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Abstract

Kinetics of Iron Oxide Nanoparticle Nucleation, Growth, and Assembly

Ryan Dean Hufschmid
Chair of the Supervisory Committee:
Professor Kannan M. Krishnan
Materials Science & Engineering

Iron oxides are ubiquitous in nature and serve as a platform for a variety of engineered
applications, including biomedical imaging and therapeutic procedures. Interactions between
minerals, organic molecules, and ions in aqueous environments are fundamental for both
engineered nanoparticles that interface with complex biological media, and for naturally
occurring particles in delicate environmental systems. To directly observe and quantify dynamic
phase changes of iron oxide nanoparticles in solution I use in situ Transmission Electron
Microscopy (TEM). To systematically study colloidal stability at the nanoscale we alter surface
chemistry by with organic molecules and solution chemistry with the electron beam.

TEM is a powerful materials characterization tool capable of imaging, diffraction, and
spectroscopy with atomic resolution. Recent advances in in situ TEM techniques and
instrumentation enable direct nanoscale imaging and spectroscopy in relevant environments.
Specialized holders encapsulate liquid samples, allowing direct observation of dynamic aqueous

phenomena under controlled electron dose conditions. Imaging can be complemented by other



characterizations available in the TEM including electron energy loss spectroscopy (EELS) and
diffraction for structural and chemical characterization. By observing nanoparticles in situ,
nucleation, growth, and dissolution kinetics are quantified in real-time to improve our

understanding of natural systems and optimize nanoparticle synthesis.
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Chapter 1. INTRODUCTION

1.1 IRON OXIDE NANOPARTICLES IN NATURAL AND ENGINEERED SYSTEMS

Iron oxides are of natural scientific and technological interest. Iron, element number 26, is
the heaviest element produced by fusion in stars; as such it is abundant throughout the universe
and terrestrially. Iron is readily oxidized, forming a variety of iron oxide and hydroxide minerals.
These minerals are primary constituents in many natural systems where iron is an important
component of many geological and biological materials. Iron oxidation is central to biology—the
iron-based protein hemoglobin in blood serves as the oxygen transporter in most animals. Due to
its occurrence and role in biology, iron is well-tolerated by the human body and easily metabolized.
As such, it is an attractive platform for a variety of biomedical applications. Importantly, iron is a
transition metal with partially filled d-orbitals, producing an atomic magnetic moment. In some
crystal structures this produces technologically important magnetic phenomena. For example,
magnetite (Fe3O4) exhibits ferrimagnetism, and at small (< 28 nm) sizes: superparamagnetism.

Superparamagnetic iron oxide nanoparticles (SPIONs) have desirable magnetic properties,
general biocompatibility, and are abundant in nature, making them attractive for a variety of
biomedical applications. [1] Many engineered applications of nanoparticles require uniform
properties which in turn depend on uniform particles. A distribution of particles is monodisperse
if the particles have uniform characteristics. This typically refers to the size and size distribution,
but crystalline phase and chemistry must all be characterized for particles to show predictable
properties. To quantify dispersity, we define a distribution as monodisperse if the standard
deviation of the size is less than 5%. For a 10 nm nanoparticle a difference of 5% is on the order

of a single unit cell. Because properties are dependent on, for example, particle size, size



2
distribution, morphology, crystallinity, and immediate environment, [2] it is important to

understand how synthetic conditions affect the growth and nucleation of nanoparticles.

1.2  IRON OXIDE PHASES

There are four phases of iron oxide that are stable or metastable at room temperature. These
are wiistite (Fe(I1)O), magnetite (Fe(II)Fe2(II1)O4), maghemite (y-Fex(II1)Os3), and hematite (a-
Fex(II)O3). [3] These phases vary in structure and properties. When synthesizing iron oxides for
a given application, it is necessary to have control over which phase is being produced. It is also
important to be able to determine which phases are present.

Table 1.1 summarizes the four relevant iron oxide phases as well as some of their

properties.
Table 1.1. Summary of stable and metastable iron oxide phases.

Phase Chemical Formula | Structure Lattice Magnetism
(space group) Parameter

Wiistite Fe(11)O ‘NaCl’ (Fm3m) |4.332A Antiferromagnetic*

Magnetite | Fe(II)Fex(II1)O4 Inverse-spinel 8.397 A Ferrimagnetic
(Fd3m)

Maghemite | y-Fex(II1)O3 Inverse-spinel 833 A Ferrimagnetic
(P2:3)

Hematite a-Fex(111)O3 ‘Corundum’ a=5.038A Canted
(R3c) c=13.772 A antiferromagnetic

*The Néel temperature of wiistite is 198K, so it is effectively paramagnetic at room temperature.

Wiistite (FeO) is a cubic crystal with the same structure as NaCl. It consists of a close-
packed, face-centered cubic (FCC), lattice of oxygen atoms interlaced with a lattice of iron atoms.
Both magnetite and maghemite have the inverse-spinel structure: also a cubic crystal with an FCC
oxygen lattice, with iron occupying some of the tetrahedral and octahedral sites between

neighboring oxygens. Models of these structures are shown in Figure 1.1.
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Figure 1.1. Crystal structures of wiistite (a) and magnetite (b), with oxygen in red, octahedral

iron in blue, and tetrahedral iron in green.

Some iron oxide phases exhibit technologically important magnetic phenomena. Iron is a
transition metal with a partially filled d-orbital, giving it an atomic magnetic moment, as depicted
in Figure 1.2. In a solid, adjacent atomic moments sum together to give the net magnetic moment.
For FeO, adjacent moments are antiferromagnetically coupled and oppose each other. Due to its
crystalline symmetry, each moment is paired resulting in no net moment. However, inverse-spinel
phases exhibit ferrimagnetism; they have a specific asymmetry of structure and magnetite is mixed
valence, containing both Fe?" and Fe*', so that some paired atomic moments are not equal in

magnitude, leaving a net moment.
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Figure 1.2. The partially filled d-orbital causes iron and other transmission metals to have an
atomic magnetic moment (a). In certain crystal structures, such as inverse-spinel magnetite,

atomic moments are not balanced, which gives rise to net magnetic moment (b).

In a bulk solid, magnetic materials will form magnetic domains with their own magnetic
moments that will arrange to form closed loops to minimize free energy, in the absence of an
applied field. Below a certain size a ferro-(or ferri-) magnetic crystal will have a single magnetic
domain, called the single domain limit.

An external magnetic field can exert a torque on a magnetic moment. If the field is
sufficiently strong it can change the orientation of a magnetic domain. The field required to reverse
depends on the domains volume, ¥, as well as certain physical properties such as the domain’s
geometry and material properties, encapsulated by its anisotropy, K. K is generally a constant for
a given material (iron oxide) and shape (sphere) but we can see that as size (V) decreases, so does

the energy to reverse magnetization. If made small enough, thermal energy may be sufficient to



spontaneously reverse magnetization. That is: kg7 > KV. We call this behavior
superparamagnetism, and the size of this transition the superparamagnetic limit. Of course, other
ferromagnetic materials (i.e. cobalt and nickel) will exhibit superparamagnetism, but they do not
confer the other benefits of iron oxide, namely that they are toxic. Superparamagnetic
nanoparticles have several important technological applications, for example they are the basis for
Magnetic Particle Imaging (MPI). [4] In an alternating magnetic field, superparamagnetic articles
will show a specific reversal behavior, while nonmagnetic material will not show a significant
response. In this way a distribution of magnetic particles can be imaged. The signal produced by
the reversal is therefore positive contrast. This has been proposed as novel biomedical imaging
modality, and vascular imaging is the primary application.

Although all four iron oxide phases are stable at ambient conditions, over time the lower
oxidation state phases tend to oxidize when exposed to heat and sufficient oxygen. [5], [6]
Materials progressively transform from wiistite, to magnetite, to maghemite, to hematite. This
must be accounted for when performing any experimental technique involving irradiation, or when
samples are stored. Transformation may also be exploited if a higher oxidation state phase is
desired.

Various characterization methods may determine phase based on their structural and
chemical properties. Diffraction experiments are sensitive to structure. However, magnetite and
maghemite have nearly identical crystal structures, and the lattice spacing difference is only about
1%, typically within experimental uncertainty. Spectroscopies can characterize chemical
composition. In some cases, materials can be characterized according to magnetic properties.

These characterization techniques will be discussed in Chapter 2.
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Figure 1.3 shows the equilibrium phase diagram for the iron-oxygen system as a function

of temperature. This diagram shows the most stable phases for various temperature ranges and

oxygen contents.

Wiistite Magnetite Hematite
1200 +
v+ FeO FeO
o
o 10001
=
o
2
£ 8001 Fe,O 0,
= a+FeO FeO + Fe,O,
+ +
600 + Fe,0, | Fe,0,
| o+ Fe,O,
a: I I
2 2 2 3
. Oxygen Percentage
FeO Fe,O Fe, O,

Figure 1.3. Equilibrium phase diagram for the iron-oxygen system.

Phase diagrams are useful for determining expected phases for a given temperature,

processing history, and composition. However, this represents a system at equilibrium and will

have limited applicability to metastable structures formed under kinetically controlled conditions,

such as many of the nanoparticles studied in this work. Maghemite, essentially Fe**-rich magnetite,

is notably absent from the equilibrium diagram, and wiistite, which is not stable at room
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temperature, does indeed appear in some of our nanoparticles; although the equilibrium phase
diagram does predict the lowest energy phase, it cannot predict the variety of non-equilibrium
reactions and structures. Nonetheless, this is a useful reference for predicting phase based on
composition and temperature.

Another type of phase diagram shows equilibrium phases as a function of electrochemical
potential and pH. Sometimes called a Pourbaix diagram for the scientist who first constructed it,
[7] it is used to predict equilibrium compositions in solution. A Pourbaix diagram for the iron-
oxygen-hydrogen system in water is shown in Figure 1.4. One feature of this diagram is the
presence of hydrated iron oxide phases, which are prevalent in aqueous systems. Also predicted is

the formation of Fe?" at acidic pH, which we will observe in situ in Section 5.4.
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Figure 1.4. Potential vs. pH phase (Pourbaix) diagram for iron-oxygen-hydrogen system in
water. The blue arrows denote the shift in stability of the solid region as iron concentration

increases, promoting nucleation of iron oxide nanoparticles.



1.3  HISTORY OF NANOPARTICLE SYNTHESIS

Historically there have been several approaches to nanoparticle synthesis, with varying
degrees of synthetic control. Scientific investigation of nanoscale gold colloids began with Faraday
in the 1850s [8], but other medical, alchemical, and artistic applications for gold colloids can be
traced back to antiquity, long before the field of nanotechnology was formally conceived. [9] The
production of gold nanoparticles by aqueous reduction of gold chloride was described in 1951,
[10] Following this synthetic template, a wide variety of metallic nanoparticles, for example Pt,
[11] Co, [12] Bi, [13] Ni, [14] and Ru, [15] have been produced by aqueous reduction syntheses.
Multi-component nanoparticles, such as oxides, can be synthesized by aqueous co-precipitation;
[16], [17] however, organic phase syntheses generally provide the highest degree of synthetic
control. [18]-{21]

Currently, the Krishnan Research Group at the University of Washington develops
magnetic nanoparticles for biomedical applications, contributing significantly to fields of magnetic
imaging and nanoparticle synthesis. [1], [22] Initial attempts to develop magnetic nanoparticle
tracers began with cobalt. [12]. However, focus eventually shifted to iron oxide-based platforms
due to advantages that have been previously discussed. Synthesis of iron oxide nanoparticles in
the Krishnan group began with the work of Marcela Gonzales on magnetic fluid hyperthermia
(MFH). [23]-[25] This was continued with R. Matthew Ferguson, who optimized SPIONs for
Magnetic Particle Imaging (MPI) and developed much of the Magnetic Particle Spectrometry
(MPS) hardware still in use in the group. [26]-[28] Amit Kandahar further developed the
nanoparticle synthesis and aqueous phase transfer and optimized the nanoparticle coating for
biomedical applications, [29], [30] and Hamed Arami further developed surface coatings and

functionalization in addition to undertaking animal trials. [31]-[33] Current research in the
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Krishnan Group focuses on deepening our understanding of SPION biodistribution and
intracellular fate, [34], [35] as well as the physics of magnetic relaxation dynamics. [36]

This work aims to bring our understanding of the structure, chemistry, and properties of
superparamagnetic iron oxide nanoparticles (SPIONs) up to date using state-of-the-art
characterization techniques.! In Chapter 2 I begin with an overview of the experimental methods
and techniques used to characterize iron oxide phases. Chapter 3 compares synthesis of iron oxide
nanoparticles by various chemical routes. Following the synthesis, in Chapter 4 I investigate the
nanoscale structure and chemistry of iron oxide nanoparticles in more detail. Finally, I use in situ
electron microscopy to observe and quantify the nucleation, growth, and colloidal stability of iron

oxide nanoparticles in Chapter 5.

! Portions of this work have been published in refereed journal articles and presented at
professional conferences and are denoted with footnotes and in-text citations. [37]—[44]
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Chapter 2. MATERIALS CHARACTERIZATION

2.1  COMPLEMENTARY CHARACTERIZATION TECHNIQUES

Uniquely determining iron oxide phase typically requires complementary phase
characterization techniques. Due to similarity among the phases, structural characterization, i.e.
diffraction, should be combined with chemical characterization, i.e. spectroscopy. To characterize
a batch of nanoparticles in aggregate (approximately 1 mg or more), a combination of Raman
spectroscopy and x-ray diffraction can be used. For nanoscale phase characterization, TEM
enables sub-nanometer imaging, diffraction, and often spectroscopy (i.e. EELS) in a single
instrument, so in this work TEM is the primary characterization instrument. It is still important to
correlate experimental results with other approaches and across length scales.

The iron oxide phases differ both crystallographically and electronically based on the
valence state of the iron. Magnetite and wiistite are crystallographically distinct and discernable
using X-ray or electron diffraction. Because both magnetite and maghemite are inverse-spinels
with similar lattice spacing, distinguishing between these two phases with diffraction is difficult
for crystals smaller than approximately 20 nm, because the size-induced broadening of diffraction
peaks istoo large to resolve the 0.8% difference in lattice parameter. To determine the phase of an
iron oxide definitively, complimentary characterization techniques are typically necessary, for
example by combining diffraction experiments (X-ray or electron) with Raman spectroscopy.

