylamine (ODA, 90%), dodecylamine (DDA, 99%), dioctadecylamine (DODA, 99%), decylamine (DA, 95%), hexadecylamine (HDA, 98%), iron (0) pentacarbonyl [Fe(CO)5, >99.99%], 1-octadecene (90%), chloroform, hydrochloric acid (HCl, 37%), hexanes, acetone, and nitric acid (1M) were all purchased from Sigma Aldrich. Anhydrous ethanol was purchased from Decon Labs. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxyl-(polyethylene glycol)-2000] (ammonium salt) (DSPE-mPEG) was purchased from Avanti Lipids.
[bookmark: _Toc180856377]Synthesis and Setup
The chosen surfactants are shown in Figure 3 and the synthetic setup in Figure 4. In a 4-neck round bottom flask, a magnetic stir bar, 20 mL of 1-octadecene and 0.1 mmol of a chosen surfactant (DA, DDA, HDA, ODA, DODA) were added. The solution was vacuumed and purged under a Schlenk line 3 times under ultra-pure Argon before being heated to 120 °C for 30 minutes. The temperature was raised to 180 °C at a 2°C/min rate and 1.4 mL of Fe(CO)5 was directly injected into the solution and reacted for 30 minutes.

[image: A graph of carbon chain length

Description automatically generated]
[bookmark: _Toc180943985]Figure 3: Abstract of alkyl chained surfactants and corresponding carbon chain lengths.
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[bookmark: _Toc180943986]Figure 4: Synthesis setup.


Afterwards, the solution was further raised to 220 °C to react for 2 hours and allowed to cool to room temperature before washing. The particles were washed with hexanes and acetone under ambient conditions and then centrifuged with 60 mL of absolute ethanol 3 times at 8000 rpm in a Beckman Coulter C0650 fixed-angle rotor for 10 minutes. Half of the product was dried to powder and stored in an Argon atmosphere glovebox, and the remaining half was dispersed in chloroform and stored in a refrigerator for further polymer coatings and characterizations. Samples were named based on the surfactant used in their respective syntheses.
[bookmark: _Toc180856378]DSPE-mPEG Coating
Around 2 mL of chloroform dispersed nanoparticles were mixed with 0.4 mL of DSPE-mPEG and 9.6 mL of chloroform in a 100 mL round bottom flask and then sonicated for 10 minutes. The chloroform in the solution was evaporated under a rotary evaporator for 1 hr in a 60 °C water bath under vacuum. 4 mL of ultrapure water was added to the flask after evaporation and sonicated for 1 minute to evenly disperse particles in water and transferred to Vivaspin Turbo 15 filter tubes (Sartorius) and centrifuged for 1 hr at 5000 rpm. 1-2 mL of ultrapure water was added to the tubes to redisperse the particle. The particles were pipetted into storage vials and stored in a refrigerator for further cytotoxicity and MPI tests.
[bookmark: _Toc180856379]Acid Digestion for ICP-OES Measurements
Inductively coupled plasma-optical emission spectrometry (ICP-OES) was performed on coated iron nanoparticles samples prior to cytotoxicity studies and MPI measurements to accurately determine Fe concentrations. 500 μL of coated iron nanoparticles dispersed in water were mixed with 2 mL of 1 M nitric acid and 2 mL of 37% HCl in a 25 mL volumetric flask. The solution was sonicated for 5 minutes before heating in an 80 °C water bath for 1 hour. The solution was gravity filtered through 0.45 μm pore size Whatman filter paper into a 200 mL volumetric flask. The initial volumetric flasks were rinsed 3-5 times with ultrapure water and poured over the filter. The final solution was brought to the appropriate 200 mL volume with ultrapure water to obtain a 50 mg/L Fe concentration for ICP-OES measurements.
[bookmark: _Toc180856380]Results
[bookmark: _Toc180856381]Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) was performed at the Vanderbilt Institute of Nanoscience and Engineering (VINSE), Vanderbilt University. An FEI Tecnai Osiris TEM system was operated between 80 kV - 200 kV. Diameters were determined using ImageJ processing software. An average of 200 nanoparticles were measured to determine standard deviations for nanoparticle diameter, core and shell sizes.
TEM images of all samples including DA, DDA, HDA, ODA, and DODA are shown in Figures 5 and 6. Elemental mappings of each sample are shown in Figure 7 to better distinguish iron core - iron oxide shell structures. A summary of the average diameter, core diameter and shell thickness of each sample is shown in Table 1. A positive trend was seen when comparing the carbon chain length of the surfactants to average diameter and core size, as shown in Figures 8 and 9. The sample synthesized with the shortest chained surfactant, DA, produced the smallest nanoparticles with a diameter of 12.4 ± 1.3 nm and the sample using the longest chained surfactant, DODA, produced particle sizes around 24.9 ± 3.2 nm. In addition, all samples displayed good dispersibility.
The morphology and composition of the particles were generally similar across all samples. The DA sample displayed the most spherical shape and the DDA, HDA, ODA, and DODA samples began to form irregular, prolate-like shapes. All samples also displayed a distinct iron core - iron oxide shell structure. It was found that as the overall particle diameter increased, the iron core also increased with longer alkyl chained surfactants. However, there was little difference between the iron oxide shell thickness for each sample.  
[bookmark: _Toc180856382]X-ray Diffraction (XRD)
XRD measurements were performed using a Rigaku SmartLab3kW X-ray Diffractometer with a Cu Kα X-ray source in a 2θ range of 20° - 90° at UTSI. Figure 10 shows the stacked XRD spectra of all samples. From the data, all samples displayed amorphous characteristics with no distinct peaks indicating α-Fe or iron oxide. From a previous report, alkyl chained surfactants that have an amine functional group have shown to
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[bookmark: _Toc180943987]Figure 5: TEM images of samples made with different surfactants at a 100 nm scale.  A) DA B) DDA C) HDA D) ODA E) DODA.
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[bookmark: _Toc180943988]Figure 6: TEM images of samples made with different surfactants at a 20 nm scale.  A) DA B) DDA C) HDA D) ODA E) DODA. 
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[bookmark: _Toc180943989]Figure 7: Elemental mapping of iron core - iron oxide shell structure for all nanoparticle samples. 


[bookmark: _Toc180944014]
Table 1: Summary of average iron nanoparticle diameter, core and shell measurements from TEM results for each surfactant. An average of 200 nanoparticles were counted to obtain averages and standard deviations.
	[bookmark: OLE_LINK1]Sample
	Diameter (nm)
	Core (nm)
	Shell Thickness (nm)

	DA
	12.4 ± 1.3
	3.8 ± 0.7
	4.6 ± 0.5

	DDA
	18.8 ± 3.1
	7.4 ± 2.3
	6.7 ± 1.2

	HDA
	21.2 ± 3.0
	8.9 ± 2.0
	6.4 ± 1.2

	ODA
	22.6 ± 4.1
	12.3 ± 3.4
	5.6 ± 1.2

	DODA
	24.9 ± 3.2
	12.4 ± 3.2
	7.0 ± 1.0
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[bookmark: _Toc180943990]Figure 8: Comparison between carbon chain length of surfactants and average diameter size.
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[bookmark: _Toc180943991]Figure 9: Comparison between carbon chain length of surfactants and average iron core size.
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[bookmark: _Toc180943992]Figure 10: Stacked XRD spectra of samples from using different surfactants.



produce nanoparticles with amorphous characteristics [80]. A potential reason for the amorphous quality could be attributed to the growth kinetics when the nanoparticles are forming. The high reactivity of the Fe(CO)5 causes rapid nucleation and growth processes. This process could result in random packing of individual Fe atoms and cause the formation of amorphous iron nanoparticles [81]. In addition, the binding affinity of 
the tested surfactants could be weaker compared to other surfactants like oleic acid and oleylamine. HDA has been shown to have weaker binding to the crystal surface when compared to other surfactants like oleic acid and oleylamine due to its shorter chain length and lack of C=C bonds. Therefore, weak interactions between the surface of the growing nuclei and ligand causes reversible coordination of amine ligands to metal sites on the surface. Rapid growth of the nanoparticle occurs which enables the formation of larger sized nanoparticles from Ostwald ripening [82-84].
[bookmark: _Toc180856383]Mössbauer Spectroscopy 
Mössbauer Spectroscopy measurements were performed with a 57Co source, a Janis SHI-850-5 cryogen-free cryostat, and Lakeshore 325 Temperature Controller. Hyperfine interaction parameters were analyzed using a least-squared fitting model with Mössbauer GenFit Software (R. S. Preston and D. E. Brown). Powdered samples that were stored in an Argon atmosphere glovebox were loaded and sealed into Mössbauer cups for characterization at 293K and 6K.
Stacked Mössbauer spectra of all samples measured at 293K are displayed in Figure 11, and corresponding hyperfine fitting parameters are displayed in Table 2. From Mössbauer results, little differences in spectra were observed among the samples. All samples consisted of 2 components. The first component for all of the samples was a red sextet pattern consisting of a hyperfine field between 19-22.3 T, isomer shift between 0.17 - 0.27 mm/s, and quadrupole splitting of 0 - 0.02 mm/s. This component can be attributed to amorphous Fe [85, 86]. The second component for all samples was a green doublet pattern with an isomer shift between 0.27 - 0.42 mm/s and quadrupole splitting between 0.88 -1.01 mm/s, which is indicative of γ-Fe2O3 [87, 88].

Further low temperature measurements were performed at 6K to confirm the iron composition of the samples. Stacked Mössbauer spectra for all samples measured at 6K are displayed in Figure 12, and values from hyperfine fitting parameters are displayed in Table 3. All samples had similar spectra, consisting of 3 sextets. The first component consisted of a red sextet with a hyperfine field between 22.1 - 25 T, isomer shift between 0.34 - 0.39 mm/s, and a quadrupole splitting between 0 - 0.06 mm/s, which is indicative of amorphous Fe. The second component for all samples consisted of a green sextet with a hyperfine value between 47.8 - 49.3 T, isomer shift between 0.47 - 0.70 mm/s, and quadrupole splitting between 0.02 - 0.37 mm/s, which is attributed to the A site for γ-Fe2O3. The third component consisted of a blue sextet with hyperfine values between 45.8 - 47.5 T, isomer shift between 0.15 - 0.70 mm/s and quadrupole splitting between 0 - 0.27 mm/s, which is indicative of B sites for γ-Fe2O3.
[bookmark: _Toc180856384]Vibrating Sample Magnetometry (VSM)
Vibrating sample magnetometry (VSM) measurements were performed at the Institute for Advanced Materials and Manufacturing (IAMM) at the University of Tennessee Knoxville. A DynaCool Advanced VSM system using a ± 4 Tesla magnetic field at 300K was used. Magnetic hysteresis (MH) curves of all samples are shown in Figure 13. Magnetic saturation values for each sample are shown in Table 4. From magnetization tests, all samples displayed superparamagnetic qualities due to minimal hysteretic remanence. The DA, HDA, and ODA samples had similar magnetic saturation values between 34 - 42 emu/g. The DDA sample had a magnetic saturation around 60 emu/g and the DODA sample had the highest magnetic saturation value of 92 emu/g. Typically, magnetic saturation values should increase as nanoparticle size increases [89]. Although the particle size was smaller for the DA sample compared to the HDA and ODA, all three samples had relatively similar magnetic saturation values. In addition, although HDA, ODA, and DODA samples had a larger overall diameter and reached the targeted diameter around 20 nm, the magnetic saturation values were lower than typical pure iron values that can reach around 217 emu/g [90]. One reason for the lower magnetic saturation for these samples could be due to the amorphous qualities of the particles, 
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[bookmark: _Toc180943993]Figure 11: Stacked 57Fe Mössbauer spectra of all samples using different surfactants at 293K.
[bookmark: _Toc180944015]
Table 2: Values of hyperfine parameters of all samples using different surfactants at 293K. Bhf is the hyperfine magnetic field, δ is the isomer shift, ΔEQ is the quadrupole splitting, and Γ is the linewidth (FWHM). Typical errors are ± 0.4 T for Bhf, ± 0.04 mm/s for δ, ± 0.03 mm/s for ΔEQ, and ± 0.05 mm/s for Γ and ± 3% for relative area.
	Sample 
	Component
	Bhf (T)
	δ (mm/s)
	ΔEQ (mm/s)
	Γ (mm/s)
	Relative area (%)
	Attribution

	DA
	1
	19.0
	0.27
	0.00
	0.87
	23
	Amorphous Fe

	
	2
	0.00
	0.30
	0.88
	0.69
	77
	γ-Fe2O3

	DDA
	1
	19.0
	0.20
	0.02
	1.09
	80
	Amorphous Fe

	
	2
	0.00
	0.27
	0.94
	0.50
	20
	γ-Fe2O3

	HDA
	1
	22.3
	0.17
	0.00
	1.04
	75
	Amorphous Fe

	
	2
	0.00
	0.33
	1.01
	0.75
	25
	γ-Fe2O3

	ODA
	1
	19.0
	0.20
	0.01
	1.09
	70
	Amorphous Fe

	
	2
	0.00
	0.42
	0.94
	0.52
	30
	γ-Fe2O3

	DODA
	1
	19.0
	0.20
	0.01
	1.09
	70
	Amorphous Fe

	
	2
	0.00
	0.41
	0.94
	0.50
	30
	γ-Fe2O3
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[bookmark: _Toc180943994]Figure 12: Stacked 57Fe Mössbauer spectra of all samples using different surfactants at 6K.
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Table 3: Values of hyperfine parameters for all samples using different surfactants at 6K. Bhf is the hyperfine magnetic field, δ is the isomer shift, ΔEQ is the quadrupole splitting, and Γ is the linewidth (FWHM). Typical errors are ± 0.4 T for Bhf, ± 0.04 mm/s for δ, ± 0.03 mm/s for ΔEQ, and ± 0.05 mm/s for Γ and ± 3% for relative area.
	Sample 
	Component
	Bhf (T)
	δ (mm/s)
	ΔEQ (mm/s)
	Γ (mm/s)
	Relative area (%)
	Attribution

	
	1
	25.0
	0.39
	0.04
	1.00
	50
	Amorphous Fe

	DA
	2
	48.0
	0.48
	0.10
	0.76
	31
	A site γ-Fe2O3

	
	3
	46.5
	0.41
	0.23
	0.78
	19
	B site γ-Fe2O3

	
DA
	1
	23.4
	0.36
	0.05
	0.56
	82
	Amorphous Fe

	
	2
	47.8
	0.62
	0.02
	0.42
	11
	A site γ-Fe2O3

	
	3
	47.5
	0.15
	0.23
	0.42
	7
	B site γ-Fe2O3

	
	1
	24.6
	0.36
	0.00
	0.60
	64
	Amorphous Fe

	HDA
	2
	49.3
	0.47
	0.03
	0.89
	23
	A site γ-Fe2O3

	
	3
	45.8
	0.36
	0.00
	0.72
	13
	B site γ-Fe2O3

	
ODA
	1
	22.6
	0.36
	0.06
	1.08
	65
	Amorphous Fe

	
	2
	48.5
	0.69
	0.26
	0.48
	16
	A site γ-Fe2O3

	
	3
	47.5
	0.21
	0.00
	0.57
	19
	B site γ-Fe2O3

	
DODA
	1
	22.1
	0.34
	0.06
	1.21
	71
	Amorphous Fe

	
	2
	48.5
	0.70
	0.37
	0.48
	13
	A site γ-Fe2O3

	
	3
	47.5
	0.70
	0.27
	0.56
	16
	B site γ-Fe2O3
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[bookmark: _Toc180943995]Figure 13: MH-curves of all samples using different surfactants at 300K.




[bookmark: _Toc180944017]Table 4: Magnetic saturation values of all samples using different surfactants.
	Sample
	Magnetic Saturation (emu/g)

	DA
	34.0

	DDA
	60.0

	HDA
	42.7

	ODA
	35.4

	DODA
	92.0







which was confirmed through XRD. The amorphous characteristic in the samples causes disorientation as well as random coupling of magnetic moments, making it difficult to align properly when a magnetic field is applied [80]. 
[bookmark: _Toc180856385]Cytotoxicity Studies 
Cytotoxicity studies were performed at Vanderbilt University. A 4T1 murine breast cancer cell line was seeded into a 96 well plate 24 hours prior to FeNP introduction. DSPE-mPEG coated iron nanoparticles in aqueous solution were serially diluted using cell media to obtain 100, 50, 25, and 12.5 μg Fe/mL doses. All samples were performed in triplicate for each dose. Each sample incubated with the cells for 24 hours and a Celltiter-Glo assay (Promega) was performed to determine cell viability. Results were compared to untreated 4T1 cells as a control.
Cell viability results of all samples at the 4 doses are shown in Figure 14. From the results, good cell viability was achieved for all samples. Generally, higher concentrations yielded slightly lower cell viability results for the DA, HDA, and ODA samples. However, all samples at all doses displayed cell viability above 100% when compared to the control. Although the DA sample exhibited slightly lower cell viability at 100 μg Fe/mL compared to the other samples, it still displayed good cell viability with an average cell viability of 86%.
In addition, cell viability was about 100% in all samples at all doses with the exception of the 100 μg/mL and 50 μg/mL doses of the DA sample when compared to the control, which suggests cell proliferation occurred. No cell growth or cell death was observed in the untreated 4T1 cells. A possible cause for cell proliferation could be attributed to the PEG coating on the nanoparticles. Previous studies have suggested that PEG-coatings on iron oxide nanoparticles can induce cell proliferation. However, dose, treatment time and cell lines must be considered when evaluating such results [91, 92]. Overall, from these initial cytotoxicity tests, all nanoparticle samples exhibited excellent cell viability.
[bookmark: _Toc180856386]MPI tests
Preliminary MPI performance measurements were obtained by acquiring MPI RELAX scans on a MOMENTUM scanner (Magnetic Insight, CA, USA) at the University of Florida. These measurements give the net magnetization of the samples in the presence of 


[bookmark: _Toc180943996]Figure 14: Cytotoxicity results of all samples at 100, 50, 25, and 12.5 μg Fe/mL doses.


 a varying applied magnetic field. Application of a linearly ramping bias field from -160 mT to +160 mT was used and is superimposed with a uniform excitation field of 45 kHz and 16 mT to mimic MPI imaging conditions. Full-width-half-maximum (FWHM) of the point spread function (PSF) is obtained, which is indicative of resolution. Graphed PSFs and summary table of FWHM results are shown in Figure 15. From the results, all samples had a resolution between 22 - 25 mT, with the exception of HDA which had a resolution of around 15 mT. The samples achieved around 30% - 50% of the resolution when compared to the commercial Vivotrax Plus that has a resolution around 7 mT.
Due to relaxation effects or possible aggregation of the nanoparticles, the obtained PSFs are asymmetrical, which would typically cause the FWHM values to have a level of uncertainty with manual calculations. However, the FWHM values reported here are based on automatic calculations generated from the Momentum software that fits the data to a Langevin model. Since the system’s fitted model is symmetrical, estimated errors are not calculated for the FWHM values. Optimization of testing parameters can be performed to decrease the asymmetry of the PSFs, but these tests were not performed on these samples since initial results did not produce optimal resolution values.
[bookmark: _Toc180856387]Discussion 
Little differences in morphology and composition of the nanoparticles were observed from TEM results. All samples possessed a distinct iron core – iron oxide shell morphology. In addition, overall nanoparticle diameter and iron core size increased as alkyl-chain length of the surfactants increased. From XRD measurements, all samples displayed amorphous qualities, with no distinct diffraction peaks. No crystal lattice planes were observed under high-resolution TEM, further confirming the amorphous quality of the samples. This amorphous quality is most likely due to the binding affinity of each surfactant. The amine functionalized surfactants chosen lacked C=C bonds, which causes weaker binding to the nanoparticle’s surface. This weaker interaction causes fast growth of large nanoparticles sizes and poor crystal structure.
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[bookmark: _Toc180943997]Figure 15: PSF and FWHM measurements from RELAX MPI tests.


From Mössbauer spectroscopy results, all samples from 293K and 6K measurements had similar spectra consisting of 2 and 3 components respectively. Mössbauer results agreed with TEM and XRD results, suggesting the nanoparticles consisted of an amorphous iron
core and iron oxide shell, specifically γ-Fe2O3. The iron oxide component from low temperature Mössbauer results displayed superparamagnetic qualities due to observations in the initial doublet pattern at room temperature splitting into sextet patterns at low temperature [79]. In addition, when compared to the 293K spectra, the first component remained relatively similar and did not fully relax into a defined sextet pattern. This could be due to the amorphous nature of the nanoparticles, or the presence of small iron species that have extremely low blocking temperatures [93].
All nanoparticle samples displayed superparamagnetic qualities from VSM magnetization measurements as well. Little to no hysteretic remanence was observed in all samples, however lower magnetic saturation values between 35 -90 emu/g were obtained when compared to the theoretical maximum of pure iron. In addition, no obvious trend was observed when comparing nanoparticle size to magnetic saturation values. The lower magnetic saturation values could be attributed to the amorphous nature of the nanoparticles, which was confirmed from previous characterization results. Due to the disorder and random coupling of the magnetic moments from amorphous iron, lower magnetic saturation can be expected. In addition, the presence of iron oxide in the shell could contribute to lower magnetic saturation since this characterization method is inherently a bulk measurement that averages general magnetic values of materials together [79]. 
From initial cytotoxicity studies, all nanoparticle samples displayed excellent cell viability. All samples, with the exception of the DA sample, displayed above 100% cell viability at all doses when compared to control cells, suggesting cell proliferation had occurred. Potential causes for the cell proliferation could be attributed to the PEG coating on the samples. Depending on the dose, cell type and exposure time, previous studies have shown that PEG can cause cell proliferation to occur [91, 92]. 