The most common methods for characterizing crystallography are diffraction experiments,
X-ray or electron, and Raman spectroscopy. Raman is sensitive to vibrational modes of the crystal,
while diffraction directly captures the reciprocal lattice. To characterize the electronic structure of

an iron oxide, electron shell transition energies are measured. These excitations are typically driven
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by high energy electrons, e.g. EELS. These experiments could just as easily be carried out optically
with X-rays, as in X-ray Absorption Near Edge Spectroscopy (XANES).

When applied together, diffraction and Raman spectroscopy are used to determine the
phase of any unknown iron oxide. These techniques typically require milligrams of sample.
However, the materials here are nanoparticles, and eventually will be synthesized in situ in a TEM.
It is beneficial to have techniques that can characterize small amounts of nanoparticles and can be
performed inside of a microscope. I will discuss electron diffraction, and EELS because these will

be useful in characterizing materials in situ.

2.1.1 Raman Spectroscopy

In Raman spectroscopy, a laser is incident on a sample. A photon is absorbed and interacts
with Raman active modes within the lattice. Then, a second photon is emitted, shifted relative to
the incident photon. This shift is dependent on the structure of the sample and the local bonding
environment. The Raman spectra can be diagnostic of a material. All spectra were obtained using
a 514 nm laser.

To establish reference spectra, Raman has been performed on commercially available
powders of magnetite and hematite (Atlantic Equipment Engineers), nominally 1—5 pm in size.
The diagnostic peak for magnetite is observed around 667 cm™!, with smaller peaks at 330 cm!
and 550 cm™'. Hematite has four peaks between 200—400 cm!, a peak at 616 cm™!, and a peak at

1322 cm™'. These values are consistent with literature.[6], [45]
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Figure 2.1. Raman spectra of iron oxide reference powders, (a), and Raman from magnetite

iron oxide nanoparticles at various stages of laser induced oxidation, (b).

Care must be taken not to oxidize samples when performing Raman on iron oxides. Wiistite

readily oxidizes to magnetite, to maghemite, to hematite. Wiistite is virtually undetectable in

Raman due to said rapid oxidation, and when characterizing magnetite or maghemite in air, laser

power must be kept below around 1 mW.[5], [6] This sequential transformation is demonstrated

in Figure 2.1 and shows the oxidation of nanoparticles from magnetite, to maghemite, and finally

transformation to hematite. This also provides us with a diagnostic spectra for maghemite. Because

it is also an inverse-spinel it shows the same vibrational modes as magnetite, however, due to the

different electronic structure, the prevalence of various peaks is altered. The broadening of the

~670 cm™! peak as well as the prevalence of the second harmonic around 1340 cm! are considered

diagnostic of maghemite. [6] The low wavenumber peaks seen in the maghemite spectra are the

first indication of the presence of hematite.
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2.1.2  Diffraction

In diffraction experiments, an incident beam of electrons or photons is scattered by the
lattice of the crystal. The intensity of the diffracted radiation depends on the angular relationship
between the beam and the crystalline planes within the sample. The angles for constructive
interference are given by Bragg’s law: 2dsinf = nA. Where d is the planar spacing, 6 is the
angular relation between the beam and the plane, and 4 is the wavelength of radiation. Electron

diffraction is described in §2.2, and X-ray diffraction is applied in §3.6.

2.13 Magnetometry

Vibrating sample magnetometry (VSM) characterizes the particles magnetic behavior, and
can be used to estimate their size. In VSM the sample is placed in a uniform magnetic field (H)
while the sample is vibrated sinusoidally, perpendicular to the magnetic field throughout the entire
measurement. The change in magnetic induction is measured on a pickup coil and the
magnetization (M) of the sample is determined. Typically, a range of magnetic field values are
cycled through to generate a magnetic susceptibility curve (M vs. H).

Magnetic characteristics were evaluated using a Vibrating Sample Magnetometer (VSM)
(Lakeshore, Weterville, OH) and custom-built [27] Magnetic Particle Spectrometer (MPS).
Differential susceptibility (dm/dH or yuy[H]) was measured using the MPS, with a 18.6mTpo !
sinusoidal excitation field at 25kHz. MPS plots were normalized to compare the full width at half
maximum (FWHM), which is an indicator of the potential spatial resolution in MPI scanners, [27],
[46] The median magnetic core size and distribution were determined from VSM magnetization
curves using the Chantrell method. [47] The initial susceptibility (yi), coercivity (Ho), and

saturation magnetization (Ms) of the nanoparticles were experimentally determined and fit to a
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Langevin function, using 446 kA/m as bulk M for magnetite. [26] Magnetocrystalline and shape
anisotropies are critical to SPION performance, in particular for MPI and MFH. [48]-[51]
Anisotropy constants for our nanoparticles have previously been measured to be on the order of
3.5 +3.0 kJ/m? for 25 nm SPIONs, well below bulk values of approximately 11 kJ/m?>. [52], [53]
Where sizes are reported throughout this work, unless otherwise noted, they are median
diameter as determined by this fitting procedure. Error bars represent first standard deviation of
the log-normal size distribution. VSM size estimates, and volumetric measurement techniques are
in general better statistical representations of a sample as they analyze millions of particles
compared to TEM measurements that, at best, include thousands of particles. However, Chantrell
fitting assumes a log-normal distribution, and that particles are superparamagnetic. If particles are
ferro- or antiferromagnetic, or the size distribution is not log-normal, the results will be inaccurate.
Thus, both TEM and VSM are complimentary techniques providing valuable information.
Both the particles' magnetic size, D, and their distribution, ¢, can be calculated from their
room temperature magnetization curves. This was derived by Roy Chantrell, [47] and sometimes

referred to as Chantrell fitting.
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Where the susceptibility, y;, the saturation magnetization, €l's, and the field at /=0, 1/Hy,
are all determined experimentally by VSM from the slope of the linear region, the saturation
magnetization (Ms) and the y-intercept, respectively.
Figure 2.2 shows an example magnetization curve for superparamagnetic iron oxide
nanoparticles, measured in chloroform. Note the superparamagnetic behavior, that is, no remnant

magnetism. There is a small amount of open loop behavior, presumably due to particle interactions.
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Addition of polymer stabilizers or aqueous phase transfer could reduce interparticle interactions
and it is now standard practice to measure magnetic properties of SPIONs after they have been
coated transferred to water. However, for smaller particles (< 25 nm), measurement in organic

solvents if generally acceptable.
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Figure 2.2. (a) Magnetization, M (H), for an ensemble of iron oxide nanoparticles.
Characteristic superparamagnetic magnetization curve measured by VSM. These particles have a
diameter of 22.01 nm, with a log-normal 6 = 0.21 = 4.7 nm, inferred from Chantrell fitting. (b)
Differential susceptibility (dm/dH) from iron oxide nanoparticles with comparable physical size
(Dm ~ 25 nm from TEM) but differing iron oxide phase: pure magnetite (Fe3O4), mixed
wiistite/magnetite (FeO@Fe304).

The magnetization is measured as a function of applied field using a Vibrating Sample
Magnetometer (VSM). A superparamagnetic magnetization curve for iron oxide particles
dispersed in chloroform is shown in Figure 2.2. The saturation magnetization, Ms, becomes
smaller with increasing size and the susceptibility, xi, becomes larger with increasing particle size.

By assuming a log-normal size distribution and approximating the superparamagnetic curve as a
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Langevin function, the size distribution of superparamagnetic particles in solution can be related
to these magnetic properties. [47]

The differential susceptibility, dM/dH, of two representative iron oxide nanoparticle
samples is shown in Figure 2.2b. The differential susceptibility is measured using Magnetic
Particle Spectroscopy (MPS)—essentially a zero-dimensional MPI scanner. MPS characterizes the
response of the imaging system, including the nanoparticle tracers, to a point source, in this case a
spatially localized but time-varying magnetic field. This is the point-spread function (PSF) and is
predictive of MPI performance. [54] A narrow full-width-at-half-max of the dM/dH peak is an
indicator of resolution in MPI. These plots are normalized, but MPS intensity can be indicative of
brightness in MPI. The optimized magnetite sample has a much narrower and distinct peak than
the magnetite-wiistite sample, characteristic of a significantly better MPI performance. This
measurement was taken at room temperature, above the Néel temperature for wiistite, rendering
this phase paramagnetic, which should not contribute to the dM/dH signal, and thus decreases the
mixed phase sample’s overall performance. See Chapter 4 for a detailed discussion of the structure

of iron oxide nanoparticles.

2.2 TRANSMISSION ELECTRON MICROSCOPY

The obtainable resolution of any imaging technique is fundamentally limited by the
wavelength of illumination, 4. This is generally defined by the Rayleigh criterion as the diffraction-
limited resolution, where the minimum resolvable distance, d, is when the first diffraction minima
for one point source overlaps with the maxima for another. Ernst Abbe first described the

resolution limit for a light microscope in 1873 in this:

_ A
"~ 2 sina
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Where a is the semi-angle separating the centers of the two point sources.

An optical microscope, with light on order of hundreds of nanometers cannot observe
features below this length scale. When it comes to the study of materials and the relationship
between structure and properties, many features of interest are on the atomic scale, ~0.1 nm. While
optical microscopes are not capable of resolving features on this scale, electrons can have
wavelengths much lower than this. The wave-like nature of electrons was first described by Louis

de Broglie in his 1924 thesis.

h

Aa
B l
e Brog mv

Where / is Plank’s constant, and mv, is the momentum of the particle. For an electron with
fundamental charge, e, accelerated by a voltage, V., the de Broglie wavelength of an electron can

be written as:

h

2:my-e-V,

Age Broglie =

Further, a relativistic correction is typically required. A 300 keV electron has a wavelength of
approximately 2 pm.

A few years later in 1932, the first electron microscope was proposed by Knoll & Ruska.
[55] Initial attempts at electron microscopes had lower resolution than optical microscopes. This
was soon surpassed, and developments in electron lenses and aberration correction since have

made sub-atomic imaging widely accessible. [S6] A modern TEM is shown in Figure 2.3.



18

Electron source (Gun): thermal (e.g. LaB 6 OF

Tungsten) or field emission
Condenser lenses: focus beam onto sample
Specimen (electron transparent < 100s of nm)

/Goniometer

Objective lens: form initial image of specimen

Intermediate lenses: Magnify image or diffraction
pattern

Projector lens: projects image onto screen/detector
(CCD or scintillator screen)

Figure 2.3 Annotated picture of a TEM with descriptions of important components.

In TEM, an electron transparent material is placed in a microscope column under high
vacuum. Electrons are generated at the top of the column, either by a filament or a field emission
gun (FEG). Source materials, such as tungsten or lanthanum hexaboride (LaBg), have a high
melting point and low work function. The electron beam is focused and modified by a series of
electromagnetic lenses, then directed through the sample. Because electrons interact strongly with
matter, they will be scattered, often multiple times, transmitting sample information which can be
recorded on a scintillator screen or CCD. [56] The variety of signals resulting from electron-

specimen interactions are summarized in Figure 2.4.
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Signals in TEM

Electrons: Incident
e.g. Secondary, Auger, beam

Backscattered (BSE) Photons:

e.g. X-rays, visible light
(EDS)

Absorbed electrons .
Specimen

Electron/hole pairs

Scattered Electrons:
Elastic (Diffraction)
and inelastic (EELS)

Transmitted
beam (TEM)

Figure 2.4. TEM is a versatile tool for materials characterization, capable of imaging,

diffraction, and spectroscopy in a single instrument.

Many signals are generated in a TEM column, including directly transmitted electrons,
forward and backscattered electrons, and various secondary emissions of electrons and
electromagnetic radiation. When the transmitted beam is collected, this is called bright field
imaging. Conversely, in dark field imaging, scattered electrons are collected.

Conventional TEM illuminates the sample with an approximately parallel beam of
electrons. Contrast is generated by interference of scattered and transmitted electrons from
variations in both amplitude and phase. Electrons interact with electrostatic potentials in the
specimen. Heavier or thicker regions will more strongly scatter and result in amplitude contrast.
[56] Interference from Bragg diffraction also gives rise to amplitude contrast. Diffracted beams

experience a phase shift, which gives rise to phase contrast, depicted in Figure 2.5.
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Figure 2.5 In phase contrast imaging, transmitted and diffracted beams are phase shifted after
interacting with sample. This leads to the interference pattern visible in high-resolution TEM.
While this does transmit atomic information, phase contrast images are difficult to interpret due

to the variety of phenomena that can contribute to this contrast.
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Figure 2.6 Particle size analysis from a bright field TEM image of iron oxide nanoparticles,
done using ImagelJ. [57]-[59] Automatic thresholding can detect particle edges to count large
numbers of particles (here n = 15,545 over many images of this sample), and quantify particle

size and size distribution.
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In scanning (STEM) mode, lenses converge the beam to a small point of illumination. The

STEM beam is rastered across the sample to form an image. In STEM, an annular dark field
detector is often used. This is a ring-shaped detector that collects large angle (generally >150 mrad)
forward scattered electrons. If an annular detector is used, the space at the center of the column is
freed up for other detectors, such as an electron energy-loss spectrometer (EELS). [60] Electron
diffraction is also a common use of TEMs. In convergent beam electron diffraction (CBED),
pictured in Figure 2.8, forward scattered electrons contain structural information about the sample,

where each disc in the diffraction pattern corresponds to a lattice spacing in reciprocal space.

Incident beam
(focused probe)

Specimen

High-angle scattering

Annular detector w

Figure 2.7 STEM geometry.

Figure 2.8 Convergent beam electron diffraction spots produced from individual Fe3O4
nanoparticles at 2.0 mrad convergence angle. The scattered intensity can be collected on an

annular detector, as in STEM, or may be used to determine crystallographic information.
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In selected area electron diffraction (SAED), diffracted beams from a particular region of

the sample are isolated using a SAED aperture in the TEM. In SAED, the back focal plane is used
as the imaging plane, and the reciprocal lattice is projected onto the CCD. Each crystallite produces
a diffraction spot from each plane at an angle that satisfies the Bragg condition. In a polycrystalline
sample, or in this case hundreds or thousands of single crystalline nanoparticles, a characteristic
ring pattern is produced. One dot in each ring represents a single crystallite. This ring pattern is
integrated radially to produce a spectrum that can be interpreted in the same way as an X-ray
diffraction pattern. The following indexed SAED from iron oxide nanoparticles corresponds to a
spinel crystal, with a lattice parameter matching that of magnetite (or maghemite). Combined with
Raman spectroscopy, it can be concluded that this sample is magnetite without observable

presence of any other phase.