Finally, from preliminary MPI tests, the nanoparticles had a resolution between 22-25 mT, with the exception of HDA which had a resolution around 15 mT. Currently, commercial tracers like Vivotrax Plus produce a resolution of 7 mT. Therefore, the nanoparticles we tested produced around 30% - 50% resolution when compared to commercial tracers. Various contributing factors such as shape anisotropy, crystallinity, magnetic diameter and magnetic relaxation can affect MPI signal and resolution. Typically, nanoparticle tracers should have even size distributions and uniform shape to have low anisotropy. However, from TEM results, all samples, with the exception of the DA sample, had slightly irregular shapes, which would increase anisotropic values. In addition, good crystallinity in tracers is needed to produce strong magnetic signals. From XRD measurements, the samples displayed amorphous qualities. The effects of the amorphous nature can also be seen from VSM magnetization tests from lower magnetic saturation values. Although these nanoparticles had lower resolution than commercial tracers, these initial tests still suggest good potential for iron core-iron oxide shelled tracers for MPI applications. Further improvement in crystallinity is needed. One method for crystallinity improvement is annealing the samples, however, careful consideration in annealing temperature and time is needed due to risk of sintering or agglomerations [94]. Coating nanoparticles in silica could assist in decreasing sintering [95]. In addition, annealing under at least 5% H2 gas would prevent further oxidation of nanoparticles and hopefully keep the core-shell structure intact.
[bookmark: _Toc180856388]Conclusion 
In conclusion, an investigation in synthesizing larger iron nanoparticles by using amine functionalized surfactants of varying alkyl chain lengths was performed. From the results, a positive trend was found where longer alkyl-chained surfactants assisted in the growth of larger iron nanoparticles. The shortest surfactant, DA, produced the smallest nanoparticles around 12 nm and the longest chained surfactant, DODA, produced nanoparticles around 25 nm in total diameter. All samples possessed an iron core - iron oxide morphology and were monodisperse. However, it was found that although the targeted particle size of around 20 nm was achieved by varying the types of surfactants, the nanoparticles exhibited amorphous qualities. From Mössbauer studies, all samples were composed similarly, indicating an amorphous iron component from the core and a γ-Fe2O3 outer shell that displayed superparamagnetic qualities when measurements were performed at low temperatures. From magnetization tests, all samples displayed superparamagnetic qualities. However, due to the amorphous nature of the particles, all samples exhibited relatively low magnetic saturation values below 100 emu/g. In addition, polymer coated nanoparticles exhibited low cytotoxicity as well. From preliminary MPI studies, the nanoparticles produced around a 22-25 mT resolution, with the exception of HDA that had a resolution around 15 mT. From these results, we believe these particles could have good potential for MPI applications since they possessed the targeted iron composition, size, shape, and displayed low cytotoxicity. However, future work is needed in order to improve crystallinity in the nanoparticles in order to produce better resolution for MPI applications.  
[bookmark: _Toc180856389][bookmark: OLE_LINK2][bookmark: OLE_LINK3]
CHAPTER II
CONTINUOUS INJECTION OF IRON PRECURSOR USING A LAMER GROWTH MECHANISM
[bookmark: _Toc180856390]
Abstract
Magnetic nanoparticles are a promising class of materials for various biomedical applications such as cancer theranostics, drug delivery, and medical imaging agents. For example, when utilized for magnetic particle imaging (MPI) applications, iron oxide nanoparticles around 25 - 30 nm are currently the standard. Presently, there is interest in pure iron nanoparticles to create magnetic tracers that can provide improvement in magnetic properties. However, in order to effectively tailor these nanoparticles to specific applications, reproducible size control is needed. Previous studies have managed to use a thermal decomposition of organic iron precursors to create iron nanoparticles between 5 - 15 nm in diameter, but fewer studies have successfully created iron nanoparticles of larger sizes. Therefore, an investigation in using an extended LaMer mechanism to create larger iron nanoparticle sizes for potential magnetic particle imaging applications was performed. A continuous addition of Fe(CO)5 as the precursor using a thermal decomposition method was used. Three injection speeds of the iron precursor were tested, which included 100, 50, and 25 μL/min to test if injection rates affected the overall particle growth and size. In addition, three different surfactants including an oleylamine/ oleic acid (OAm/OA) mixture, hexadecylamine (HDA), and octadecylamine (ODA) were used in order to test if the surfactants affected the size, morphology, and composition of the nanoparticles. 
[bookmark: _Toc180856391]Introduction 
Magnetic nanoparticles (MNPs) have been heavily researched for different biomedical applications including biomedicine, biosensors, drug delivery systems and medical imaging. Currently, superparamagnetic iron oxide nanoparticles are among the most commonly studied due to ease of producibility, low toxicity and good magnetic properties [64, 96-98]. However, in order to appropriately tailor MNPs for specific biomedical applications, having reproducible control over size and composition is needed. Currently, a common method in creating iron-based nanoparticles is through a thermal decomposition of iron precursors like iron pentacarbonyl or iron oleate in organic solvents [99-102]. Although this method produces highly magnetic nanoparticles with even shape and size, it does not easily allow for size variations of nanoparticles unless changes in solvents or surfactants are performed. 
Previous studies have investigated controlled synthesis methods for creating specific sizes of iron oxide nanoparticles. For example, Sharma et al created a method that allowed for fine tuning of iron oxide nanoparticle sizes between 3 to 11 nm and found that the size of the nanoparticles was dependent on the reaction time and type of solvent used [103]. Fokina and colleagues used a thermal decomposition of iron oleate complexes to form iron oxide nanoparticles between 6 - 24 nm in diameter. From testing heating rates and reaction times, they found that lower heating rates (~1.6 °C/min) compared to higher heating rates (~10 °C/min) formed slightly larger nanoparticles and less polydispersity. At lower temperatures and heating rates, nucleation and growth rate of nanoparticles is slower. Since less nucleation events occur at lower heating rates, larger nanoparticles could grow from the remaining precursor present in the solution. The group also found that reaction time at the final temperature played a large role in the nanoparticles’ synthesis. Reaction times around 30 minutes was ideal for their particular synthesis to allow for complete growth of the nanoparticles. In addition to the solvent, other factors such as type of precursor used, precursor concentration and surfactant can all contribute to variations in nanoparticle sizes [104]. 
Although many studies have shown results of fine-tuning iron oxide nanoparticle sizes between 5 - 30 nm, fewer studies have been performed in synthesizing pure iron nanoparticles of similar sizes. Synthesis of pure iron nanoparticles above 15 nm in diameter has proven to be a challenge due to pure iron possessing higher magnetic properties, which risks higher chance of agglomerations. Dash et al made iron core - iron oxide shelled nanoparticles of 3 different sizes including 8, 12 and 15 nm using a thermal decomposition of iron pentacarbonyl and oleylamine and oleic acid as surfactants. They found that 12 nm nanoparticles could be synthesized by adding increased amounts of oleylamine to the reaction. For the 8 nm nanoparticles, lower heating increments were employed along with higher amounts of oleylamine and oleic acid. Although different sizes of iron nanoparticles were achieved, the maximum size of the nanoparticles was only around 15 nm [105].
In order to produce larger iron nanoparticles above 15 nm, a previous study experimented with a LaMer growth mechanism [106]. By using a LaMer growth mechanism, particle sizes can be tuned based on the amount of precursor injected over an extended period of time. The original LaMer mechanism consists of 3 stages and is shown in Figure 16a. The first stage begins when the precursor is first introduced into the reaction and the concentration of monomers increases until it reaches a critical supersaturated state. Stage 2 starts when a burst nucleation occurs to partially relieve the supersaturation that causes the monomer concentrations to drop below the critical nucleation concentration. Finally, in the third stage, the growth of nuclei occurs by diffusion of the monomer to the particle surface, and the monomer concentrations approach the lower solubility limit (Cs) [106]. Further growth of the nanoparticles will occur through Ostwald ripening. However, from this model, large size dispersity of final nanoparticles is common. Therefore, an extended version was proposed by Vreeland et al as shown in Figure 16b, where the first and second stages are the same as the original, but the concentration of the monomer decreases in stage 3. As the concentration of monomers is consumed in stage 3, nanoparticle growth occurs. Due to a continuous addition of precursor, the production of monomers can be maintained indefinitely. Eventually, the consumption of monomers by the growing nanoparticles will become equal to the rate of production of monomers and the monomer concentration reaches a steady growth state. A fourth stage is added which allows a steady state of nanoparticle growth that will, in theory, allow for a wide range of particle sizes while maintaining low size dispersity [107].
From this proposed extended LaMer growth mechanism, an investigation in creating larger iron nanoparticles was performed. A continuous injection of iron pentacarbonyl was tested at 100, 50, and 25 μL/min injection speeds. In addition, 3 variations of surfactants were used at the varying injection speeds to determine potential differences in particle size and dispersibility. From this study, we hope to determine the effect precursor injection rates and surfactants have on nanoparticle sizes and compositions. In addition, we hope to achieve larger iron nanoparticles sizes around 20 nm for potential MPI applications.
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[bookmark: _Toc180943998]Figure 16: a) Original LaMer mechanism b) Extended LaMer mechanism for particle growth over time [107].


[bookmark: _Toc180856392]Materials and Methods
[bookmark: _Toc180856393]Chemicals 
Iron (0) pentacarbonyl [Fe(CO)5, >99.99%], hexadecylamine (HDA 90%), octadecylamine (ODA 90%), 1-octadecene (90%), oleic acid (OA) (90%), Oleylamine (OAm) (70%), pentane, diethylether, tetrahydrofuran, chloroform, hexanes, hydrochloric acid (HCl, 37%), and nitric acid (1M) were purchased from Sigma Aldrich. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-(polyethylene glycol)-2000] (ammonium salt) (DSPE-mPEG) was purchased from Avanti Lipids. Anhydrous ethanol was purchased from Decon Labs. Stainless steel 6-inch syringe needles 18 gauge and 3 mL syringes were purchased from Sigma Aldrich. 
[bookmark: _Toc180856394]Synthesis and Setup
Synthesis of the surfactant, HDA∙HCl, was performed 24 hrs before iron nanoparticle synthesis and referenced a procedure from Dash et al [105]. In an Erlenmeyer flask, 0.488 g of HDA was dissolved in 100 mL of pentane and magnetically stirred. In a separate beaker, 250 μL HCl and 30 mL of diethylether were mixed together. The HCl and diethylether solution was slowly poured into the HDA - pentane solution and mixed at room temperature for 2 minutes. A white precipitate formed and was gravity filtered through Whatman filter paper. The white product was washed with 20 mL of tetrahydrofuran by centrifugation 3 times at 9000 rpm for 5 min in a Beckman Coulter C0650 fixed angle rotor. The product was vacuum dried over night at 30 °C. 
A depiction of the synthetic setup is shown in Figure 17. In a 100 mL 4-neck round bottom flask, 20 mL of 1-octadecene, 0.277g of HDA∙HCl, 0.207 mL of oleic acid (OA) and 0.084 mL of oleylamine (OAm) were added and magnetically stirred together. The solution was vacuumed and purged with ultrapure Argon under a Schlenk line 3 times before being heated to 120 °C to react for 30 minutes. Then, the temperature was raised to 180 °C at a 2°C/min rate and 1.4 mL of Fe(CO)5 was loaded into a 3 mL syringe with a 6 inch, 18 gauge stainless steel needle. The loaded syringe was placed onto a syringe pump and the needle was inserted directly into the reaction solution through a septum
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[bookmark: _Toc180943999]Figure 17: Synthesis setup for continuous injection of iron precursor.


 stopper. The precursor was injected at a 100 μL/min rate using a syringe pump. Once all of the precursor was dispensed, the syringe and needle were removed, and the reaction continued at 180 °C for 2 hrs before being cooled to room temperature. The supernatant was decanted leaving the nanoparticles on the magnetic stir bar. Hexane was used to initially wash the particles and remove them from the magnetic stir bar. The particles were further washed 3 times by centrifugation in 60 mL of absolute ethanol at 8000 rpm for 10 min. Half of the total yield was dispersed in 5 mL of chloroform and stored in the refrigerator, and the other half was dried to powder in an Argon atmosphere glovebox for later characterization. 
Variations of the above procedure were performed which included changing the injection rate of the precursor to 50 and 25 μL/min. In addition, different initial surfactants including HDA and ODA were tested in the replacement of OAm, OA and HDA∙HCl mixture at the 3 varying speeds. For the HDA sample, 0.024 g (0.1 mmol) of HDA was mixed with 20 mL of 1-octadecene and heated to 120 °C to react for 30 minutes. For the ODA sample, 0.027g (0.1mmol) of ODA was mixed with 20 mL of 1-octadecene and heated to 120 °C and reacted for 30 minutes. The subsequent steps for each sample were the exact same as mentioned previously. Each sample is named based on the surfactant used and injection rate. The first samples using oleylamine and oleic acid are named OAm/OA 100, OAm/OA 50, and OAm/OA 25. Samples that used HDA and ODA were labeled similarly.
[bookmark: _Toc180856395]DSPE-mPEG Coating
Around 2 mL of chloroform dispersed nanoparticles were mixed with 0.4 mL of DSPE-mPEG and 9.6 mL of chloroform in a 100 mL round bottom flask. The solution was sonicated for 10 minutes. Then, the chloroform was evaporated with a rotary evaporator for 1 hr in a 60 °C water bath under vacuum. 4 mL of ultrapure water was added to the flask after evaporation and sonicated for 1 minute to evenly disperse particles in water. The solution was transferred to Vivaspin Turbo 15 filter tubes (Sartorius) and centrifuged for 1 hr at 5000 rpm to rid excess DSPE-mPEG. The coated particles in the filter tube were pipetted into storage vials with 1 - 2 mL of ultrapure water to redisperse the particles in aqueous medium. The particles were stored in a refrigerator for further cytotoxicity testing.
[bookmark: _Toc180856396]Acid Digestion process for ICP-OES Measurements
Inductively coupled plasma-optical emission spectrometry (ICP-OES) was performed on coated iron nanoparticle samples prior to cytotoxicity studies to accurately determine Fe concentrations. 500 μL of coated FeNPs dispersed in water were mixed with 2 mL of 1 M nitric acid and 2 mL of 37% HCl in a 25 mL volumetric flask. The solution was sonicated for 5 minutes before heating in an 80 °C water bath for 1 hour. 0.45 μm pore sized Whatman filter paper was used to gravity filter the solution into a 200 mL volumetric flask and the initial volumetric flasks were rinsed 3-5 times with ultrapure water and poured over the filter. The final solution was brought to the appropriate 200 mL volume with ultrapure water to obtain a 50 mg/L Fe concentration for ICP-OES measurements.
[bookmark: _Toc180856397]Results
[bookmark: _Toc180856398]Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) was performed at the Vanderbilt Institute of Nanoscience and Engineering (VINSE), Vanderbilt University. An FEI Tecnai Osiris TEM system was operated between 80 kV - 200 kV. ImageJ processing software was used to measure nanoparticle diameter, core and shell size. An average of 200 nanoparticles were measured in order to obtain averages and standard deviations.
TEM results of all samples are shown in Figures 18 and 19 at 100 nm and 20 nm scales respectively. A summary of the diameter, core and shell for the OAm/OA samples at all injection rates is shown in Table 5. All OAm/OA samples had relatively good dispersibility at all injection rates of 100, 50 and 25 μL/min. The OAm/OA samples were spherical and consisted of an iron core and iron oxide shell. However, the iron core began to decrease as the injection speed decreased. In addition, at the lowest injection rate of 25 μL/min, a separation between the core and shell of the nanoparticles began to form. This could be due to the longer reaction time and is caused by the Kirkendall effect [108]. 
For the samples using HDA, as injection rate decreased, the overall size of particles began to increase. Generally, all HDA samples possessed an iron core and iron oxide shell. However, increase in polydispersity and agglomerations of the samples occurred as
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[bookmark: _Toc180944000]Figure 18: TEM image of all samples using a continuous injection of iron precursor at a 100 nm scale. A-C) OAm/OA 100, 50, and 25 μL/min respectively. D-F) HDA 100, 50, 25 μL/min respectively. G-I) ODA 100, 50, 25 μL/min. 
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[bookmark: _Toc180944001]Figure 19: TEM image of all samples using a continuous injection of iron precursor at a 20 nm scale. A-C) OAm/OA 100, 50, and 25 μL/min respectively. D-F) HDA 100, 50, 25 μL/min respectively. G-I) ODA 100, 50, 25 μL/min. 


[bookmark: _Toc180944018]
Table 5: Summary of diameter, core and shell measurements for OAm/OA samples at all injection rates. An average of 200 nanoparticles were counted to obtain averages and standard deviations. 
	Sample
	Diameter
	Core
	Shell

	OAm/OA 100
	15.7 ± 1.6
	5.7 ± 1.0
	5.4 ± 0.7

	OAm/OA 50
	15.5 ± 1.5
	5.4 ± 0.7
	5.0 ± 0.8

	OAm/OA 25
	14.8 ± 0.9
	4.9 ± 0.7
	5.1 ±0.5




injection rate decreased. The HDA 100 sample had better dispersibility, but the shape of the nanoparticles began to become more prolate shaped compared to spherical nanoparticles that were observed in the OAm/OA samples. 
Similar results were observed in the ODA samples when compared to the HDA samples at all injection speeds. Generally, size increased as injection rate decreased. The ODA 100 and ODA 50 samples had relatively good dispersibility, but the nanoparticle shapes were irregular. In addition, as the injection rate decreased, polydispersity of nanoparticles began to increase. Similar to other samples, the ODA samples consisted of an iron core and iron oxide shell. 
[bookmark: _Toc180856399]X-ray Diffraction (XRD)
XRD measurements were performed using a Rigaku SmartLab3kW X-ray Diffractometer with a Cu Kα X-ray source in a 2θ range of 20° - 90° at UTSI. Figure 20 shows the stacked XRD spectra of all samples including OAm/OA 100, 50, 25; HDA 100, 50, 25, and ODA 100, 50 and 25.
From the XRD spectra, OAm/OA 100, 50 and 25 all displayed good crystallinity and displayed peaks indicative of α-Fe at 45°, 65°, and 82°. From the HDA samples, all injection speeds except for 25 μL/min displayed broad α-Fe peak at 45° and 65°, suggesting amorphous or polycrystalline properties. From the ODA samples, the ODA 100 sample had a stronger amorphous or polycrystalline peak at 45° compared to the ODA 50 and ODA 25 samples. The ODA 50 and ODA 25 samples displayed little to no crystalline peaks, suggesting the samples were amorphous.
[bookmark: _Toc180856400]Mössbauer Spectroscopy
Mössbauer Spectroscopy measurements were performed with a 57Co source, a Janis SHI-850-5 cryogen-free cryostat, and Lakeshore 325 Temperature Controller. Hyperfine interaction parameters were analyzed using a least-squared fitting model with Mössbauer GenFit Software (R. S. Preston and D. E. Brown). Powdered samples previously stored in an Ar atmosphere glovebox were loaded and sealed into Mössbauer cups for characterization under vacuum at 293K and 6K.
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[bookmark: _Toc180944002]Figure 20: Stacked XRD spectra of all samples using a continuous injection method.

Stacked Mössbauer spectra of all samples measured at 293K are shown in Figure 21. Corresponding fitting results for each sample from 293K measurements are displayed in Table 6. From room temperature measurements, all samples were relatively similar by consisting of 2 components, a red sextet and a green doublet. For the OAm/OA 100, OAm/OA 50, and OAm/OA 25 samples, the first red component had a more defined red sextet pattern with a hyperfine value around 32 T, and isomer shift and quadrupole splitting of 0 mm/s. This component is attributed to α-Fe which is present in the core of the nanoparticles from TEM imaging. For all HDA and ODA samples, the first component consisted of a broad red sextet with a hyperfine value between 21.9 - 23.3 T, isomer shift between 0.13 - 0.25 mm/s, and quadrupole splitting between 0.03 - 0.12 mm/s which is indicative of amorphous iron [85]. The second component for all samples consisted of a green doublet pattern that had an isomer shift between 0.32 - 0.43 mm/s and quadrupole splitting between 0.80 - 1.01 mm/s. Upon initial fitting, this doublet pattern is indicative of γ-Fe2O3 [109]. However, low temperature measurements were performed to further confirm this iron oxide component.  
Stacked spectra of low temperature measurements performed at 6K for all samples are displayed in Figure 22. Corresponding fitting parameters for each sample at 6K are displayed in Table 7. For the OAm/OA samples at all injection speeds, the low temperature spectra were the same. Each sample consisted of a defined red sextet pattern that had a hyperfine field around 34 T, isomer shift between 0.08 - 0.12 mm/s, and quadrupole splitting of 0 mm/s, which is indicative of α-Fe. The second component consisted of a green sextet that had a hyperfine field between 48 - 49 T, isomer shift between 0.42 - 0.54 mm/s and quadrupole splitting between 0.11 - 0.15 mm/s which is indicative of A sites for γ-Fe2O3. The third component consisted of a blue sextet that had a hyperfine field between 47.3 - 48.6 T, isomer shift between 0.19 - 0.54 mm/s, and quadrupole splitting between -0.16 to -0.58 mm/s, which is indicative of B sites for γ-Fe2O3. From the low temperature measurements, superparamagnetic characteristics were observed for the γ-Fe2O3 component due to it relaxing from a doublet pattern at 293K measurements to sextet patterns at 6K [79]. 
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[bookmark: _Toc180944003]Figure 21: Stacked 57Fe Mössbauer spectra of all samples using a continuous injection method at 293K.