Spacing (nm-1)

Figure 2.9. SAED of iron oxide nanoparticles, (a), and radially integrated intensity, (b), with
peak positions indexed for magnetite (orange) and wiistite (blue with dashes) appear as ticks

along the axis. The indexed peaks in the spectrum correspond to magnetite lattice planes.
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Aberrations typically limit the obtainable resolution in electron microscopes. The primary
aberrations of concern in TEM are spherical aberrations, chromatic aberration, coma, and
astigmatism. Small octupole electromagnetic lenses called “stigmators™ correct for astigmatism
and coma in a TEM. Spherical aberration is a primary limiter of resolution, see Figure 2.10, and
much effort has been put into its correction. [61], [62] Spherical aberration correction is now

standard in many high-resolution microscopes.

Optic axis

Figure 2.10. Spherical aberration is caused by off-axis rays interacting more strongly with the
lens. Instead of a focal point, the smallest probe formed by this lens or lens system is located at

the “plane of least confusion.”

Other issues of concern are environmental and power stability. Modern power sources are

very reliable, but stability of power supplies during initial development of microscopes was a
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major concern. [56] Minute vibrations, temperature fluctuations or other instabilities can limit the
resolution of microscopes. The microscopes in EMSL? are located in a “quiet wing,” with a
separate foundation, vibration damping, electromagnetic shielding and other protections to address
these stability concerns.

Recently, sample holders have been developed to allow for imaging of liquid and gas phase
samples. [63]-[65] The most commonly used holders consist of a sealed sample chamber with a
pair of electron-transparent windows, usually SiN, for example, as manufactured by Hummingbird
Scientific Inc. Graphene liquid cells have been demonstrated, but remain less tested and
presumably less robust. [66] In situ TEM is discussed in Chapter 5.

In order to extend temporal resolution, dynamic TEM (DTEM) makes use of ultrafast laser
pulses to excite the electron source. [62], [67] DTEM is capable of imaging on the time scales
relevant in chemical reactions and opens a wide range of unobserved phenomenon to study.
Additionally, by using a secondary laser pulse to excite the sample, the reaction can be precisely
coordinated with imaging, and electron beam damage can be minimized. This method is called
pump-probe. With the recent developments in both high-speed TEM and liquid/gas phase sample

holders, in situ microscopy is poised to answer many fundamental questions in materials science.

2.2.1 High Resolution TEM

High resolution, particularly atomic resolution, TEM can provide unique insights into
particle morphology. Figure 2.11 and Figure 2.12 depicts HRTEM images of iron oxide

nanoparticles. The Fourier transform shows the periodicity present in the original image, with a

2 A portion of the research was performed using the William R. Wiley Environmental Molecular
Sciences Laboratory (EMSL), a US DOE national scientific user facility sponsored by the DOE’s
Office of Biological and Environmental Research and located at Pacific Northwest National Lab.
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set of spacings (usually lattice planes) represented as a single spot in the transform. This can be
interpreted much like a diffraction pattern, however the Fourier transform requires the periodic
lattice planes to be resolved in the image. Indexing the transform allows crystallographic directions
and faceting to be interpreted. The smallest (12 nm) particle is very spherical, while the larger
particle on the right shows much more pronounced faceting. It appear that faceting is more
prevalent in larger nanoparticles, which is to be expected as surface area and surface energy
increase with 12, while the surface-to-volume ratio decreases. Figure 2.13 shows simultaneous

bright field and dark field STEM images of an iron oxide nanoparticle.

Figure 2.11. High-resolution TEM and FFT, indicating alignment with [111] zone axis.
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is aligned along the [111] zone axis. The corresponding crystallographic directions are marked as

arrows in the real-space image, and appear as the indexed spots in the transformed image.
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Figure 2.13. Atomic resolution HAADF (left) and bright field (right) STEM iron oxide
nanoparticle oriented along the [110] zone axis. This particle is overlapping with two others,

hence the increased brightness due to the extra thickness.
2.2.2 Electron Energy Loss Spectroscopy

In the TEM, a beam of monochromatic, high energy electrons are incident on a specimen.
This beam may be a focused into a small (<1A) probe as in STEM. The electron beam scatters
inelastically due to Coulombic interactions with electrons in the specimen, and energy lost by the
beam is absorbed by the specimen. The electron energy spectrum is measured after interacting
with the sample, providing a characteristic excitation spectrum for the material. Electron energy
loss spectroscopy (EELS) measures electronic excitations in materials. Energy losses typically
range from 0 to 3 keV. Energy resolution ranges from several eV, to 0.3 eV for a cold-FEG, down
to less than 10 meV for a very stable, monochromated beam. [68]—[70] The FEI Titan 80-300™
and JEOL ARM used throughout these experiments are equipped with a Gatan Image Filter and

Electron Energy Loss Spectrometer. The JEOL is equipped with a cold-FEG and has an energy
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resolution of 300 meV, while the FEI microscope has an energy resolution of 1-3 eV unless the
beam is monochromated.

The various processes that result in energy transfer and their prevalence depend on the
material. The most prominent feature is typically the zero-loss peak (ZLP), consisting of electrons
that give no energy to the sample. Depending on specimen thickness, most of the electrons will
not be scattered, or will elastically Bragg scatter. With a probability that depends on electron
energy and sample composition and thickness electrons will inelastically scatter, depositing energy
in the specimen—exciting plasmons, electronic transitions, or ionizing the specimen. Plasmonic
excitations are low energy (10s of eV) collective oscillations of valence electrons in the material
and typically dominate the inelastic scattering. Core loss events are the excitation of inner
electrons, with an energy-loss characteristic of the scattering atom. Additionally, core loss fine
structure is altered by bonding and the local environment. Above an absorption edge an extended
fine structure arises due to backscattering: self-interference of excited electrons as they scatter.

Core loss features are called “edges” (as opposed to peaks) because the transition can be
excited by any energy above some threshold, with diminishing probability. Because of this, the

background from edges must be subtracted from any overlapping features.

223 Thickness Effects

Probability for inelastic scattering depends on sample thickness and the mean free path in
the material, A. The specimen thickness, ¢, can be estimated from the relative intensities of the

zero-loss peak, Ir, to the rest of the energy loss spectrum, Io: [71]

Iy
£=21 (—)
n I
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In Figure 2.14, for example, experimental EEL spectra for an approximately 200 nm H,O layer is
compared to a 1000 nm water layer, both with 2x50 nm Si,N, membranes. The mean free path is

calculated as follows:

2/3E0>

Where f is the collection angle, £y is the accelerating voltage, and Ey = 7.6 Z,¢ f0'36. The effective
atomic mass, Zef, includes the Si;N, and water. Because Zey is a function of the thickness, i.e. the
ratio of water: Si,N,, this calculation was iterated until the calculated thickness converged within

appropriate error (usually < 0.1 nm).
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Figure 2.14. The low-loss region of the electron energy loss spectra is dominated by the zero-
loss peak. The ratio of the intensity of the ZLP to the rest of the spectra is proportional to

thickness of the sample, here water, between two 50 nm silicon nitride membranes.
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2.2.4 Quantification of Core-Loss Spectra

In EELS, the energy of the electrons after interacting with the sample is measured by a
magnetic sector spectrometer, that spreads the transmitted electrons by their energies and collects
the resulting spectrum on a detector. Most of the electrons pass through with their energy
unchanged. This forms the “zero-loss” peak, followed by gradual decay back to baseline. When
energy approaches the onset of an energy transition within the material, such as an electronic
transition, there will be an increase in the number of electrons associated with this energy loss,
followed by any fine structure, or field splitting, and a gradual decay back to baseline. These
energy loss edges can be quantified to interpret the electronic structure of the sample; relative
intensities, for example of the iron L edge in Figure 2.15 below, depend on the occupancy of their
corresponding electronic states. Fine structure, i.e. of the oxygen K edge, contains information on

structure, bonding, and coordination.
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Figure 2.15. EELS of iron oxide nanoparticle sample
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For the iron oxide sample shown in Figure 2.15 the most useful edge for quantification of

iron chemistry are the iron L, and L3 transitions, or white lines. These correspond to transitions to
the partially filled 3d shell, from the 2p shell, with / + s = /2 and 3/2, respectively. These should
theoretically have an intensity ratio of 1:2, corresponding to the population of the 2p states.
However, the nature of the 3d shell, including valence and field splitting, affects the probability of
L relative to the L3 transitions. This ratio can be calculated to determine the oxidation state of

iron, see Figure 2.16.
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Figure 2.16. The relative intensity of the iron L3/ L> edge correlates with valence in iron

oxide phases. Figure courtesy of Nigel Browning. [72]

To quantify a spectrum, some data processing is usually necessary. Firstly, the background
is removed by fitting to a power law function (I = aE™) to the ZLP. The background from core-
loss features can be modeled as a step function, or involve more detailed quantum mechanical
models such as the Hartree-Slater Cross section. [73] After subtracting the background from the
EELS spectra, the peaks can be fit to a Gaussian function by a linear least squares regression.
Alternately, numerical integration can be less computationally demanding and has been employed

frequency in the literature. For Figure 2.15 the integrated intensity in a 2 eV window centered at
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each iron L-edge peak is computed, and the ratio calculated is 4.55. Comparing to literature, this
corresponds to an average iron valence of approximately 2.5. [72] Magnetite should have 2.75, so
this sample may have a slight excess of iron(II).

When measuring low concentrations, it is sometimes useful to apply filters to enhance
visibility of weak edges. If the signal to background ratio is poor (< 0.01), small systematic errors
in background fitting can be extrapolated into the post-edge spectrum. In this case, the integration
window should be restricted to a width approximately the same size as the dominant feature, for
example a “white line” in a transition metal.

The first-difference spectrum is the difference between two spectra shifted electrically, by
small voltage A. If I(E,) is the intensity corresponding to energy E,, then the first difference is:

I'(E,) =1(E,+4/2)-1(E,-A4/2)

This is similar to taking the first derivative of the spectrum, and it enhances small features
relative to a slowly varying background. If the energy shift, A, is approximately the same size as
the feature of interest signal-to-noise will improve.

Similarly, the second-difference spectrum, taken by combining three spectra offset
sequentially by A is given by:

1" (Ey) =1(Ey)-1(E,+A4)2-1(E,—A1)/2

This is similar to the negative second-derivative. Because the same peaks appear in the
second-difference spectrum as in the original it can be easier to interpret than the first-difference,
and has improved signal-to-noise from the original spectrum. [74], [75] Compare the spectrum to
its second-difference in Figure 2.17. While modern detectors are generally sensitive enough to
alleviate need for such methods, using digital filters after acquisition can enhance edge visibility

and improve detection efficiency. [76] Here, the integrated intensity of the iron L, and L3 peaks
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were measured from the second derivative of the raw spectrum using numerical filters available in

Gatan Digital Micrograph, with a 4.1 eV positive and 1.7 eV negative window width.[72], [77]
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Figure 2.17. Core-loss electron transitions at the oxygen K-edge, and iron L-edge. Iron L-
edge transitions depend on the occupancy of iron 3d levels. The solid line shows the background

subtracted spectrum, while the dashed line shows the second-difference spectrum.

For the experiments to quantify iron valence and oxidation state, STEM was performed
using a JEOL ARM 200CF, with a cold field emission gun operated at 200 kV equipped with a
Gatan Image Filter (GIF) and EELS spectrometer. The probe was aberration corrected, with a
probe-forming aperture selected to produce a ~1.4 A STEM probe with a 23 pA probe current. The
convergence angle was 27.5 mrad, and EELS collection angle was approximately 82.6 mrad. This

also corresponds to the starting angle of the Gatan annular dark field (ADF) detector.
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2.3  SUMMARY

To summarize, materials can be characterized in several ways. 1) Samples can be imaged
at relevant length scales to directly observe morphology and structure. 2) Diffraction experiments
“image” crystals in reciprocal space, characterizing their structure. Or 3) spectroscopies can be
used to characterize a material’s interaction with electromagnetic probes, which is sensitive to, for
example, chemistry, structure, or bonding, depending on the technique. Sometimes materials are
characterized in terms of their properties, for example their magnetic performance. In this chapter
we have surveyed the techniques that will be used in this work, describing their basic principles
and providing examples of results.

Iron oxide nanoparticles can form with a variety of phases, with overlapping structure and
chemistry. In order to fully characterize a sample, complementary characterization techniques are
typically necessary. That is, it is helpful to combine structural characterization (diffraction),
chemical analysis (spectroscopy), and direct imaging at relevant length scales. This is usually in
concert with magnetic measurements. Throughout this work, I will use a strategic combination of
these described characterization techniques to relate structure and chemistry to the synthesis,
processing, and resulting properties of nanoparticles. In the following chapter, I will describe the

synthesis of superparamagnetic iron oxide nanoparticles.
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Chapter 3. SYNTHESIS OF SUPERPARAMAGNETIC IRON OXIDE
NANOPARTICLES

Superparamagnetic iron oxide nanoparticles (SPIONs) are used for a wide range of
biomedical applications requiring precise control over their physical and magnetic properties,
which all depend on their size and crystallographic phase. This chapter presents a comprehensive
template for the design and synthesis of iron oxide nanoparticles with control over size, size
distribution, phase, and resulting magnetic properties.’> These experiments investigate critical
parameters for the synthesis of monodisperse SPIONs by organic phase thermal decomposition.
Three different, commonly used, iron containing precursors: iron oleate, iron pentacarbonyl, and
iron oxyhydroxide, which all share iron oleate as a starting precursor or reaction intermediate, are
evaluated under a variety of synthetic conditions. The suitability of these three kinetically
controlled synthesis protocols are compared for producing nanoparticles with specific size and
magnetic properties. Monodisperse particles were produced with tunable size from approximately
2-30 nm. Reaction parameters such as precursor concentration, addition of surfactant, temperature,
ramp rate, and time are adjusted to kinetically control size and size-distribution, phase, and
magnetic properties. In particular, large quantities of excess surfactant (up to 25:1 molar ratio)
alter reaction kinetics and result in larger particles with uniform size; however, there is often a
trade-off between large particles and a narrow size distribution. Iron oxide phase, in addition to
nanoparticle size and shape, is critical for establishing magnetic properties such as differential

susceptibility (dm/dH) and anisotropy. Obtaining the required size and iron oxide phase is

3 Portions of the following chapter were published as “Synthesis of Phase-Pure and Monodisperse
Iron Oxide Nanoparticles by Thermal Decomposition” by Ryan Hufschmid, Hamed Arami, R.
Matthew Ferguson, Marcela Gonzales, Eric Teeman, Lucien N. Brush, Nigel D. Browning, and
Kannan M. Krishnan in Nanoscale 7, no. 25 (2015): 1114254
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important for successful application of SPIONSs, for example in Magnetic Particle Imaging (MPI).
These results provide much of the information needed to determine the best suited iron oxide

synthesis protocol for a specific application.