	
	
[bookmark: _Toc180944019]
Table 6: Values of hyperfine parameters for all samples using a continuous injection method at 293K. Bhf is the hyperfine magnetic field, δ is the isomer shift, ΔEQ is the quadrupole splitting, and Γ is the linewidth (FWHM). Typical errors are ± 0.5 T for Bhf, ± 0.05 mm/s for δ, ± 0.02 mm/s for ΔEQ, and ± 0.05 mm/s for Γ and ± 3% for relative area. 
	Sample
	Component
	Bhf (T)
	δ (mm/s)
	ΔEQ (mm/s)
	Γ (mm/s)
	Relative area (%)
	Attribution

	OAm/OA 100
	1
	32.0
	0.00
	0.00
	0.39
	48
	α-Fe

	
	2
	0.00
	0.38
	0.90
	0.80
	52
	γ-Fe2O3

	OAm/OA 50
	1
	32.5
	0.00
	0.00
	0.46
	56
	α-Fe

	
	2
	0.00
	0.43
	1.00
	0.60
	44
	γ-Fe2O3

	OAm/OA 25
	1
	32.5
	0.00
	0.00
	0.30
	31
	α-Fe

	
	2
	0.00
	0.38
	0.87
	0.60
	69
	γ-Fe2O3

	HDA 100
	1
	21.9
	0.17
	0.03
	1.58
	71
	 Amorphous Fe

	
	2
	0.00
	0.36
	1.01
	0.75
	29
	γ-Fe2O3

	HDA 50
	1
	22.5
	0.13
	0.05
	1.72
	67
	Amorphous Fe

	
	2
	0.00
	0.33
	1.01
	0.75
	33
	γ-Fe2O3

	HDA 25
	1
	23.8
	0.20
	0.02
	1.13
	82
	Amorphous Fe

	
	2
	0.00
	0.36
	1.01
	0.75
	18
	γ-Fe2O3

	ODA 100
	1
	23.3
	0.20
	0.03
	1.16
	80
	Amorphous Fe

	
	2
	0.00
	0.30
	0.80
	0.66
	20
	γ-Fe2O3

	ODA 50
	1
	22.7
	0.25
	0.11
	1.51
	82
	Amorphous Fe

	
	2
	0.00
	0.32
	0.93
	0.89
	18
	γ-Fe2O3

	ODA 25
	1
	22.6
	0.21
	0.12
	1.59
	83
	Amorphous Fe

	
	2
	0.00
	0.34
	0.92
	0.53
	17
	γ-Fe2O3
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[bookmark: _Toc180944004]Figure 22: Stacked 57Fe Mössbauer spectra of all samples using a continuous injection method at 6K.


[bookmark: _Toc180944020]Table 7: Values of hyperfine parameters for all samples using a continuous injection method at 6K. Bhf is the hyperfine magnetic field, δ is the isomer shift, ΔEQ is the quadrupole splitting, and Γ is the linewidth (FWHM). Typical errors are ± 0.5 T for Bhf, ± 0.05 mm/s for δ, ± 0.02 mm/s for ΔEQ, and ± 0.05 mm/s for Γ and ± 3% for relative area. 
	Sample 
	Component
	Bhf (T)
	δ (mm/s)
	ΔEQ (mm/s)
	Γ (mm/s)
	Relative area (%)
	Attribution

	OAm/OA 100
	1
	34.3
	0.10
	0.00
	0.28
	48
	α-Fe

	
	2
	49.0
	0.54
	0.15
	1.06
	40
	A site γ-Fe2O3

	
	3
	48.6
	0.19
	-0.16
	0.51
	12
	B site γ-Fe2O3

	OAm/OA 50
	1
	34.1
	0.08
	0.00
	0.25
	45
	α-Fe

	
	2
	48.3
	0.42
	0.11
	1.01
	45
	A site γ-Fe2O3

	
	3
	47.6
	0.22
	-0.58
	0.70
	10
	B site γ-Fe2O3

	OAm/OA 25
	1
	34.4
	0.12
	0.00
	0.31
	52
	α-Fe

	
	2
	48.0
	0.42
	0.11
	0.88
	12
	A site γ-Fe2O3

	
	3
	47.3
	0.54
	-0.24
	1.55
	36
	B site γ-Fe2O3

	
HDA 100
	1
	24.6
	0.34
	0.00
	0.60
	76
	Amorphous Fe

	
	2
	49.4
	0.53
	0.15
	0.70
	17
	A site γ-Fe2O3

	
	3
	48.5
	0.33
	-0.35
	0.55
	7
	B site γ-Fe2O3

	
HDA 50
	1
	25.1
	0.35
	0.02
	0.60
	61
	Amorphous Fe

	
	2
	48.5
	0.43
	0.11
	1.00
	20
	A site γ-Fe2O3

	
	3
	47.5
	0.47
	-0.11
	0.71
	19
	B site γ-Fe2O3

	
HDA 25
	1
	24.5
	0.31
	0.00
	0.58
	70
	Amorphous Fe

	
	2
	48.5
	0.43
	0.25
	1.20
	22
	A site γ-Fe2O3

	
	3
	47.5
	0.41
	-0.51
	0.71
	8
	B site γ-Fe2O3

	
ODA 100
	1
	22.6
	0.23
	0.03
	0.85
	63
	Amorphous Fe

	
	2
	48.5
	0.39
	0.15
	1.00
	13
	A site γ-Fe2O3

	
	3
	47.6
	0.42
	-0.15
	0.71
	24
	B site γ-Fe2O3

	
ODA 50
	1
	25.0
	0.36
	0.05
	0.64
	59
	Amorphous Fe

	
	2
	48.5
	0.48
	0.18
	1.21
	29
	A site γ-Fe2O3

	
	3
	47.5
	0.38
	-0.31
	0.71
	12
	B site γ-Fe2O3

	
ODA 25
	1
	24.0
	0.31
	0.00
	0.63
	58
	Amorphous Fe

	
	2
	48.5
	0.53
	0.10
	1.21
	32
	A site γ-Fe2O3

	
	3
	47.5
	0.20
	-0.33
	0.71
	10
	B site γ-Fe2O3







For the HDA and ODA samples at all injection rates, all spectra looked similar at 6K. They all consisted of a red, sextet pattern with a hyperfine field between 22.6 - 25.1 T, isomer shift between 0.23 - 0.36 mm/s, and quadrupole splitting between 0 - 0.05 mm/s, which is indicative of amorphous iron. The second component consisted of a green sextet pattern that had a hyperfine field between 48.5 - 49.4 T, isomer shift between 0.39 - 0.53 mm/s, and quadrupole splitting between 0.10 - 0.25 mm/s which is indicative of A sites for γ-Fe2O3. The third component consisted of a blue sextet with a hyperfine field between 47.5 - 48.5 T, isomer shift between 0.20 - 0.47 mm/s, and quadrupole splitting between -0.11 to -0.51 mm/s which is indicative of B sites for γ-Fe2O3 [87, 110]. From the low temperature spectra, the green doublet component attributed to γ-Fe2O3 for the ODA and HDA samples displayed superparamagnetic characteristics due the spectrum splitting into sextet patterns at low temperatures. 
[bookmark: _Toc180856401]Vibrating Sample Magnetometry (VSM)
Vibrating sample magnetometry (VSM) measurements were performed at the Institute for Advanced Materials and Manufacturing (IAMM) at the University of Tennessee Knoxville campus. A DynaCool- Advanced VSM system using a ± 4 T magnetic field at 300K was used. Final data was plotted in OriginLab. Magnetic hysteresis (MH) curves of all samples are shown in Figure 23. Magnetic saturation values for all samples are listed in Table 8. 
From the results, all of the OAm/OA samples displayed superparamagnetic characteristics. The OAm/OA 100 sample had the highest magnetic saturation at around 138 emu/g. Magnetic saturation decreased as the injection rate decreased for the OAm/OA 50 and OAm/OA 25 samples, with OAm/OA 25 having a significant drop in magnetic saturation of 46 emu/g compared to the other OAm/OA samples being above 100 emu/g.
The HDA and ODA samples also displayed superparamagnetic characteristics and had relatively similar magnetic saturation values between 30 - 45 emu/g. The ODA 25 sample had the lowest magnetic saturation value of 12 emu/g. The low magnetic saturation of these samples is most likely attributed to the surfactants used. Previous studies that used similar surfactants with amine functional groups have reported similar magnetic 
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[bookmark: _Toc180944005]Figure 23: MH-curves of all samples measured using a continuous injection method at 300K.
[bookmark: _Toc180944021]
Table 8: Magnetic saturation values of all samples using a continuous injection method.
	Sample
	Magnetic Saturation (emu/g)

	OAm/OA 100
	137.9

	OAm/OA 50
	117.0

	OAm/OA 25
	46.0

	HDA 100
	43.4

	HDA 50
	26.7

	HDA 25
	45.9

	ODA 100
	31.8

	ODA 50
	37.5

	ODA 25
	12.2





saturation values. A contributing factor to the low magnetic saturation could be due to the polycrystalline or amorphous nature of these nanoparticles, which was confirmed from previous XRD measurements. In addition, no obvious lattice fringes for crystallinity were observed with high-resolution TEM imaging. Due to the lack of structured crystallinity in these particles, the magnetic moments do not align strongly and therefore did not produce high magnetic saturation values [80].
[bookmark: _Toc180856402]Cytotoxicity 
Cytotoxicity studies were only performed on the OAm/OA samples since the HDA and ODA samples possessed agglomerations and had low dispersibility. For all OAm/OA
samples, four doses of iron nanoparticles were tested that included 100, 50, 25 and 12.5 μg Fe/mL. Each dose incubated with 4T1 cells for 24 hours, and a Cell-Titer Glo Assay was performed to determine overall cell viability. Results of these initial tests are shown in Figure 24. All OAm/OA samples displayed good cell viability for all doses and an increase in cell viability as Fe concentration decreased. The OAm/OA 100 sample had slightly less cell viability compared to the OAm/OA 50 and OAm/OA 25 samples at all doses, with the 100 μg/mL dose being around 73% for cell viability. The 50 μg/mL and 25 μg/mL doses had around 82% cell viability and 12.5 μg/mL around 99% cell viability. 

The OAm/OA 50 and OAm/OA 25 samples displayed cell viability above 100% for all doses with the exception of the 100 μg/mL dose for the OAm/OA 25 sample. A potential reason for these higher cell viability percentages could be due to the PEG coating on the sample. Previous studies have shown PEG to cause some cell proliferation effects. However, considering the OAm/OA 100 sample did not display this phenomenon, further tests would be needed to confirm the cause of this observation. In general, these initial results displayed good cell viability for all three samples.
[bookmark: _Toc180856403]Discussion 
From testing various injection rates of iron pentacarbonyl along with different types of surfactants, overall particle size increased as the injection rate of the iron precursor decreased for samples using HDA and ODA as surfactants. Little difference in size variations for samples using OAm/OA was observed when injection rate was varied. 

[bookmark: _Toc180944006]Figure 24: Cell viability results of OAm/OA 100, OAm/OA 50, and OAm/OA 25 samples at 100, 50, 25 and 12.5 μg Fe/mL doses. 


Previous studies utilizing OAm and OA as surfactants have found that particle sizes can only reach around 14 - 15 nm in total diameter [111]. Compared to OAm and OA, surfactants like HDA and ODA lack C=C bonds to strongly bind to nanoparticles during growth, which can allow for larger variation in nanoparticles sizes. Due to this lack of C=C bonds, weak interactions between the growing nuclei surface and surfactant causes rapid growth to allow for larger sizes. However, due to this rapid growth, amorphous or polycrystalline characteristics is common for the formed nanoparticles, which was confirmed from XRD measurements [83, 84]. From TEM results, larger nanoparticle sizes were achieved with HDA and ODA surfactants as injection rates decreased. Although the nanoparticles maintained an iron core - iron oxide shell structure, the nanoparticles were polydisperse, which is common when utilizing a LaMer growth mechanism [107]. In order to prevent the polydispersity, either a higher amount of precursor or a slower injection rate of the precursor could be used to allow for a continuous growth of uniform nanoparticles. This would allow full extension of the reaction to reach a supersaturation state [107]. In addition, a higher amount of surfactant could be tested, since only 0.1 mmol of the HDA and ODA was used for their respective syntheses. Due to the low volume of surfactants used, the ligand amount in the system may be insufficient to provide proper steric hindrances as the nuclei grow, causing a higher agglomeration rate. 
From Mössbauer characterization, all samples had similar spectra for room temperature measurements, consisting of 2 components indicative of iron and γ-Fe2O3. The OAm/OA samples at all injection speeds displayed a very distinct sextet indicative of α-Fe compared to the HDA and ODA samples, which had an amorphous Fe component at all injection speeds. From low temperature measurements, all OAm/OA samples had similar spectra indicative of α-Fe and γ-Fe2O3. All HDA and ODA samples had similar Mössbauer spectra from low temperature measurements consisting of 3 components indicative of amorphous Fe and A and B sites for γ-Fe2O3. In addition, all samples had a superparamagnetic iron oxide component due to the doublet pattern from room temperature measurements splitting into sextet patterns when measured at low temperature. 
From magnetization measurements, all samples displayed superparamagnetic qualities due to the little to no presence of hysteretic remanence. The magnetic saturation for the OAm/OA samples decreased as the injection rate decreased. From TEM imaging, it was observed that a hollow or yolk-like morphology began to form as injection rate decreased for the OAm/OA samples, causing a loss of iron material between the core and the shell. This phenomenon is due to the nanoscale Kirkendall effect [108]. The Kirkendall effect is when the outward diffusion of cations through the shell is faster than the inward diffusion of anions. This variation in diffusion rate causes vacancies in the metal core that coalesce into single or multiple pores that consume the core and form hollow structures [112]. This hollowness between the core and shell could attribute to the lower magnetic saturation for these samples. In addition, a higher percent of iron oxide was present as injection rate decreased for the OAm/OA samples, which can also cause lower magnetic saturation. For all HDA and ODA samples, magnetic saturation values were similar between 20 - 40 emu/g. The ODA 25 sample had the lowest magnetic saturation out of all samples of around 12 emu/g. The low values for these samples compared to the OAm/OA samples is most likely due to the amorphous or polycrystalline nature. Due to the disordered crystal structure and randomly coupled electrons, lower magnetic properties are observed.
Finally, from cytotoxicity tests on the OAm/OA samples, all samples displayed relatively good cell viability when compared to untreated control samples. The OAm/OA 100 sample had slightly lower cell viability compared to the OAm/OA 50 and OAm/OA 25 samples, but still had good cell viability at 25 and 12.5 μg/mL doses. Some cell proliferation appeared to occur for the OAm/OA 50 and OAm/OA 25 sample, which could be attributed to the PEG coating on the sample[91, 92]. However, this phenomenon did not occur for the OAm/OA 100 sample that was also PEG coated, suggesting this could be a unique result that would require further testing.
[bookmark: _Toc180856404]Conclusion
In conclusion, a continuous injection of iron pentacarbonyl was investigated in order to form larger iron nanoparticles. Three injection speeds were tested that included 100, 50 and 25 μL/min. In addition, at each injection speed, three different surfactants were used to see if the surfactant type would also affect the size and composition of the nanoparticles. It was found that samples produced using OAm/OA as the surfactant, average particle size remained the same at around 14 nm regardless of injection rate. However, as the injection rate decreased, the particles began to form a yolk-like structure where a separation between the core and shell occurred due to Oswald ripening and the Kirkendall effect. Comparatively, samples using HDA and ODA produced larger particles at the highest injection speed of 100 μL/min. However, the particles had an irregular shape and were not as spherical. In addition, at the lower injection speeds of 50 and 25 μL/min, samples using HDA or ODA as the surfactants began to form more agglomerations and polydisperse nanoparticles. For the samples that did not agglomerate together, the nanoparticles consisted of an iron core and γ-Fe2O3 shell. The OAm/OA samples displayed good crystallinity at all injection speeds from XRD measurements. However, the HDA and ODA samples at all injection speeds show polycrystalline or amorphous characteristics. From magnetization tests, the OAm/OA 100 sample had the highest magnetic saturation of around 138 emu/g. The HDA and ODA samples at all injection rates had lower magnetic saturation values between 30 - 45 emu/g, which is attributed to the polycrystalline or amorphous nature of the nanoparticles. Furthermore, from cytotoxicity studies, samples using OAm/OA at all injection rates displayed low cytotoxicity. 
From these results, this method has potential to synthesize larger nanoparticles sizes. The HDA 100 and ODA 100 samples could have potential for MPI applications due to the targeted size and composition being obtained. In order to make the nanoparticles more optimal for MPI applications, further work is needed in order to develop larger, monodisperse nanoparticles with good crystallinity. For the HDA and ODA samples, it was clear larger particles could be produced at lower injection speeds, however the particles began to agglomerate and became polydisperse. To mitigate agglomeration formation and lessen the polydispersity of these samples, slower injection rate of the precursor could be implemented, and a larger amount of a chosen surfactant could be used. This would assist in extending the LaMer growth model as well as provide more steric hindrances in the solution so that particle growth is slower and a higher presence of ligands in the system could prevent agglomeration formation.
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CHAPTER III
SYNTHESIS OF ΙRON NANOPARTICLES UTILIZING A SOLID-SOLID REDUCTION METHOD
[bookmark: _Toc180856406]
Abstract
Synthesis of pure iron nanoparticles is of interest for biomedical applications due to the high magnetic properties they possess. However, pure iron nanoparticles are highly susceptible to oxidation if they are not handled in inert atmospheres or inappropriately coated. Previous studies have used solid-gas reduction methods with 5% H2 gas at 500 °C to reduce iron oxide nanoparticles to create pure iron nanoparticles. However, due to the high temperatures needed to fully reduce iron oxide to pure iron using only H2, particle sintering is common. In order to decrease sintering, lower temperatures are needed. Therefore, an investigation in creating pure iron nanoparticles with a silica coating is being conducted using a solid-solid reduction method that involves CaH2 as a reducing agent. Magnetite nanoparticles are synthesized using a thermal decomposition of iron (III) acetylacetonate and particles are subsequently coated with silica. The magnetite powder is mixed with CaH2, sealed in a Pyrex tube and heated at 300 °C for 90 hours to allow reduction of magnetite to pure iron nanoparticles.
[bookmark: _Toc180856407]Introduction 
Superparamagnetic iron oxide nanoparticles have attracted much interest in biomedical fields such as magnetic resonance imaging, therapeutic agents, bio separation and targeted drug delivery [67, 113, 114]. Compared to iron oxide nanoparticles, the synthesis of pure iron nanoparticles for similar applications is of interest since pure iron possesses higher magnetic properties and low coercivity. Thermal decomposition methods using organic iron precursors is often used for creating iron nanoparticles [115]. This synthesis route is favored due to its efficiency and ability to produce high-quality, monodisperse nanoparticles. By varying the amount of precursor, solvent, and types of surfactants, various sizes and shapes can be achieved through thermal decomposition methods [99, 101, 102]. Another method commonly used involves the reduction of ferric or ferrous iron salts with sodium borohydride. This method is simple and fast, but polydisperse nanoparticles are commonly obtained and at higher risk for agglomeration [116, 117].