3.1 APPLICATIONS FOR SPION AND CONSIDERATIONS FOR THEIR SYNTHESIS

SPIONSs have suitable magnetic properties and biocompatibility for a variety of biomedical
applications, ranging from imaging to diagnostics, targeting, and therapy. [1] Iron oxide
nanoparticles are generally safe for intravenous injection, with years of clinical history, [78]—[80]
and multiple examples of clinically approved iron oxide nanomaterials for various applications.
[79], [81] The mononuclear phagocyte system captures and clears foreign objects such as iron
oxide nanoparticles, which will eventually enter the body’s iron metabolism. Iron oxide particles
can be tailored for long circulation times with no expected renal involvement in clearance by
tuning their hydrodynamic sizes to 15-100 nm. [82], [48], [46] This is particularly important as
many current imaging platforms such as iodine-based X-ray and computed tomography (CT)
contrast agents and gadolinium-based MRI contrast agents are cleared by the kidneys and cause
significant morbidity in patients with chronic kidney disease. [83]-[86] SPIONs have been applied
as T1 and T2 MRI contrast agents[87], and several compounds have received regulatory approval
for clinical use. [79], [81] SPIONSs have additionally been used as contrast agents for photoacoustic
imaging.[88] Therapeutic applications using the magnetic response of the SPIONs have also been
proposed, for example, magnetic fluid hyperthermia (MFH). [24], [51] A recent interest in SPION
tracers has focused on Magnetic Particle Imaging (MPI), a novel real-time whole body imaging
modality developed by Philips in 2005. [4] Since then, much progress has been made in optimizing

synthesis of monodisperse SPION tracers with median core sizes tuned for MPL. [8§9]-[91]
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Particle size, size distribution, phase, morphology, and interactions with immediate
environment determine SPION magnetic properties and must be tailored to the specific
application. [2], [31] For example, 16 nm SPIONs were shown to be optimal for MFH (with a 373
kHz, 14 kA/m field), with broader distributions decreasing heating efficiency.[92] Monodisperse
24-26 nm SPIONs have shown significantly improved MPI performance (i.e. enhanced signal
intensity and spatial resolution) at 25 kHz, with smaller 15 nm particles showing better
performance at 250 kHz.[89], [90] This is consistent with theoretically modeled MPI tracer
performance, although the precise optimal size is dependent on magnetocrystalline and shape
anisotropies.[48], [49] In MRI, relaxivity refers to the concentration dependence of a tracer’s
relaxation time. For T1 MRI contrast, ultrasmall (<5nm) SPIONs are optimal due to increased 11
relaxivity, attributed to high surface concentrations of Fe**. [93] For T MRI contrast, larger
SPIONs have shown improved r2 relaxivity. [94] These applications rely on superparamagnetic
behavior of the nanoparticles, generally requiring phase-pure and size-tuned magnetite (Fe3O4) or
maghemite (y-Fe>O3). Presence of antiferromagnetic wiistite (FeO) or hematite (a-Fe2O3) phases
significantly reduce performance for most of these applications. Because the size, distribution, and
magnetic properties are a direct result of the nanoparticle synthesis, it is necessary to understand
how synthetic conditions impact nanoparticle nucleation and growth. Determining and monitoring
critical synthesis parameters such as temperature, time, and precursor concentrations also improves
reproducibility of SPION synthesis to achieve the required phase and core sizes desired for each
application.
Much of the nucleation and growth behavior of these nanoparticle systems can be
qualitatively interpreted with classical theories. LaMer supersaturation [95] and Ostwald ripening

[96] processes explain much of what is observed, especially in synthetic methods that are
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kinetically controlled. More complete models that predict a wider possible range of growth
behaviors models have been developed that account for competing diffusion and adsorption rates
of growth species. [97], [98] Nucleation and growth models have long been established in the
limiting cases of diffusion and interface reaction controlled growth, [98] and more recently in a
fully coupled treatment bridging the gap between these two limits. [97] See Appendix A for a
review of nucleation and growth models. Diffusivity, reaction coefficient, and surface energy data
are not always available for these systems and experimental measurements of these parameters are
not always feasible. Nonetheless, it is important to consider how synthetic parameters influence
nucleation and growth rates, and how this affects the final crystal structure, morphology and
properties of the nanoparticles.

There are several approaches to nanoparticle synthesis, with varying degrees of synthetic
control over size and size distribution. Many metal nanoparticles have been produced by aqueous
reduction of metallic salts.[10]-[15] Multicomponent nanoparticles, in this case iron oxides, such
as Resovist® and Feridex®, can be synthesized by similar aqueous co-precipitation reactions;[ 16],
[17] however, organic phase syntheses generally provide the highest degree of control over size
and monodispersity.[18]-[21] These organic phase syntheses typically rely on the decomposition
of iron carboxylate salts (e.g. iron [III] oleate), which plays a critical role in the kinetics of the
subsequent nucleation and growth processes.[18], [19], [99] Although other precursors have been
explored, for example iron oxyhydroxides including goethite or ferrihydrites, iron carboxylates
likely form as intermediates in these reactions as well.[99]-[101] The solvent and surfactant can
be substituted with other similar fatty acids to adjust the boiling point and subtly alter surface
energies for shape control, or oxidation strength for phase control.[102] Presence of impurities can

similarly impact the reaction. For example, adding sodium oleate to iron oleate produces wiistite-
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magnetite core-shell nanocubes.[103] Because most biomedical applications require phase-pure,
spherical SPIONs we use clean glassware and high-purity chemicals to minimize impurities and
maximize reproducibility of synthesize.

Here we evaluate and compare iron oxide nanoparticle synthesis from the decomposition
of three common iron containing precursors — iron (III) oleate (Fe[CisH3302]3), iron
oxyhydroxide (FEOOH), or iron pentacarbonyl (Fe[CO]s). These precursors have been selected
for comparison because they have been widely used in the synthesis of monodisperse iron oxide
nanoparticles by thermal decomposition, and formation and decomposition of iron oleate is critical
to all three reactions.[18], [19], [99] While these individual protocols have been previously
reported, they have not been compared nor evaluated for their capability to produce iron oxide
nanoparticles with specific size and phase-purity requirements. We find that the iron pentacarbonyl
synthesis is particularly suited for producing small (<10 nm) SPIONSs. Iron oleate can also be used
to synthesize small particles, while both iron oleate and oxyhydroxide are suitable for producing
larger (10-30 nm) particles. Magnetic and crystalline properties of many nanoparticles are
improved by post-synthesis annealing, but this is especially necessary in the iron pentacarbonyl
protocol or synthesis of nanoparticles larger than 22nm (with FeOOH or iron oleate methods),
where wiistite phase impurities are common. To uniquely determine iron oxide phase,
complementary characterization techniques are generally necessary. In this work, X-ray (XRD)
and selected area electron diffraction (SAED), Raman spectroscopy, and Electron Energy Loss

Spectroscopy (EELS) are used together to characterize SPION phase and phase-purity.
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3.2  NANOPARTICLE SYNTHESIS

Magnetite (Fe3O4) nanoparticle cores are synthesized by thermal decomposition in organic
solvents. Three different precursors have been investigated in the Krishnan Research Group: iron
(ITI) oleate, iron pentacarbonyl, and iron oxyhydroxide, with synthesis protocols adapted from
literature. [18], [19], [99] Typically excess surfactant, i.e. oleic acid, is added to adjust growth
kinetics and tailor size and distribution. We primarily use the surfactant/solvent combination of
oleic acid and 1-octadecene for simplicity, ease of comparison, and due to their widespread use
for the synthesis of iron oxide nanoparticles. Particles are characterized according to their size,
size distribution, morphology, phase, and magnetic properties. An additional controlled oxidation
procedure is performed after synthesis when needed to optimize phase purity and magnetic
properties. As-synthesized particles are terminated with oleic acid and are hydrophobic and can be
kept in organic solvents such as chloroform and hexane for characterization. For most biomedical
applications SPIONs are made water soluble by an aqueous phase-transfer procedure. [92], [25],
[30], [104] As-synthesized oleic acid terminated nanoparticles are transferred to aqueous phase by
coating them with a copolymer of poly(maleic anhydride-alt-1-octadecene) and poly(ethylene
glycol) (PMAO-PEG). [105], [106] PEG provides a platform for surface functionalization with
various functional groups.

These organic phase syntheses typically include a precursor that decomposes rapidly to
produce metal cations, plus the addition of surfactants and anti-flocculating agents. Traditionally,
one component is rapidly injected into the other, which is held at elevated temperature. The
injected precursor quickly decomposes, increasing concentration and producing a nucleation burst,
ideally resulting in monodisperse particles. While capable of producing particles with uniform

properties, the injection step results in non-uniform mixing, and increases the likelihood for
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heterogeneous nucleation. Additionally, if not properly automated an injection step introduces
potential for human error into synthesis. Piercing the reaction vessel may expose the reaction to
atmosphere. Injection rate and technique are additional variables with inherent reproducibility
issues when not automated and human beings are involved. Furthermore, injection may not be
scalable, since mixing takes longer in larger vessels. Other recent methods have used different
precursors, which are stable when mixed at ambient conditions. The addition of excess surfactant
can alter reaction kinetics providing additional synthetic control.

Other iron oxide and hydroxide systems are studied, including goethite (FeOOH)
synthesized by Christina J. Newcomb, [12] and the self-assembly of iron Keggin ions (Fei3),
synthesized by Omid Sadgheti and May Nyman. [13] See the relevant publications for synthetic

protocols, and §5.3 for in situ experiments of these systems.

3.2.1 Synthesis of the Iron Oleate Precursor

Synthesis of the iron oleate precursor begins with iron(III) chloride (FeCls-6H,0, Alfa
Aesar, 97-100%) and sodium oleate (TCI, 95%) are dissolved in a 4:3:7 ratio solution of ethanol,
DI water, and hexanes, with about 300 mL for 10 g FeCls. This dissolution is exothermic.
Dissolved FeCls is stirred in a round bottom flask and 50 g of excess oleic acid is added for the
batch size described. This solution is titrated with NaOH in methanol. This increases the pH of
solution and favors formation of iron oleate complexes. Iron remains in the 3+ oxidization state,
but the chloride ions have been exchanged for oleate ligands. After titration, the solution is left to
stir for several hours, or overnight, but iron oleate should already be precipitating out. Alternately,
the solution can be heated under argon to reflux and held for four hours to form the iron (III) oleate
complex. At this point, iron oleate has essentially been synthesized, however cleaning and

purification are important to produce a uniform precursor for predictable synthesis of
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nanoparticles. The resulting product is then transferred to a separating funnel and the denser,
aqueous layer is removed. The remaining organic layer is washed with DI water three times. After
washing, the solution is dried with sodium sulfate (anhydrous, Sigma Aldrich) and any remaining
solvent is removed in a Rotovap followed by evaporation under argon and/or vacuum, leaving
behind the iron (III) oleate complex. The iron (III) oleate is finally dissolved in 1-octadecene (Alfa
Aesar, 90%) at the desired molar ratio (0.1698 mmol/g, unless noted) to form the precursor

solution.

3.2.2  Synthesis of Magnetite Nanoparticles

The most common approach to the synthesis of iron oxide nanoparticles relies on the
thermal decomposition of an organometallic precursor. This synthesis was first described by Park
and colleagues in 2004.[19] Typically the precursor is iron(IIl) oleate, a complex consisting of a
single iron(IIl) ion coordinated to three oleate ligands, depicted in Figure 3.1. When iron oleate is
heated above 318°C the oleate ligands dissociate. This phase change increases the free iron
concentration. If this decomposition occurs quickly, the solution will be supersaturated and
nucleation will proceed as described by LaMer. [95] Solid iron oxide phases precipitate to alleviate
this supersaturation. An excess of surfactant, e.g. oleic acid, is often added to control diffusion and
reaction kinetics and tailor particle size. In the iron oleate synthesis, excess surfactant is generally
necessary to produce particles larger than several nanometers.

At some point during the synthesis some of the iron must be reduced to iron(Il) in order to
produce the mixed valence magnetite. As we will see discuss later in §3.6 and Chapter 4, an excess
of Fe?" often results in nucleation of wiistite phases. A heat treatment or careful control of

oxidation/reduction during synthesis is often necessary to optimize the nanoparticle phase.
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Figure 3.1. Schematic of the iron(IIl) oleate complex, through various stages of
decomposition, interpreted from results of published simulation. [107], [108] a) The equilibrium
configuration at room temperature. b) Between 150°C—230°C the two symmetrically bonded
ligands dissociate. ¢) The low energy configuration with one oleate is to form an iron-oxide

bond. d) Between 230°C—295°C the final ligand dissociates.
3.2.2.1 Synthesis from Iron (I1l) Oleate

Monodisperse magnetite nanoparticles are synthesized by the thermal decomposition of
iron (III) oleate. A precursor solution of iron oleate (dissolved in 1-octadecene) combined with
excess oleic acid is prepared in a round bottom flask. Stoichiometric ratios on the order of 1:20
Fe-Oleate:Oleic acid are routinely used, and the precursor concentration is used to adjust
nanoparticle size, see Section 3.5. The precursor solution is stirred and blown with argon for
around 30 minutes, while water cools a Graham condenser for argon overpressure throughout the
synthesis. The condenser will cause evaporated solvent to condense and intermittently drip,
sometime violently, back into solution. It is now routine to replace the condenser with a bump bulb

to eliminate this inconsistency. [109] See Figure 3.2 for pictures of the reaction setup.
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Figure 3.2. Pictures of the nanoparticle synthesis reaction.

A thermocouple probe is placed in solution and connected to a temperature controller. The
solution is brought to reflux at 320°C (the boiling point of 1-octadecene is approximately 318°C)
at 3°C/min, or 10°C/min in the syntheses without excess oleic acid. Reaching reflux with our setup
typically takes 20-30 minutes. The initially rusty brown solution darkens once heated to around
150°C. Starting just above 200°C the solution becomes a translucent orange, tea color. The solution
remains this color until nanoparticle nucleation. Several hours after reflux the solution will turn
nearly black corresponding with nucleation of iron oxide particles. The clearest place to visually
observe this color change is at the edge of the solution where it is thinnest. The time to nucleation
varies with precursor concentrations but can be somewhat unpredictable. Control of nucleation

time, and its effect on the final nanoparticle dimensions and morphology is discussed later in this
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chapter. In syntheses from the as-described precursor, nucleation begins immediately above
250°C. However, by adding excess oleic acid to the precursor, nucleation was delayed up to several
hours.

After nucleation, particle growth and aging occur. We typically age our particles for 24
hours or more under argon at 320°C, a length of time which is somewhat unprecedented in the
literature. Although the dynamics of this growth phase are not entirely understood, the long aging
time does produce larger particles and more importantly, more monodisperse particles. Post-
synthesis treatments are discussed in §3.2.5, and nanoparticle phase optimization is discussed later
in this Chapter, and in Chapter 4.

After synthesis is complete, particles are washed to remove excess solvent. The typical
procedure for large particles (around 20 nm) is to wash with a 60/40 mixture of chloroform and
methanol, sonicate, and separate with a magnet. This may act as a size selection process. Larger
particles will be more strongly attracted, and small particles may be decanted off with solvent. For
preparation of monodisperse particles this size selection is not necessarily a problem, but to fully
characterize the growth process a representative sample is required. The particles from earlier
aliquots often do not exhibit strong enough magnetism to separate with this method. Samples
containing small particles (< 10-15 nm) are cleaned by dissolving particles in minimal chloroform,
usually 1:1 volume ratio to particle suspension, and washing in a 4:1 I-isopropanol/ethanol
solution. Particles are separated by centrifuging at 2000-3000 rpm for 3-5 minutes. Particles are

usually washed 5 times, or 3 for the centrifuge method.
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323 Synthesis from Iron Pentacabonyl?

Oleic acid (Sigma, 99%) is mixed with octyl ether (10 mL), injected into an argon-purged
three-neck flask with a glass syringe, and heated. Upon reaching a temperature of 100°C, 0.2 mL
(1.52 mmol) of iron pentacarbonyl (Sigma) is injected into the solution and the temperature is
increased to reflux at 283°C. Nucleation becomes evident by a darkening of the solution over
approximately 30 seconds. Particle size is controlled by varying the molar ratio of oleic acid to
iron pentacarbonyl, where final size is proportional to this ratio. After nucleation, the solution is
refluxed for an additional 1.5 hours. At this point iron oxide nanoparticles have formed. As-
synthesized nanoparticles show poor crystallinity and presence of anti-ferromagnetic wiistite, so
must be subsequently optimized. Following synthesis, nanoparticles are oxidized by the addition
of Trimethylamine N-oxide (TMANO) to optimize phase and crystallinity, see §3.2.5.2

When exposed to heat, iron pentacarbonyl decomposes to form iron oxide nanoparticles.
A critical difference between this and the previously described iron (III) oleate synthesis, is the
additional Fe(CO)s decomposition step. The iron pentacarbonyl decomposes and releases CO, and
oleic acid substitutes onto this partially decomposed intermediate to form an iron oleate complex.
This iron oleate complex finally decomposes, and nanocrystals nucleate and grow. When mediated
by a surfactant, i.e. oleic acid, size and morphology can be controlled. Excess oleic acid delays
nucleation, and results in larger nanoparticle size, from only a few nanometers in diameter at a
1.5:1 excess oleic acid ratio, to more than 10 nm at 2.5:1. Both size and nucleation time increase
with the surfactant to iron ratio. Problematically, extension of the nucleation process also results

in a broader size distribution. Where uniform nanoparticle properties are required, iron oxide phase

4 The iron pentacarbonyl protocol was adapted by Marcela Gonzales, and is described in detail in
her thesis. [23], [18], [24]
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purity and crystallite quality are of concern. Using this protocol, iron oxide particles typically form
as wiistite, an antiferromagnetic phase with a low Néel temperature and undesirable magnetic
properties. Nanoparticles synthesized from Fe(CO)s are always subjected to an oxidation with
TMANO and annealing (§2.1.4). Phase purity and control are discussed in more detail in below.
The following iron oxyhydroxide synthesis also produces iron (III) oleate as an intermediate

without the difficult-to-reproduce injection step used in this Fe(CO)s protocol.

3.2.4  Synthesis from Iron Oxyhydroxide’

Iron oxyhydroxide (Iron(IIl) oxide - hydrated, Sigma-Aldrich), presumably a-FeOOH is
mixed with oleic acid, with FEOOH to oleic acid molar ratios ranging from 1:15 to 1:20, and1-
octadecene in a 250 mL three-neck round bottom flask. The reaction flask is purged with argon
and heated to 120°C for approximately one hour. Then, the temperature is increased to 320°C at
15°C/min and held for 24 hours. The resulting nanoparticles are collected with a permanent magnet
and washed with organic solvents as described previously. Crystallographic and magnetic
properties may be optimized by annealing after synthesis.

The thermal decomposition of iron oxyhydroxide in the presence of excess oleic acid is
similar to the iron pentacarbonyl reaction and association/dissociation with oleic acid is also an
important mediating step throughout this reaction. [99] Unlike the Fe(CO)s protocol, all precursor
components are stable when mixed at ambient conditions until heated. This synthesis can therefore
be carried out in a single flask and the precursor can be prepared in air, eliminating the injection
stem, reducing experimental error, and improves reproducibility. A more detailed explanation of

this synthesis protocol appears in [37] and [33].

> The iron oxyhydroxide protocol was adapted by Hamed Arami. [33], [99]
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3.2.5 Oxidation of As-Synthesized Particles

3.2.5.1 Oxidation by Annealing

Following synthesis, the reaction products are placed in a 250 mL three neck flask. Two
necks are open to ambient air and the third was capped with a septum so the thermocouple could
be held in place. The solution is brought to temperature (100°C, unless otherwise noted) at 5°C/min
while stirring at 400 rpm. To monitor the phase transformation 5 mL aliquots are taken at semi-
regular intervals (0, 3, 6, and 12 hours). The product is then purified by washing several times with

3:2 chloroform/methanol solution and allowed to dry in vacuum before characterization.

3.2.5.2 Trimethylamine N-oxide (TMANO)

For this oxidation procedure, the solution is first cooled to room temperature. One neck of
the flask is opened while argon continued to flow, and Trimethylamine N-oxide (TMANO, 0.34 g
or 4.66 mmol) is added to the solution, the flask is closed again and everything was allowed to mix
at 130°C for 2 hours. During this time the color changes from black to red. Afterwards, the solution
is heated to reflux for 1 hour during which time the color turns dark black, indicating the formation
of magnetite. The solution is cooled to room temperature and washed with ethanol to remove
excess TMANO and unattached oleic acid. While effective, because of the potential error
associated with adding powder to the reaction vessel, this oxidation method more challenging to

control than annealing.

3.3  THERMAL CHARACTERISTICS OF IRON (IIT) OLEATE

Understanding the decomposition of the iron (III) oleate complex as a function of

temperature and time is critical to designing a nanoparticle synthesis that produces SPIONs of the
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required size, size distribution, and phase. Iron (III) oleate is either used as the precursor directly
or forms as an intermediate when iron ions associate with oleic acid in solution. [99]

Figure 3.3a shows Thermal Gravimetric Analysis (TGA), the derivative of TGA, and
Differential Scanning Calorimetry (DSC) for the iron (III) oleate complex. TGA was performed
on purified iron (III) oleate. TGA uses a very sensitive balance to measure the mass of the sample,
placed in a platinum crucible and heated. Mass loss events, such as decomposition of organics and
subsequent off-gassing, are observed with TGA. Three mass losses are distinctly observed,
centered approximately at 193.6°C, 260.4°C, and 330.5°C. We attribute the first two mass losses
to the dissociation of the oleate ligands. There are three oleate ligands coordinated to each iron
atom with differing binding energies, two symmetric ligands (7.0 and 10.5 eV) and a third
asymmetric ligand (39.2 eV). [108] The thermal transitions observed correspond to the detachment
of the first two ligands, followed by the more tightly bound third. [19], [108] These two mass
losses are very small, not accounting for the full mass of the oleate ligands. Well below the boiling
point of oleic acid (360°C), this small mass loss is due to off-gassed CO> produced during the
ketonic decarboxylation reaction. [ 108] The remaining mass above 400°C is approximately 18%,
including the anticipated 8.5% magnetite and residual organics.

DSC was performed on the purified iron (III) oleate complex, dissolved in 1-octadecene at
a concentration of 0.1698 mMol iron/g solution is also shown in Figure 3.3a. DSC measures the
heat flux required to increase the temperature of the sample. We observed two endothermic events
around 165°C and 240°C which correspond to sequential decomposition of the iron (III) oleate
complex. These occurred just below the temperature of two key mass loss events observed with
TGA and may be attributed to the same ligand dissociation. The temperature ranges we determined

for these reactions, bounded by our TGA and DSC events, are 165-195°C (labeled ii on Figure
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3.3a) for the symmetric ligands, and 240-260°C (Figure 3.3a, labeled i) for the asymmetric ones,
which are consistent with simulations and previous studies. [108] For iron complexed to a single
oleate ligand, Density Functional Theory (DFT) calculations predict that the formation of an iron-

oxygen bond is energetically favored. [107], [108]
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Figure 3.3. (a) TGA (W, Weight), derivative of TGA (dW/dT), and DSC (Heat Flow) of iron
(IIT) oleate. (b) Size versus temperature for iron oxide nanoparticles synthesized by thermal
decomposition of iron (III) oleate in 1-octadecene with a concentration of 0.1698 mmols of iron
per gram of solution. Precursor was heated at 10°C/min until the specified temperature was
reached, and a ImL aliquot was removed from heat and quenched. Where indicated, the solution
was allowed to age for a number of hours and another aliquot was taken. (¢) and (d) are TEM
micrographs of the particles synthesized at 290°C and 320°C, respectively. (e) Selected Area

Diffraction Pattern from the 320°C sample, indexed as an inverse-spinel structure.
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3.4  SYNTHESIS OF ULTRASMALL NANOPARTICLES

To synthesize small (<10 nm) iron oxide nanoparticles, iron oleate was heated in 1-
octadecene. The solution was heated toward the set point (275°C, 290°C, or 320°C) at a rate of
10°C/minute. Based on the observed color change, from rusty brown to black, nucleation occurs
at approximately 250°C. An aliquot was taken as soon as the solution reached the set temperature,
and again after one hour, and 10 hours of aging for the 290°C and 320°C syntheses. Figure 3.3b
displays the size as a function of this maximum growth temperature, both as determined from
magnetic fitting, and as measured from TEM. For these small particles, there is significant
discrepancy in the VSM and TEM size measurements, which may be attributed to loss of TEM
contrast at the edge, where the particle may only be a few atoms thick. Further, a magnetic dead
layer on the surface, phase impurity (see §3.6 and Chapter 4), or particle interactions cause

inaccuracies in Chantrell fitting [47] results.

Table 3.2. Sizes and size distributions of small (< 10 nm) particles produced by thermolysis

of iron (II) oleate in 1-octadecene, measured in TEM and by fitting the VSM measurements.

T(°C) | D(VSM) | s(VSM) | D(TEM) | D__TEM G n
275 4.01 0.24 : _ _ _
290 5.26 0.75 3.50 3.57 071 | 313
320 8.89 - 4.92 4.95 0.95 | 1206

Growth proceeds quickly following nucleation at 250°C and there is little difference in size
or distribution between particles at nucleation, or after aging at 320°C for 1 or 10 hours. Under
these conditions, the excess iron in this supersaturated solution precipitates rapidly followed by a

short growth period without significant effect due to aging. TEM micrographs (Figure 3.3¢ and d)
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show single crystalline particles as indicated by uniform contrast within each particle. The smallest
(< 5nm) particles are irregular crystallites and larger particles appear roughly spherical. Figure
3.3e shows an example Selected Area Electron Diffraction (SAED) pattern from the 320°C sample,
with the characteristic inverse-spinel peaks. Particles up to 10 nm were synthesized using 1-
octadecene as solvent, with no additional surfactant. It was previously shown that higher synthesis
temperatures, in higher boiling solvents, produce larger particles. [19] To produce larger particles
in 1-octadecene, it was necessary to dilute the precursor solution with excess surfactant, e.g. oleic

acid.

3.5 TUNING NANOPARTICLE SIZE BY ADDITION OF SURFACTANT

By adding excess oleic acid, particle size can be increased and tuned from approximately
10 to 25 nm. Excess oleic acid alters the reaction beyond just reducing the concentration of iron in
solution. Oleic acid can associate with iron in solution, even above the decomposition temperature
of the iron (III) oleate complex, competing with the formation of iron-oxide bonds. Diluting with
a non-coordinating solvent, i.e. excess 1-octadecene, also increases the size but broadens the size
distribution. [28], [37] This is due to reducing the iron supersaturation prior to nucleation, and is
qualitatively explained by LaMer supersaturation theory, see Appendix A. [95] To study the
kinetics of nanoparticle synthesis, aliquots were taken throughout synthesis. Figure 3.4 shows a
histogram of nanoparticle sizes measured by TEM from 0 to 24 hours from nucleation. The lengthy

reaction time serves to focus the size distribution and optimize the nanoparticle phase.
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Figure 3.4. TEM size histogram from aliquots taken during a nanoparticle synthesis. A molar
ratio of iron(III) oleate to excess oleic acid of 1:19 was used, and in total there are 0.5 mMol of

iron in this scale of synthesis.

Magnetic size was also measured by fitting VSM measurements and are compared for this
synthesis in Figure 3.5. For superparamagnetic particles, sizes typically agree between the two
techniques, however, as we will show later if the distribution becomes large or if particles are
mixed-phase or have weak magnetic response, the assumptions made to fit the VSM data will no

longer be valid.
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Figure 3.5. Comparison of TEM and VSM size measurements.