In addition to reductive methods, previous studies have created pure iron nanoparticles by reducing iron oxide nanoparticles with H2 gas in solid-gas reduction reactions. Generally, reduction of iron oxides to pure iron does not occur directly. Instead, a two-step reduction from Fe2O3  Fe3O4 Fe occurs at temperatures lower than 570°C or a three-step reduction of Fe2O3  Fe3O4 FeO  Fe occurs at temperatures above 570°C [118]. Reduction of iron oxides to pure iron with hydrogen gas is typically performed at temperatures of at least 390 - 500°C [119-121]. Although this method will produce pure and highly crystalline iron nanoparticles, heat treatment at these temperatures can also cause particle coalescence and sintering. In order to prevent sintering, a sintering prevention layer like hydroxyapatite, carbon, or Al2O3 is commonly added [122-124]. In addition, higher hydrogen pressures can be used in order to decrease the reduction temperatures, but slight coalescence and sintering can still occur [125]. Therefore, alternative methods are needed to reduce iron oxide nanoparticles to pure iron with decreased sintering.
A solution to this issue is to reduce the reaction temperature by utilizing a reducing agent instead of only relying on hydrogen gas. Calcium hydride is known to be a strong reducing agent and is a commonly used drying agent in organic syntheses [126]. Its drying capacity has been shown to assist in decreasing temperatures for reductive reactions from 400°C to 300°C when reducing Fe3O4 to α-Fe [127, 128]. In addition, CaH2 has attracted much attention in solid-state chemistry as an easy-to-handle solid reductant working efficiently at low temperatures [129, 130]. This lower reaction temperature makes it possible for nanoparticles to have less aggregation and coalescence while keeping the original morphology and dispersibility of particles intact [127]. Therefore, this study explores the use of CaH2 as a reducing agent for iron oxide nanoparticles in a solid-solid reaction to form pure iron nanoparticles. Uncoated and silica coated iron oxide nanoparticles are synthesized and reduced using CaH2 to produce pure iron nanoparticles. From this study, we hope this synthesis method could provide a basis in showing that CaH2 can be utilized as an effective reducing agent to create highly crystalline, pure iron nanoparticles that could have potential applications in magnetic particle imaging. 
[bookmark: _Toc180856408]Materials and Methods
[bookmark: _Toc180856409]Chemicals 
Iron (III) acetylacetonate [Fe(acac)3] (99.9%), oleylamine (70%), oleic acid (90%), chloroform, benzyl ether, calcium hydride (95%), ammonium hydroxide (28-30%), tetraethyl orthosilicate (TEOS), cyclohexane, polyoxyethylene (5) nonylphenyl ether (IGEPAL-CO 520), methanol, ammonium chloride (99.9%) and hexanes were purchased from Sigma Aldrich. 1,2-hexadecanediol (98%) was purchased from TCI America. Anhydrous ethanol was purchased from Decon Labs. 
[bookmark: _Toc180856410]Synthesis
Magnetite nanoparticles were synthesized following a previous procedure by Dehsari et al [131]. In a 4-neck round bottom flask, 1 mmol of Fe(acac)3, 3 mmol oleic acid, 3 mmol oleylamine, 5 mmol 1,2-hexadecanediol, and 20 mL of benzyl ether were added and mixed with a magnetic stir bar. The solution was purged and vacuumed under a Schlenk line 3 times before being heated to 110°C for 1 hr under vacuum. The temperature was then raised to 180°C under ultrapure N2 at a 6.5°C/min rate to react for 2 hrs. Subsequently, the temperature was raised to 300°C at a 3.5°C/ min rate and reacted for 1 hr before being cooled to room temperature. Absolute ethanol was added to the reaction flask to precipitate the nanoparticles out of solution. The nanoparticles were magnetically separated out of the solution and washed 3 times with ethanol by centrifugation at 6000 rpm for 10 minutes in a Beckman Coulter C0650 fixed-angle rotor. Half of the product was dried to powder and stored in an Argon atmosphere glovebox, and the other half was dispersed in chloroform for later characterizations. 
Powdered magnetite nanoparticles were coated with silica and reduced with CaH2 by referencing a procedure from Yamamoto et al [127]. In a filter flask, 0.1 g of iron oxide nanoparticles, 48.75 g of cyclohexane, 3.65 g of polyoxyethylene (5) nonylphenyl ether (IGEPAL-CO 520), and 0.39 mL of 28% ammonium hydroxide were added and magnetically stirred for 30 minutes. Then, 0.4 g (1.9 mmol) of TEOS was added at 22 μL/hr at room temperature and stirred overnight. Once all of the TEOS had been added, the silica coated nanoparticles were precipitated by adding ethanol to the solution and magnetically separated. Further ethanol washings were performed, and nanoparticles were vacuum dried to powder overnight at room temperature. 
Reduction of uncoated and silica coated magnetite nanoparticles was performed using CaH2. Uncoated and silica coated magnetite nanoparticles were mixed with a 4 times weight excess of CaH2. The powders were mixed and finely ground using a mortar and pestle and subsequently loaded into Pyrex tubes with a 7 mm inner diameter. The tubes were vacuum sealed and heated at a 1°C/min rate in a box furnace to 300°C and reacted for 90 hrs. Afterwards, the tubes were scored and broken open, and a 0.1 M NH4Cl/methanol solution was used to wash out residual CaH2 and CaO products from the nanoparticles. The nanoparticles were washed a few times with the NH4Cl/ methanol solution and subsequently with methanol and magnetically separated. The final product was dry under vacuum into powder and stored in the glovebox for further characterizations. Silica coated samples are indicated with “Si.”
[bookmark: _Toc180856411]Results
[bookmark: _Toc180856412]Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) was performed at the Vanderbilt Institute of Nanoscience and Engineering (VINSE), Vanderbilt University. An FEI Tecnai Osiris TEM system was operated between 80 kV - 200 kV. Diameters were determined using ImageJ processing software.

Images of initial and reduced Fe3O4 and Si-Fe3O4 samples are shown in Figures 25 and 26. From measuring 200 nanoparticles, the average diameter of the initial Fe3O4 nanoparticles was around 7.7 ± 1.1 nm. The nanoparticles were spherical and monodispersed. After reducing the uncoated Fe3O4 sample, sintering of nanoparticles was present and large iron masses formed. The Si-Fe3O4 nanoparticles’ average diameter was around 7.5 ± 1.1 nm, suggesting little size change occurred after silica was applied to the nanoparticles. However, compared to the uncoated Fe3O4, the Si-Fe3O4 sample was not well dispersed. Elemental mapping of the Si-Fe3O4 nanoparticles is shown in Figure 27, which show very little silica was present on the nanoparticle surface. After reducing the Si-Fe3O4 nanoparticles, sintering occurred similar to the uncoated reduced Fe3O4 
[image: ]
[bookmark: _Toc180944007]Figure 25: TEM of images of samples at a 100 nm scale. A) Fe3O4 B) Si-Fe3O4 C) Fe3O4 reduced D) Si-Fe3O4 reduced.
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[bookmark: _Toc180944008]Figure 26: TEM images of samples at a 20 nm scale A) Fe3O4 B) Si-Fe3O4 C) Fe3O4 reduced D) Si-Fe3O4 reduced.
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[bookmark: _Toc180944009]Figure 27: Elemental mapping of Si-Fe3O4.










nanoparticles, which is most likely due to the silica coating being too thin to act as a barrier.
[bookmark: _Toc180856413]X-ray Diffraction (XRD)
XRD measurements were performed using a Rigaku SmartLab3kW X-ray Diffractometer with a Cu Kα X-ray sources in a 2θ range of 20° - 80° at UTSI. A stacked plot of the Fe3O4, Si-Fe3O4, Fe3O4 reduced and Si-Fe3O4 reduced samples is shown in Figure 28. From these results, the original Fe3O4 and Si-Fe3O4 displayed good crystallinity and characteristic peaks of Fe3O4 at 30°, 35°, 43°, 53°, 57° and 63°. The reduced Fe3O4 and Si-Fe3O4 samples displayed characteristics peaks of α-Fe at 45°, 65°, and 82°, confirming the reduction of magnetite to pure iron was successful. From XRD measurements, it appears the addition of silica did not change the crystalline structure of the initial Fe3O4 nanoparticles. However, it can be difficult to determine the difference between γ-Fe2O3 and Fe3O4 from XRD alone since these oxides have the same crystal structure [132]. Therefore, Mössbauer studies were performed to further determine the composition of these samples.
[bookmark: _Toc180856414]Mössbauer Spectroscopy
Mössbauer Spectroscopy measurements were performed with a 57Co source, a Janis SHI-850-5 cryogen-free cryostat, and Lakeshore 325 Temperature Controller. Hyperfine interaction parameters were analyzed using a least-squared fitting model with Mössbauer GenFit Software (R. S. Preston and D. E. Brown). Powder samples previously stored in an Ar atmosphere glovebox were loaded and sealed into Mössbauer cups for characterization under vacuum at 293K and 6K.
Stacked Mössbauer spectra of initial Fe3O4 and Si-Fe3O4 samples and reduced Fe3O4 and Si-Fe3O4 samples measured at 293K are shown in Figure 29. Hyperfine fitting parameters are displayed in Table 9. The Fe3O4 and Si-Fe3O4 samples consisted of a single component that had an isomer shift between 0.24 - 0.35 mm/s, which is indicative of Fe3O4. The reduced Fe3O4 and Si-Fe3O4 samples consisted of a red sextet component that had a hyperfine field around 33 T and an isomer shift and quadrupole splitting of 0 mm/s, which is indicative of α-Fe. From these results, the silica coating did not change 
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[bookmark: _Toc180944010]Figure 28: Stacked XRD spectra of iron oxide, silica coated iron oxide and reduced samples.
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[bookmark: _Toc180944011]Figure 29: Stacked Mössbauer spectra of Fe3O4, Si-Fe3O4, Fe3O4 reduced and Si-Fe3O4 reduced samples at 293K.
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Table 9: Values of hyperfine parameters for Fe3O4, Si-Fe3O4 and reduced Fe3O4 and Si-Fe3O4 samples at 293K. Bhf is the hyperfine magnetic field, δ is the isomer shift, ΔEQ is the quadrupole splitting, and Γ is the linewidth (FWHM). Typical errors are ± 0.3 T for Bhf, ± 0.04 mm/s for δ, ± 0.01 mm/s for ΔEQ, and ± 0.02 mm/s for Γ and ± 3% for relative area.
	Sample
	Component
	Bhf (T)
	δ (mm/s)
	ΔEQ (mm/s)
	Γ (mm/s)
	Relative area (%)
	Attribution