Similar syntheses were repeated with different ratios of excess surfactant, and aliquots were
taken throughout the reaction to monitor growth. The growth profiles for several excess oleic acid:
iron ratios are shown in Figure 3.6. In all cases, 0.5 mmol of iron (III) oleate in 2.95g of 1-
octadecene are reacted with the specified ratio of excess oleic acid. One mL aliquots were taken
throughout the reaction, quenched to arrest growth, and particle size is determined from magnetic
properties. Excess oleic acid delays nucleation from around 1.5 hours for a 1:5 ratio up to
approximately 2.5 hours for a 1:19 ratio. Prior to nucleation, no nanoparticles are observed in
solution by any of our characterization methods. In this protocol, the magnetic size increases over
the course of several hours following nucleation. By 12 hours after nucleation, the particles have
nearly reached their maximal magnetic size. Particles are typically monodisperse, although either
adding oleic acid or reducing iron concentration increases the size and broadens the size

distribution.
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Figure 3.6. Superparamagnetic iron oxide nanoparticles produced by thermal decomposition

of iron (III) oleate in the presence of excess oleic acid. Size can be controlled with a precursor

concentration, excess oleic acid, and aging time. All sizes are median diameter (Dwm) from

estimated from VSM measurements.
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Figure 3.7. TEM images of particles of various sizes (a, scale bar 100 nm). All sizes are
median diameter (Dwm) and error bars represent the first standard deviation of the log-normal size
distribution (o), determined by fitting VSM measurements. High resolution TEM of
nanoparticles synthesized from FeOOH (b) (5 nm scale) and FFT of this image (c¢).
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Figure 3.7a shows some example TEM images of nanoparticles produced by
decomposition of iron oleate. HRTEM confirms that nanoparticles are single crystalline (Figure
3.7b). They are approximately spherical, and facetted. This is to be expected for single crystal
nanoparticles with a cubic unit cell. This morphology is a compromise between minimizing surface
energy while remaining single crystalline. No defects or twinning are apparent from the
micrographs. The particle edges are sharp and well-defined, and no amorphous regions or grain
boundaries are observed within the particles. This is consistent with growth from small clusters,
and by the surfactant-mediated adsorption of growth species. These observations appear to be true
across all size ranges, however, faceting does become more apparent at larger sizes. This is
qualitatively explained with an argument similar to the Wulff construction, [110], [111] although
these nanoparticles are not formed at equilibrium. High surface energy facets grow fastest,
eventually disappearing into the crystal’s corners and edges. After a long enough growth time, a

nanocrystal will be terminated by its low-energy facets.

3.6 PHASE CHARACTERIZATION AND CONTROL

Iron oxide phase is a major factor influencing magnetic properties of nanocrystals, and
therefore affects performance of SPION tracers for MPI, MRI, and other applications. Magnetic
properties of phase-pure magnetite nanoparticles are compared to mixed-phase nanoparticles of
similar size, see Figure 2.2. In literature, the performance of these nanoparticles has also been
compared to Resovist®, commercially available nanoparticles synthesized by co-precipitation.
[37] The FWHM of the differential susceptibility (dm/dH) measured by MPS is an indication of
potential MPI spatial resolution, [31], [89] and here is narrowest for phase-pure magnetite
nanoparticles. VSM measurements also show decreased saturation field and increased

susceptibility for the phase-pure magnetite compared to mixed-phase. Predictably, the mixed phase
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nanoparticles performed the worst both in terms of FWHM of MPS and the VSM despite being
monodisperse. Phase impurities can have just as important an effect on magnetic properties as
SPION size distribution.

Phase control is a critical consideration in iron oxide nanoparticle synthesis. The four stable
or metastable iron oxide phases are wiistite (FeOx), magnetite (Fe3O4), maghemite (y-Fe203), and
hematite (0-Fe,O3). Wiistite and hematite are antiferromagnetic and unsuitable for most
applications. Fortunately, wiistite can be readily transformed to superparamagnetic magnetite after

synthesis by annealing in air (Figure 3.8c), or introducing an oxidizing agent, such as TMNAO.
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Figure 3.8. (a) Raman Spectroscopy of iron oxide nanoparticles synthesized from iron(III)
oleate and characterized at nucleation and after 24 hours of aging. (b) Synthesized from FeOOH,
and oxidized to maghemite (c) XRD, 6 - 26 scans, of iron oxide nanoparticles synthesized from
iron oleate. As synthesized particles showed low intensity peaks characteristic of wiistite.
Particles were annealed at 100°C for various times to optimize phase and crystallinity. The peaks

observed on annealing can be readily indexed as magnetite.

Previous studies have shown the importance of gas composition on the resulting iron oxide

phase, in particular the effect of CO on reduction of Fe3;O4 to FeO.[112], [113] Presence of oxygen
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in the system transforms CO to CO> and prevents reduction of Fe3O4 to FeO by CO. The CO and
CO> are most likely byproducts of partial combustion of organics.[112] For the decomposition of
iron pentacarbonyl, CO gas is produced directly by the precipitation reaction, so gas composition
has a direct effect on reaction rate and equilibrium.[114] Reactions in this experiment were
performed under argon and phase was characterized and optimized after synthesis. Figure 3.8¢c
shows an example of phase optimization by post-reaction annealing. These nanoparticles were
synthesized by thermal decomposition of FeOOH. In this example, the as-synthesized particles
show poor crystallinity in X-ray diffraction scans; peaks are hardly visible above the noise. The
sample may contain nanoparticles of varying oxygen content (multiple phases) or may have poor
crystallinity. After annealing for three hours magnetite was detectable. Crystallinity improved with
additional annealing, as indicated by the formation of more well-defined magnetite peaks.

Raman Spectroscopy is an inelastic scattering technique that probes vibrational modes in
the sample and is sensitive to both chemistry and bonding. Raman spectroscopy is capable of
distinguishing between different iron oxide compounds based on characteristic vibrational
modes.[6], [45] Raman spectra (Renishaw inVia) were obtained from 1 mg of dried nanoparticle
powder on aluminum using a 514nm laser, reduced from 15 mW to approximately 0.15 mW using
filters, and six, 60 second scans were summed together. The peaks at 670 cm™', 540 cm™!, and 310
cm!, are considered diagnostic of magnetite, consistent with literature. [6] The Raman spectra of
nanoparticle synthesized from iron (III) oleate (Figure 3.8a) are characteristic of magnetite, with
no indication of the presence of any other phases, even shortly after nucleation. Figure 3.8b shows
Raman spectra from nanoparticles synthesized from FeOOH. The as-synthesized particles are

magnetite: after oxidation at 100°C for 12 hours (see §2.1.5) the 670 cm™! peak extends beyond
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700 cm™'. Additionally, a broad second harmonic appears in the 1300-1400 cm ™' range. Both of
these are considered diagnostic of maghemite, and consistent with literature. [6], [45], [115]

Hematite and many other iron oxide and oxyhydroxide phases are also readily identified
from Raman spectra. [6], [115] However, thermal and laser induced transformation of many of
these phases is a concern. [5], [6] Wistite in particular is metastable at ambient conditions and is
challenging to characterize using Raman Spectroscopy without transforming to magnetite or
hematite. A distinct wiistite peak has been reported at approximately 595 cm™ when observed at
very low laser powers. [6] Many purported wiistite Raman spectra in literature appear to have been
transformed to magnetite. [45], [115]

We have observed issues with phase purity as the reaction volume of the nanoparticle
synthesis has been increased toward 1 g of nanoparticle product, resulting in the synthesis of
wiistite (FeO) or mixed phase particles. This was not a significant issue at smaller scales. This
could be due to increased reaction volume, decreased surface/volume ratio for the solution, and
altered glassware setup leading to decreased gas volume, and insufficient availability of oxygen
for oxidation. Turbulence due to altered stirring geometry may also have an effect.

Phase composition may be affected by the decomposition of the iron(IIl) oleate precursor
and subsequent oxidation. After removal of the first two, symmetric ligands, the lowest energy
configuration is for iron to bind with an oxygen in the oleate’s carboxylate group. This is where
excess oleic acid can alter kinetics by associating and dissociating with iron, competing for with
formation of iron oxide. At this point the oleic acid may reduce the iron from 3" to 2*. These Fe*"
ions and FeO monomers form nuclei in the supersaturated solution. Initially particles are probably
entirely FeO and are partially oxidized to form magnetite by dissolved oxygen in solution or other

solution components. If there is insufficient oxidizing agents, or if growth proceeds faster than
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oxidation, wiistite particles may persist. In my previous experiments, only magnetite was detected
even immediately after nucleation and in the smallest particles. However, at larger scales wiistite
particles have been produced.

Wiistite is anti-ferromagnetic with a Néel temperature of 198K, so at room temperature it
is effectively paramagnetic and this is unacceptable for most applications. To recover these
nanoparticles, we have explored annealing to transform to magnetite and optimize magnetic
ordering. Beginning with as-synthesized wiistite-containing nanoparticles,® the solution was
annealed under air at elevated temperature. We used temperatures of 100°C, 150°C, and 200°C for
times ranging from 12-24 hours. Following is my TEM analyses of the 100°C, 16 hour anneal, one
of the more successful protocols. Figure 3.9 depicts the radially integrated selected area electron
diffraction from this sample before and after annealing. The as synthesized particles match well
with predicted pattern for wiistite. A small quantity of magnetite is present, as indicated by the 220
peak at ~3.2 nm’!. After annealing, there is a clear transformation, as indicated by the presence of

magnetite peaks. There is still some indication of wiistite, indicating incomplete oxidation.

® These nanoparticles were synthesized by Hamed Arami.[33]
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Figure 3.9. Selected Area Electron Diffraction performed at 200 kV, from the iron oxide
nanoparticles, as synthesized, and after a 16 hour, 100°C oxidation. Vertical lines indicated

predicted peaks for magnetite (bluc) and wiistite ( ).

The TEM micrographs in Figure 3.10 and Figure 3.11 depict these particles before and
after annealing. The size of the particles does not significantly change, 27.4 +/- 2.3 (n = 15,545)
before, and 27.7 +/- 1.4 (n = 2420) after. The phase transformation occurs without disrupting

particle morphology, and without particles agglomerating.
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Figure 3.11. Higher magnification TEM image, notice the contrast variations within

individual particles, probably caused by strain due to secondary wiistite phase.
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Contrast variations within individual particles are visible in Figure 3.11. This is most likely
diffraction contrast caused by strains within the nanoparticles interfering with the lattice spacing,
due to the presence of wiistite in nanoparticles. They do appear to be single crystalline. Magnetite
and wiistite can coexist and can be considered as a different occupation of iron in interstitial sites
in the FCC oxygen lattice. However, there will be a lattice mismatch of 2-3% (am = 8.397 A, aw =
2:4.332 A = 8.664 A), which can account for these strains. These particles may be wiistite cores
with magnetite shells or some other arrangement of iron valence and site occupation. Future study
is necessary to say more about the structure of these mixed phase particles, which is discussed in
Chapter 4.

Even after oxidation some strain-induced contrast is visible. Particles possibly oxidize from
the outside in and if enough time is not given the wiistite core may not fully transform to magnetite.
The procedure needs to be optimized for each batch size and recipe to ensure a complete
transformation to magnetite and optimized magnetic ordering and properties. It may be reasonable
to include an annealing step after synthesis as a precautionary measure, but directly monitoring the
phase composition and evolution is essential for producing optimized nanoparticles.

EELS is also used to compare as-synthesized SPIONs with nanoparticles annealed at 100°C
under atmosphere for 12 hours to form maghemite. These samples were also characterized using
Raman Spectroscopy in Figure 3.8b. The iron L3/L» ratio, here measured from second derivative
of the EELS (Figure 3.12), is proportional to valence, with a larger ratio indicating a higher
valence. These iron L edges correspond to transitions to the partially filled 3d shell, from the 2p
shell, with spins of -2 and + ', respectively. Population of the valence shell alters the probability
for these transitions, with EELS fine structure depending on local bonding and coordination. The

iron L3/L> ratio is measured to be 4.54 for the as-synthesized nanoparticles and 5.63 for the
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annealed sample. Comparing to references, we estimate the valence of these samples is
approximately +2.4 for the as-synthesized sample (+2.67 theoretical for magnetite), and +2.9 for
the annealed sample (+3 theoretical for maghemite). [72], [116] These references agree with each
other within ~10%, although Cavé, et al. [67] used a different method for determining peak
intensity. The comparably small L3/L ratio for the as-synthesized sample may indicate presence

of wiistite, which is not readily detectable with Raman Spectroscopy, while the annealed sample

appears to be nearly fully transformed to maghemite.
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Figure 3.12. Electron energy loss spectra from iron oxide nanoparticles synthesized from
FeOOH before and after annealing at 100°C for 12 hours, showing the oxygen K-edge (onset
~532 eV) and iron-L edge (onset ~708 eV). The intensity ratio of iron L3 to L> edges is

proportional to oxidation state, increasing as particles transform from magnetite to maghemite.
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As described previously, under certain circumstances wiistite (FeO) phase may be present

in as-synthesized nanoparticles. Particularly, phase impurities are often detected in nanoparticles
larger than 22 nm synthesized with FeOOH or iron oleate protocols, and for smaller nanoparticles
synthesized via the Fe(CO)s protocol. Wiistite is difficult to detect with Raman spectroscopy, as
wiistite rapidly transforms to magnetite under laser irradiation. X-ray or electron diffraction
experiments can readily identify the wiistite phase. When applied together, diffraction and Raman
spectroscopy can be used to determine the phase of any unknown iron oxide. Additionally, iron

valence can be calculated using EELS to confirm the diffraction and Raman results.

3.7 SUMMARY OF SPION SYNTHESIS

Iron oxide nanoparticles have been synthesized by the thermal decomposition of three
different precursors, all sharing iron (II) oleate as an important reaction intermediate. By adjusting
thermal parameters as well as precursor concentration and composition we have demonstrated size
control between approximately 2 nm and 30 nm. In all three procedures, the iron forms complexes
with oleic acid to form iron (III) oleate. Due to the importance of the iron (III) oleate complex in
all syntheses, it is the focus of the thermal characterizations. Breakdown of iron (III) oleate occurs
above around 250°C. For iron (III) oleate in 1-octadecene, increasing the synthesis temperature
beyond 250°C with a constant ramp rate results in increasingly larger particles, up to around 10
nm. If this iron (III) oleate precursor is diluted with excess oleic acid, nucleation is delayed and
growth is slowed. The excess oleic acid acts as a surfactant, coating particles and competing with
iron and oxygen species for attachment. Particles grown in the presence of excess surfactant and
given sufficient aging times are single crystalline and monodisperse. By increasing the oleic acid
to iron oleate ratio from 5:1 up to 20:1 or more, particle size can be tuned up to approximately 25

nm. A similar relationship between excess surfactant ratio and particle size has been demonstrated
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in the Fe(CO)s and FeOOH thermal decompositions. The Fe(CO)s protocol is particularly suited
for smaller (<10 nm) nanoparticles, while the FeOOH protocol can produce monodisperse
nanoparticles in the 10-25 nm range. By increasing the surfactant (oleic acid) concentration,
particle size increases, however above a certain ratio (around 20:1 molar ratio for iron (III) oleate,
2.5:1 for Fe(CO)s, and 16.5:1 for FeOOH) the distribution broadens. Monodisperse particles are
required for most applications, so this effectively places an upper limit of around 30 nm on the
synthetic approaches described. Care must be taken to ensure nanoparticles are not only the
appropriate size, but also that phase and crystallinity are optimized for their desired properties. In
our experience, nanoparticles synthesized with the Fe(CO)s protocol and larger nanoparticles
(>22nm) synthesized with FEOOH and iron oleate methods must be oxidized following synthesis
to eliminate oxygen deficiencies and form single crystalline and pure magnetite or maghemite.
Phase can be manipulated during synthesis by considering oxygen availability, or post synthesis
by introducing an annealing or oxidation step.

Following this work, I continue in the next chapter with additional analysis of iron oxide

nanoparticles phase in more detail and relate these characterizations to the nanoparticle properties.
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Chapter 4. PHYSICAL AND CHEMICAL STRUCTURE OF
SUPERPARAMAGNETIC IRON OXIDE NANOPARTICLES

In this chapter, the role of the nanoscale chemical and magnetic structure on relaxation
dynamics of iron oxide nanoparticles in the context of Magnetic Particle Imaging (MPI) is
investigated using Mossbauer Spectroscopy (MS) and Electron Energy Loss Spectroscopy
(EELS).” Two samples of 27 nm monodisperse iron oxide nanoparticles are compared, with and
without an additional oxidation optimization step, and with corresponding differences in structure
and properties. Iron oxide nanoparticles synthesized in the presence of sufficient oxygen form
single crystalline, inverse-spinel magnetite (Fe3O4), and display magnetic properties suitable for
MPI. A secondary wiistite (FeO) phase is observed in the diffraction pattern of unoptimized
nanoparticles, which is antiferromagnetic and therefore unsuitable for MPI. Mdssbauer spectra
confirm the composition of the optimized nanoparticles to be ca. 70% magnetite, with the
remaining 30% oxidized to maghemite; in contrast, the as-synthesized particles (without the
oxidation step) contained about 40% wiistite and 60% magnetite. We use Scanning Transmission
Electron Microscopy (STEM) with Electron Energy Loss Spectroscopy (EELS) to probe iron 2p-
3d electronic transitions and correlate their intensities with the oxidation state, with sub-nanometer
spatial resolution. The optimally oxidized nanoparticles are uniform in crystallography and phase,
while the mixed phase nanoparticles are core-shell wiistite/magnetite. Further confirming the core-
shell structure of the mixed phase nanoparticles, we observe considerable spin canting in the in-

field Mossbauer spectrum, likely caused by interface coupling.

7 Portions of the following chapter are published as “Nanoscale Physical and Chemical Structure
of Iron Oxide Nanoparticles for Magnetic Particle Imaging” by Ryan Hufschmid, Joachim
Landers, Carolyn Shasha, Soma Salamon, Heiko Wende, and Kannan M. Krishnan in physica
status solidi (a) 2018.
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4.1 PHYSIOCHEMICAL STRUCTURE OF IRON OXIDE NANOPARTICLES FOR

BIOMEDICAL APPLICATIONS

Iron oxide nanoparticles are ideal for many biomedical applications that rely on their
superparamagnetic properties. A prime example is Magnetic Particle Imaging (MPI), an emerging
medical imaging platform currently in the preclinical stage that enables direct spatial mapping of
SPIONSs in vivo. In theory, MPI will provide significantly greater sensitivity and image contrast
than other clinically available tomographic modalities, including magnetic resonance imaging
(MRYI), positron emission tomography (PET), and computed tomography (CT) due to its shorter
image acquisition time, and quantitative, linear contrast at a relatively low cost.[1], [26], [83],
[117]-119], [22], [120]-[122] MPI is also enabling the development of ‘theranostic’ tools:
platforms that combine diagnostic imaging with therapeutic functions. such as targeted drug and
gene delivery[123]-[130] and hyperthermia cancer treatment.[ 131]-[134] Finally, their ability to
be guided and detected by an external magnetic field has allowed these therapeutic techniques to
be combined with diagnostic imaging using MPIL.[22], [135]-[140] The superparamagnetic
properties that prevent their agglomeration in vivo, plus biocompatibility and chemical stability
make SPIONSs ideal for these applications.

The physical properties of the SPIONs on the nanoscale contribute to performance in MPI,
which employs a combination of magnetic field gradients and alternating magnetic fields to
generate an image from the dynamic response of superparamagnetic nanoparticles. [83], [118],
[121] For the best MPI performance, i.e. sensitivity and resolution in imaging, optimization of
size, size distribution, and magnetic response of SPIONSs to the applied alternating field amplitude
and frequency is critical. [26], [46], [89] Of the three phases of iron oxide — magnetite (Fe3Oa),

maghemite (y-Fe»03), and wiistite (FeO) — typically produced during solvo-thermal synthesis,
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magnetite is optimal, given its ferrimagnetism and high saturation magnetization. Ferro- and
ferrimagnetic materials will exhibit superparamagnetic behavior when their size is reduced below
a certain critical diameter, on a given measurement timescale, usualy 100 seconds. [141] Often
overlooked, the oxidation state of the iron oxide nanoparticles has a significant impact on their
magnetic properties. During the nanoparticle synthesis process, a controlled heat treatment
(annealing) of nanoparticles is required to ensure optimal oxidation to magnetite. If under-
oxidized, wiistite, which is antiferromagnetic and not suitable for MPI purposes, will form. Mixed-
phase, wiistite-magnetite nanocubes have been observed. [103], [113] When annealed in air
magnetite will gradually undergo an oxidative transformation to maghemite. [3]

Magnetite (Fe3O4) has an inverse spinel structure and contains both ferric and ferrous ions.
Above the Verwey transition temperature (~120 K), tetrahedral (A) sites are populated by Fe**
ions, and octahedral (B) sites contain both Fe** and Fe** ions, where the electrons are delocalized.
Below the Verwey transition, the electrons become localized and alternate B sites are occupied by
either Fe** or Fe?" ions, resulting in a drop in electrical conductivity. The crystallographic structure
of maghemite (y-Fe>O3) is similar to magnetite but contains only ferric ions on both the A and B
sites. Maghemite may also be considered as Fe?" deficient magnetite, with vacancies on some of
the B sites. The ratio of ferrous to ferric ions in an iron oxide sample determines its oxidation state
and is a major indication of iron oxide phase. Wiistite (FeO) is a complex nonstoichiometric oxide
that can exist in a variety of structure types. Wiistite can contain ferrous ions in B sites, ferric irons
in both A and B sites, Fe?" vacancies, and varying degrees of defect clusters, and undergoes a
structural distortion at the Néel temperature (~ 200K). [3]

To determine the oxidation state, phase, and morphology at the nanoscale, complementary

crystallographic and electronic structure characterization methods are necessary. Here, we
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investigate two nanoparticle samples: the first consists of homogeneous magnetite nanoparticles,
~27 nm in diameter, designed and synthesized with an in situ anneal during synthesis for optimal
oxidation and 25 kHz MPI performance; the second, synthesized without in situ annealing, is of
similar size but is under-oxidized and contains wiistite and magnetite mixed-phase nanoparticles.

Characterizing the oxidation state of SPIONs including the morphology or spatial
distribution of phases within individual nanoparticles is important in ensuring optimal magnetic
properties for their use in MPI. Return to Figure 2.2 for an example of the magnetic performance
of optimized and mixed phase iron oxide nanoparticles. The two samples are both approximately
27 nm in diameter and nearly indistinguishable via TEM as shown in Figure 4.1 Wiistite is

observed in the diffraction pattern of the unoptimized sample in addition to the inverse-spinel

peaks, indicating a mixed phase particle.

SO ey “les2 30
Figure 4.1. TEM images show nanoparticles of similar size, size distribution, and shape.

Presence of wiistite is observed in the inset FeO@ Fe3O4 diffraction pattern, however this phase
difference is not evident in the bright field TEM images. The optimized Fe3O4 nanoparticles

show only inverse-spinel diffraction peaks.
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There is little indication of the arrangement of these two phases from the image, i.e.
whether phase pure nanoparticles of each are present separately, or if multiple phases occur within
individual nanoparticles. Thus, to investigate the nanoscale electronic structure and phase
homogeneity of individual nanoparticles, I employ scanning transmission electron microscopy
(STEM) with electron energy-loss spectroscopy (EELS). Using a highly focused sub-nm diameter
probe, STEM can measure the electronic structure of the unoccupied levels of individual
nanoparticles at the highest spatial resolution. Measured with EELS, the ratio of intensities of L3
and L, edges is proportional to transition metal valence (see §2.2.2) [142], [116], [143] and is

applied here to measure iron valence in SPIONSs.

4.2 CHARACTERIZING INDIVIDUAL NANOPARTICLES WITH STEM/EELS

To understand the structure and chemical origin of these observations at high spatial
resolution, we perform STEM using a high angle annular dark-field (HAADF) detector. Here,
large-angle scattered electrons are collected on an annular detector as the probe is scanned across
the sample. At high angles (> 50 mrad) Rutherford scattering dominates, where the contrast is
proportional to the atomic number and the spatial resolution is essentially determined by the probe
size.[144]-[146] If the probe size is sub-atomic (in this case it is ~1.4 A) this technique not only
produces atomic resolution images that are relatively straightforward to interpret, but also leaves
the beam transmitted down the optic axis available for other measurements. Here, STEM is
combined with EELS for sub-nanometer electronic and chemical characterization.

Spectroscopy in a TEM is based on measuring the intensity distributions of the inelastically
scattered fast electrons, i.e. electron energy-loss spectroscopy (EELS), using a post-column

magnetic sector spectrometer. The inner-shell excitations are principally determined by the matrix
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element <Wr| exp (i q-r)| Wi>, where Y¥; is the initial core-electron state, Wt is the final ionized
electron state, and q is the momentum transfer. The electron energy-loss spectrum observed in a
TEM is largely forward peaked, i.e. q is small and the main contribution to the inelastic scattering
is the linear term <W¢| (i q'r) | ¥i> and dipole selection rules, Al = +1 apply. For the transition
metals (Fe, Co, Mn) the 2p = 3d (unoccupied) transitions, known as “white lines” due to their
appearance when recorded on film, show strong features in the EELS spectrum in the 500-1000
eV range optimal for practical measurements in existing instruments. The edge onset and the fine
structure of both the oxygen K edge and iron L edge can also be used to identify physical or
chemical variation in iron oxides. [143], [147], [148] In particular, splitting of the iron L edge pre-
peak is dependent on the oxidation state as well as coordination and may be useful for phase
identification if sufficient energy resolution is achieved with a monochromated instrument.

Valence in transition metal oxides is proportional to the onset energy and intensity ratio of
various core-loss edges. Electronic transitions from the 2p levels to unoccupied 3d states (L-edge)
are sensitive to atomic electronic structure and can be used to specify the iron oxide phase at hand.
L-edge electrons absorb different energies due to spin-orbit splitting of the 3d states. For iron, the
lower energy Ls-edge onset is approximately 708 eV, and the higher energy L»-edge onset is
approximately 721 eV. Considering only the relative population of the initial states an L3/L»
intensity ratio of 2:1 may be expected; however, spin coupling between the 2p core hole and the
final 3d state causes deviation from this ratio. This L3/L, ratio has been shown to depend on the
oxidation state of the transition metal, with an increasing iron oxidation state resulting in a larger
relative intensity of the iron L3 edge. [72], [116] Quantification of the white line ratio for transition
metals can be done by curve fitting, using different integration windows, and/or various digital

filters. [72], [74], [76], [116], [143] Here, we compute the intensity ratio of the L3 to L, edges from
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the second difference spectrum to improve detection efficiency, minimizing dose to the sample.
[72], [76] Regardless of the method of calculation, the intensity ratios of the iron L3 to L, edges
are generally consistent and proportional to the oxidation state for the iron oxide phases. For iron
oxides, the Ls/L, ratio varies from approximately 4:1 for Fe?" to 6:1 for Fe**. By acquiring the
EEL spectra at points across individual nanoparticles, the iron L3/L> intensity ratio and the
nanoscale variation in iron oxidation state and phase is measurable within a single nanoparticle.
Figure 4.2 shows an atomic resolution STEM image and the L3/L. intensity ratio measured from

an EELS line scan across the nanoparticle.
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Figure 4.2. HAADF STEM image and corresponding EELS line scan of a superparamagnetic
iron oxide nanoparticle. Atomic columns are visible, and this particle is single crystalline and
faceted. Plot shows the HAADF intensity (dashed orange) to locate the particle, and the L3/Lo

ratio (solid blue) across the particle.
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Figure 4.3. High resolution STEM images of nanoparticles reveal the core-shell structure in
the unoptimized sample (a). The L3:L> intensity ratio measured across the particle (c) indicates
an increased oxidation state on the surface, consistent with a wiistite core and magnetite shell. In
contrast, the optimized, spinel iron oxide nanoparticle (b) shows uniform contrast indicating a
defect-free crystal, and consistent L3:Lo ratio (d). The HAADF scattering intensity, indicative of

relative mass/thickness, is included to indicate the position of the particle.

First, we consider the optimized magnetite nanoparticles. The average L3/L» ratio for all
particles analyzed in the sample was 4.9, corresponding to a mix of Fe** and Fe** and consistent
with magnetite.[72], [116] An example STEM image of one representative nanoparticle is shown
in Figure 4.3b. This sample is single crystalline and defect free, as is demonstrated by the uniform

contrast and continuity of lattice fringes. An EELS line scan was performed, where EEL spectra
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were collected as the probe was rastered along the nanoparticle diameter. The line was divided
into 16 segments and each spectrum was collected for 0.5 seconds with the beam continuously
scanning during this time to distribute the incident electron dose and avoid radiation damage. For
each spectrum, the intensity ratio of the L3/L, edges was calculated and plotted as a function of
distance across the particle. The dashed lines represent reference ratios for wiistite, magnetite, and
hematite.[72] For this particle, the average L3/L, ratio is 4.8, roughly corresponding to magnetite,
with a slight excess of Fe?". There is significant point to point variance in the ratio due to local
variations in composition and measurement uncertainty, represented by a standard deviation of
0.6. Within this uncertainty, this sample has a consistent L3/L ratio, and a corresponding oxidation
state of approximately 2.5+ throughout the individual particle.