	Fe3O4
	1
	0.00
	0.33
	0.01
	1.31
	100
	Fe3O4

	Si-Fe3O4
	1
	0.00
	0.24
	0.04
	0.72
	100
	Fe3O4

	Fe3O4 Reduced
	1
	33.7
	0.00
	0.00
	0.29
	100
	α-Fe

	 Si-Fe3O4 Reduced
	1
	32.9
	0.00
	0.00
	0.28
	100
	α-Fe























the chemical structure of the initial Fe3O4 nanoparticles. In addition, successful reduction of the Fe3O4 and Si-Fe3O4 samples to pure iron was achieved.
Further low temperature measurements were performed on all samples at 6K. Stacked Mössbauer spectra from 6K measurements are shown in Figure 30 and hyperfine fitting parameters are displayed in Table 10. From the results, the Fe3O4 and Si-Fe3O4 samples had similar spectra that consisted of 2 sextets. The first component was a red sextet that had a hyperfine field between 50 - 51 T, isomer shift between 0.28 - 0.42 mm/s, and quadrupole splitting between -0.11 to -0.04 mm/s, which is indicative of A (tetrahedral) sites for Fe3O4. The second component consisted of a green sextet that had a hyperfine field around 52 T, isomer shift around 0.49 mm/s and quadrupole splitting of 0 mm/s, which is indicative of B (octahedral) sites for Fe3O4 [133, 134]. The reduced Fe3O4 and Si- Fe3O4 samples continued to have a similar sextet pattern from room temperature measurements with a hyperfine field around 33.8 T and an isomer shift and quadrupole splitting of 0 mm/s, which is indicative of α-Fe.
[bookmark: _Toc180856415]Vibrating Sample Magnetometry (VSM)
Vibrating Sample Magnetometry (VSM) measurements were performed at the Institute for Advanced Materials and Manufacturing (IAMM) at the University of Tennessee Knoxville campus. A DynaCool- Advanced VSM system using a ± 4 T magnetic field at300K. Final data was plotted in Origin Lab. Magnetic hysteresis (MH) curves of all samples are shown in Figure 31. Magnetic saturation values for all samples are listed in Table 11. 
The Si-Fe3O4 sample had a slightly lower magnetic saturation value around 37 emu/g when compared to the Fe3O4 sample that had a magnetic saturation around 54 emu/g. The Si-Fe3O4 reduced sample also had a lower magnetic saturation of 97 emu/g when compared to the Fe3O4 reduced sample that had a magnetic saturation around 150 emu/g. However, despite the difference in magnetic saturation values between the original and reduced Fe3O4 and Si-Fe3O4 samples, both of the initial samples had an increase in magnetic saturation after reducing with CaH2. In addition, all samples appeared to have superparamagnetic properties due to the little to no hysteretic remanence present. 
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[bookmark: _Toc180944012]Figure 30: Stacked Mössbauer spectra of Fe3O4, Si-Fe3O4, Fe3O4 reduced and Si-Fe3O4 reduced samples at 6K.
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Table 10: Values of hyperfine parameters for Fe3O4, Si-Fe3O4 and reduced Fe3O4 and Si-Fe3O4 samples at 6K. Bhf is the hyperfine magnetic field, δ is the isomer shift, ΔEQ is the quadrupole splitting, and Γ is the linewidth (FWHM). Typical errors are ± 0.3 T for Bhf, ± 0.04 mm/s for δ, ± 0.01 mm/s for ΔEQ, and ± 0.02 mm/s for Γ and ± 3% for relative area.
	Sample
	Component
	Bhf (T)
	δ (mm/s)
	ΔEQ (mm/s)
	Γ (mm/s)
	Relative area (%)
	Attribution

	Fe3O4

	1
	50.0
	0.42
	-0.04
	0.58
	41
	A site Fe3O4

	
	2
	52.4
	0.49
	0.00
	0.64
	59
	B site Fe3O4

	Si-Fe3O4
	1
	51.0
	0.28
	-0.11
	0.61
	40
	A site Fe3O4

	
	2
	52.1
	0.48
	0.00
	0.58
	60
	B site Fe3O4

	Fe3O4 Reduced
	1
	33.7
	0.09
	0.00
	0.29
	100
	α-Fe

	Si-Fe3O4 Reduced
	1
	33.8
	0.09
	0.00
	0.29
	100
	α-Fe
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[bookmark: _Toc180944013]Figure 31: MH-curves of Fe3O4, Si-Fe3O4, Fe3O4 reduced, and Si-Fe3O4 reduced samples at 300K.


[bookmark: _Toc180944024]Table 11: Magnetic saturation values of Fe3O4, Si-Fe3O4, Fe3O4 reduced, and Si-Fe3O4 reduced samples.
	Sample
	Magnetic Saturation (emu/g)

	Fe3O4
	54.2

	Si-Fe3O4
	37.3

	Fe3O4 Reduced
	149.7

	Si-Fe3O4 Reduced
	96.9




[bookmark: _Toc180856416]Discussion 
Magnetite nanoparticles were synthesized, silica coated, and further reduced using CaH2. From the results, initial Fe3O4 and Si-Fe3O4 nanoparticles had similar overall diameters around 7.5 nm. However, after silica coating, the Si- Fe3O4 nanoparticles had lower dispersibility and little presence of silica had adsorbed onto the nanoparticle surface. Rather than an even, thick silica coating, the particles appear to have a dusting of silica on the surface. During the silica coating process, disruption of the nanoparticle’s surface chemistry and the silica not properly adsorbing onto the nanoparticle surface could have caused the decrease in dispersibility. Due to the low presence of silica, both the uncoated and silica coated Fe3O4 nanoparticles were sintered after reducing with CaH2. In order to eliminate sintering, a thicker silica coating on the nanoparticles is required [135]. This could involve using a higher amount of TEOS upon coating the nanoparticles and also testing other microemulsion procedures. 
From XRD results, all samples had good crystallinity. No apparent difference in crystalline structure occurred after applying silica to the nanoparticles and both Fe3O4 and Si-Fe3O4 samples displayed characteristic peaks for Fe3O4. From XRD and Mössbauer spectroscopy, successful reduction of the Fe3O4 and Si-Fe3O4 samples to pure iron was observed. Mössbauer spectroscopy results confirmed the initial iron oxide samples consisted of Fe3O4 and no change in composition of the Fe3O4 sample occurred after silica was applied. In addition, the Fe3O4 and Si- Fe3O4 samples both displayed superparamagnetic characteristics from low temperature Mössbauer measurements.
From magnetization measurements, the Si-Fe3O4 and Si-Fe3O4 reduced samples had lower magnetic saturation values when compared to the Fe3O4 and Fe3O4 reduced samples respectively. Although it was expected the Si-Fe3O4 sample would have a similar magnetic saturation to the Fe3O4 sample at around 54 emu/g, the Si-Fe3O4 sample actually had a lower magnetic saturation around 37 emu/g. A potential reason for the lower magnetic saturation for the Si-Fe3O4 sample could be due to the size of the nanoparticles. From Mössbauer studies at room temperature, a smaller linewidth was observed in the Si-Fe3O4 sample when compared to the original Fe3O4 sample. This smaller linewidth could suggest the Si-Fe3O4 nanoparticles were slightly smaller compared to the Fe3O4 sample due to an increase in spin relaxation rate [134]. Although initial TEM measurements suggested a very slight size decrease occurred after silica was applied, smaller nanoparticle pieces could have been present in the sample upon performing Mössbauer measurements. From TEM results, it was clear the nanoparticle surface had been disrupted due to the decrease in dispersibility. This disruption in the surface chemistry could have decreased the stability of the nanoparticles and caused them to break into smaller pieces over time, which could contribute to a slightly lower magnetic saturation when compared to the Fe3O4 sample [136].  
Upon reducing the Fe3O4 and Si-Fe3O4 samples, both samples had an increase in magnetic saturation. Although both samples reduced fully to iron from XRD and Mössbauer spectroscopy results, the Si-Fe3O4 reduced sample had a lower magnetic saturation of 97 emu/g compared to the Fe3O4 reduced sample that had a magnetic saturation around 150 emu/g. The slightly lower magnetic saturation of the Si-Fe3O4 reduced sample is most likely due to the size of the nanoparticles. Although both samples appeared to have been sintered from TEM images, the Fe3O4 reduced sample may have created slightly larger nanoparticles to produce a higher magnetic saturation [89]. In addition, the initial Si-Fe3O4 nanoparticle had a lower initial magnetic saturation before the reduction when compared to the Fe3O4 nanoparticles. 
[bookmark: _Toc180856417]Conclusion
From these tests, successful reduction of magnetite nanoparticles to pure iron was achieved using CaH2 as a reduction agent. Although sintering of nanoparticles was observed after reduction, this method shows potential in using CaH2 as a reducing agent to achieve pure crystalline iron nanoparticles at lower reaction temperatures when compared to the typical reducing temperatures needed when only utilizing H2. From Mössbauer spectroscopy, initial Fe3O4 and Si-Fe3O4 samples displayed superparamagnetic qualities, and all samples displayed superparamagnetic properties from magnetization tests. In addition, the Fe3O4 reduced sample displayed high magnetic saturation around 150 emu/g. From these initial tests, further work is needed to produce a thicker silica coating around the nanoparticles to prevent sintering after reduction. Testing various silica coating thicknesses could be explored as well as lower reaction temperatures over a longer period of time. Overall, this initial study shows promise in producing crystalline iron nanoparticles with high magnetic saturation by utilizing CaH2 as a reducing agent at lower reaction temperatures. 
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CONCLUSION
Various synthetic parameters were investigated to synthesize larger iron nanoparticles in order to improve MPI performance. A thermal decomposition of iron pentacarbonyl was the main method used to form iron nanoparticles and synthetic parameters involved testing types of surfactants and precursor injection rates. From testing various linear amine functionalized surfactants that differed in alkyl chain length, it was found that longer alkyl chained surfactants allowed for larger growth of iron nanoparticles. All nanoparticles possessed an iron core and iron shell morphology, but larger nanoparticles began to form more irregular shapes than smaller nanoparticles that used smaller chained surfactants. In addition, the nanoparticles possessed amorphous characteristics, most likely due to the binding affinities of the surfactants used. Due to these amorphous characteristics, magnetic saturation of the samples was lower than pure bulk iron values. The largest nanoparticles made with DODA had a magnetic saturation around 92 emu/g, and the smallest nanoparticles made with DA had a magnetic saturation around 34 emu/g. Additionally, all nanoparticle samples displayed low cytotoxicity. From initial MPI measurements, the nanoparticles displayed around 30 - 50% of the resolution when compared to commercial tracer, Vivotrax Plus. 
From a continuous injection of iron pentacarbonyl, three rates of injections were used that involved 100, 50 and 25 μL/min. From these studies, 3 types of surfactants were also tested to evaluate the effects surfactant type had on particle growth. A mixture of oleylamine and oleic acid was tested together, and HDA and ODA surfactants were further tested. From the results, lower injection rates allowed for larger nanoparticles to grow when HDA or ODA was used as the surfactants. However, no change in nanoparticle size was observed with the various injection rates when an oleylamine and oleic acid mixture was used as a surfactant. Although larger nanoparticles were formed using HDA and ODA at lower injection rates, agglomerations in nanoparticles were observed. In order to mitigate this issue, further work could be performed testing higher amounts of HDA or ODA surfactants.

Finally, exploration in synthesizing iron nanoparticles by using CaH2 as a reducing agent was performed. Iron oxide nanoparticles were synthesized using a thermal decomposition of Fe(acac)3. The iron oxide nanoparticles were silica coated and further reduced using CaH2. Successful reduction of iron oxide to pure iron was achieved, but further work is needed in order to properly control the silica coating thickness to eliminate sintering of nanoparticles. 
Overall, targeted iron nanoparticle sizes around 20 nm were achieved, and these results show promise in utilizing iron nanoparticles for MPI applications. Major success was found with nanoparticles produced from the first synthesis series. However, due to the amorphous nature of the nanoparticles, further work is needed in order to improve crystallinity. One method could include annealing the nanoparticles under 5% H2 gas at low temperatures. Silica coating the nanoparticles could assist in preventing sintering during annealing as well.  
Future research may involve a continuous injection of iron precursor with an increased amount of surfactants along with a slower injection rate of the precursor. By decreasing the injection rate, longer reaction times can allow for a steadier and uniform growth of crystalline nanoparticles. The results from series 3 shows CaH2 can successfully act as a reducing agent to reduce iron oxide to pure iron. Further experiments in reducing iron core - iron oxide shell nanoparticles might be performed with this method, but additional work is needed to create a more even silica shell on the nanoparticles. 
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