Next, we consider the mixed phase iron oxide nanoparticles. The SAED pattern, inset in
Figure 4.1b, already shows presence of both wiistite and spinel crystal structures. Curiously, there
is no indication of whether the two phases occur as separate nanocrystals or if there is phase
separation within an individual nanoparticle. Immediately apparent from the contrast in the STEM
images is the core-shell structure of these nanoparticles, shown in Figure 4.3a. The higher contrast
suggests that the core is a denser phase than the shell. To confirm this, we perform an EELS line
scan across the particle. The shell has a L3/L ratio of approximately 5 (corresponding to magnetite)
while the core has a smaller Ls/L, ratio of 4-4.5 corresponding to the lower oxidation state of
wiistite. This arrangement indicates the particles oxidized from the surface but the phase
transformation is not complete, resulting in a wiistite/magnetite core/shell nanoparticle. The
particle is 23% wiistite core by volume measured on the HAADF images, or 13% wilistite by

nanoparticle volume measuring the from the EELS signal.
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Overall, STEM-EELS is a unique combination of high spatial resolution imaging with high

energy resolution chemical analysis. This is particularly suited for measuring local variations, but
without proper reference samples or correlated measurements, precise quantification is
challenging. The primary constraint of using STEM to characterize nanoparticles is the sample
size, and is typically limited to several nanoparticles in a microscopy session. To address this
sampling issue, we study these same samples by Mossbauer spectroscopy, providing a measure of

the average properties of the nanoparticles.

4.3 MOSSBAUER SPECTROSCOPY OF IRON OXIDE NANOPARTICLES

Mossbauer Spectroscopy is a nuclear scattering technique wherein the energy shift of
gamma rays emitted from >’Fe are measured after interaction with a specimen. In this way changes
in the nuclear energy levels due to hyperfine fields are measured, providing information about the
electronic structure and magnetic properties of the sample. In Mdssbauer Spectroscopy, resonant
absorption of y-rays is caused by transitions between nuclear energy levels and hyperfine
interactions between nuclei and surrounding electrons will be represented in the Mossbauer
spectra. The primary interactions are 1) chemical or isomer shift due to interactions between the
nucleus and s-electrons, 2) quadrupole splitting due to electric field gradients producing doublet
peaks, and 3) magnetic hyperfine, or Zeeman, splitting due to interactions with valence electrons
and magnetic fields producing sextet peaks. Iron oxides exhibit all of these interactions, depending
on the phase and magnetic properties. An external magnetic field can be applied parallel to the y-
ray propagation during the measurement to distinguish antiferromagnetic (FeO) from
ferrimagnetic (inverse-spinel) phases. Tetrahedral and octahedral iron will have the opposite

response to the applied field, so this can be used to improve resolution of the two sites. [3]
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SPIONSs will exhibit different temperature-dependent behavior than bulk iron oxide. Above
the superparamagnetic blocking temperature, T, the particles will show rapid magnetic relaxation,
similar to paramagnetism.[149] This will result in increased line widths and asymmetry in the
Mossbauer sextet spectrum, or, alternatively, in the observation of a doublet structure upon
reaching fast superparamagnetic relaxation at higher temperatures. Below 73 relaxation is slow
and the magnetization is quasi-static over the course of the measurement time (so this phenomena
is also time dependent) and the superparamagnetic behavior will be blocked. [141], [150], [151]
Maossbauer spectroscopy was used to characterize the composition and magnetic structure
of the two samples.® Figure 4.4 shows Mdssbauer spectra from 27 nm inverse-spinel particles
recorded from 4.2 — 295K. At 4.2K, the spectrum displays the characteristic inverse-spinel
structure with three major sextet components corresponding to octahedral Fe*" (green) and Fe?*
(blue) and tetrahedral Fe** (cyan). The intensity of each subspectrum is approximately proportional
to the number of corresponding iron atoms and we can estimate the fraction of iron ions in the Fe?*
valence state and the composition of magnetite and maghemite by comparing it to the intensity of
the Fe’" subspectra of tetrahedral A- and octahedral B-sites. In magnetite ([Fe*>*]a[Fe*"Fe?"]04),
the relative intensity of the three subspectra should be identical, corresponding to the equal
proportions of Fe** (A), Fe** (B), and Fe** (B). In maghemite, which can be understood as Fe?'-
deficient magnetite ([Fe*"]a[Fe’"s30153]804, with O representing B-site vacancies) no Fe?" is
present, corresponding to a ratio of Fe** (A) to Fe** (B) and Fe?* (B) given by 1:5/3:0. By fitting
the experimental spectra to these subspectra using a least-squares fitting routine, a magnetite

contribution of 70% is determined, with the remaining 30% from maghemite.

§ Mossbauer spectroscopy and analysis were performed by colleagues Joachim Landers, Soma
Salamon, and Heiko Wende at University of Duisburg-Essen. [44]
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Figure 4.4. Mossbauer spectra of 27 nm optimized iron oxide nanoparticles measured at
temperatures from 4.2K-295K. Experimental data (black dots) is fit (red) to subspectra: B-site
Fe**(green), B-site Fe**(blue), B-site>>*(magenta), A-site Fe*"(cyan)

In addition to the presence of the B-site Fe?" subspectrum, magnetite can also be
distinguished at low temperatures by the Verwey transition, taking place at about 120K in bulk
Fe304, [152] accompanied by a distinct change in spectral structure. [153], [154]. Here, the
merging of B-site Fe?" and Fe*" subspectra is most prominent between 100K and 130K. At higher
temperatures (130K and 295K), they merge to one sextet sub-spectrum representing both sites in

+2.5

a mixed Fe™~ valence state (magenta). Despite the expectation that this sample should exhibit

superparamagnetism, this Mdssbauer spectrum shows static properties without distinct signs of
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fast superparamagnetic relaxation. This could be explained by the nanosecond time scale of the
Mossbauer experiment, resulting in much higher blocking temperatures compared to slower
techniques, such as MPS. Figure 4.5 shows Mdssbauer spectra of the mixed phase, wiistite-

magnetite core-shell particles recorded from 30-240K.
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Figure 4.5. Mossbauer spectra of wiistite-magnetite core-shell particles recorded from 30-

240K. Experimental data (black dots), least-squares fits (red lines), and fitted subspectra: B-site

Fe**(green), B-site Fe?*(blue), B-site’>"(magenta), A-site Fe*"(cyan) and wiistite(olive)

The different iron sites in magnetite in the mixed phase particles are represented by 3
subspectra (green, cyan, blue) below and two subspectra (cyan, magenta) above the Verwey
transition. The transition is not clearly visible, unlike in the pure magnetite sample, due to the

superposition with the wiistite subspectrum (olive) and changes in spectral structure due to Néel-
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type relaxation. To reproduce the increasingly asymmetric lineshape as the temperature is
increased and approaches the blocking temperature, TB, of the particles, the Jones-Srivastava
many-state relaxation model was used. [ 155] Considering both superposition and line broadening,
the magnetite/maghemite composition of the shell cannot be completely determined by this
measurement. Nonetheless, the considerable difference in isomer shift (the center position of the
spectrum) between B-site subspectra (e.g. green to violet at 240K) indicates an Fe2.5+ state,
suggesting that there is at least some magnetite in the particle shell.

The remaining 35-40% of the spectral area can be assigned to the additional wiistite phase
in the particle cores, as the prevalence of the paramagnetic singlet at 210K and above agrees well
with the bulk wiistite Néel temperature TN, which is close to 200K. However, wiistite is known to
exhibit very complex Mdssbauer spectra, as it often manifests in off-stoichiometric composition
(FexO instead of FeO), resulting in vacancies and Fe3+ ions in addition to Fe2+. The observation
of a slightly broadened singlet instead of a doublet above TN may indicate oxygen deficiency, as
higher oxygen content in off-stoichiometric wiistite samples in the paramagnetic state are reported
to display an increasing doublet line splitting. [156]

To study the orientational behavior of particle magnetic moments and to enhance resolution
of individual subspectra, Mossbauer spectra of both samples have been recorded in an external
magnetic field of 5T as shown in Figure 4.6. Magnetite nanoparticles show nearly complete spin
alignment, as indicated by the low intensity of sextet lines 2 and 5 (marked by arrows), reflecting
a state close to saturation magnetization. A- and B-site contributions can be clearly resolved, as
the antiparallel arrangement of magnetic moments on tetrahedral and octahedral lattice positions
results in a considerable increase in sextet splitting for the A-site and decrease for the B-site when

an external field is applied. [157]
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Figure 4.6. Mossbauer spectra of wiistite core-shell particles (bottom) and spherical

magnetite nanoparticles (top) measured at 4.3K under an applied field of 5T.

In comparison, mixed phase core-shell particles display distinct spin canting, where spins
are tilted slightly off axis rather than being exactly antiparallel, visible by the enhanced intensity
of lines 2 and 5 of the magnetite subspectra and in the broad sextet distribution representative of
the antiferromagnetic wiistite phase. Poor resolution of A- and B-site subspectra is obtained, due
to the low degree in magnetic alignment along the external field. Strong spin canting in wiistite is
to be expected, as antiferromagnetically coupled magnetic moments show negligible alignment in
applied magnetic fields. Magnetite usually exhibits low magnetic anisotropy, resulting in low
degrees of spin canting, as seen for the optimized sample. Spin canting often occurs at the surface,

and is more pronounce in smaller nanoparticles. [158] The observation of spin canting in the
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magnetite subspectrum of the mixed-phase sample therefore indicates strong interface coupling to
the non-aligning wiistite phase, being consistent with the observation of the core-shell particle

structure from TEM.

4.4 SUMMARY OF IONP PHASE CHARACTERIZATION

By combining Mdssbauer Spectroscopy with EELS, we have successfully differentiated
iron oxide phases, quantified the phase composition, and determined the chemical as well as the
spin structure of individual mixed phase nanoparticles. By identifying iron oxide phases from their
characteristic chemical shifts and spectral structure, the composition of the two SPION samples is
quantified using Mdossbauer spectroscopy. The optimized sample is composed of pure inverse-
spinel iron oxide, resulting in magnetic behavior suitable for biomedical applications. Meanwhile,
the as-synthesized sample contains approximately 40% wiistite, resulting in undesirable magnetic
properties. Since Mdssbauer spectroscopy is a bulk technique probing the collective response of
many nanoparticles, it is not clear from Madssbauer spectroscopy alone whether the phases
observed were from separate nanoparticles or if each nanoparticle contained multiple phases,
although strong spin canting in the magnetite subspectra of the mixed phase samples is evidence
of a core-shell structure. To determine the local composition, EELS was performed on individual
nanoparticles within each of these samples. This demonstrated that the as-synthesized, mixed
phase particles have a core-shell structure, consisting of a 10-20% wiistite core and the remainder
a magnetite shell. Due to the small number of particles studied by EELS, this does not contradict
the phase quantification of 40% wiistite from Mdssbauer, which is more representative of the entire
sample. Complementary characterization techniques are necessary to determine iron oxide
nanoparticle phase and structure. STEM-EELS was used to characterize structure at the nanometer

level, however by their nature, high-resolution techniques can only sample a limited area. Here,
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Maossbauer Spectroscopy provided a statistically robust characterization of phase morphology on

the nanoscale, oxidation state, and the spin structure. For applications such as MPI where desirable

properties depend on nanoscale structure and composition, correlation of bulk and nanoscale
measurements provides insight into developing particles with optimal magnetic characteristics.

Following the detailed materials characterizations discussed in the previous chapters I will

now return to nanoparticle nucleation, growth, and colloidal kinetics. Because SPIONs are

synthesized by non-equilibrium reactions, kinetics are inherently important to their structure and

properties. The most direct way to quantify kinetics is by observing chemical reactions in real-

time, i.e. in situ, which will be covered in the following chapter.
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Chapter 5. IN SITU TRANSMISSION ELECTRON MICROSCOPY OF
IRON OXIDE NANOPARTICLES

Nanoscale colloidal processes such as nucleation, growth, dissolution, and self-assembly
govern many environmental and biological systems. [ 159]°[42], [160] Many diverse and important
technologies also depend on the properties of colloidal nanoparticles, from catalysis [161], [162]
and energy storage [163] to medical applications. [1], [22], [164] For targeted applications of
nanoparticles, it is critical to understand how colloidal stability is determined by the dynamics of
the solid-liquid interface. This is particularly important at the interface of nanoparticles with
complex biological systems, where safety and efficacy of therapeutics depend on our
understanding of these phenomena. [165]-[168] Iron oxide nanoparticles are one prominent
example, with a wide variety of biomedical imaging and therapeutic applications. [1], [22] Tron
oxides are prevalent in nature, generally non-toxic, and inexpensive to synthesize. [17],[19], [169],
[32] These benefits, combined with their magnetic properties, make iron oxide nanoparticles an
ideal platform for many engineered biomedical applications. Stability of iron oxide nanoparticles
depends on their environment—inside biological cells, iron oxide nanoparticles accumulate in
lysosomes, which break down foreign objects in part by dissolving in their acidic enzymatic
environments. [78], [170]-[172] While iron oxide nanoparticles may be functionalized with
various chemical species for targeting or other functionality, [31], [173], [174] this modification
affects the nanoparticle surface chemistry and charge, mediating interactions with ions or other
species in solution, and affecting their colloidal stability. [175]-[178]

The solid-liquid interface is often considered as an electric double layer (EDL)—an inner
layer of strongly adsorbed solvent ions forms at the surface, while further away from the particle,

in the Stern and diffuse layers, loosely associated ions move under the influence of Columbic
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forces and Brownian motion.[179]-[181] To predict colloidal stability, the zeta potential ({) is
defined as the electric potential, relative to the bulk solution, at the slipping plane of the solid-
liquid interface. While convenient to measure experimentally using dynamic light scattering
(DLS), ¢ does not directly describe conditions within the EDL or the Stern layer where ion
exchange, adsorption, and other important interfacial phenomena occur. Furthermore, the classical
EDL model does not provide an analytical description for spherical particles or in ionic
liquids.[182] Recent investigations of solid-liquid interfaces have relied on a combination of
molecular dynamic simulations,[183]—[186] and experimental observation with scanning probe
techniques.[160], [182], [187] Understanding the interfacial kinetics of colloidal stability
ultimately requires development of techniques capable of direct, real-time observation. In this
chapter, we directly observe iron oxide nanoparticles in situ, with liquid cell Transmission Electron
Microscopy (TEM), to quantify how surface chemistry and solution conditions affect nano-

colloidal stability.

5.1 LIQuiD PHASE TEM

Transmission Electron Microscopy (TEM) is a powerful tool for characterizing structure
and chemistry at the nanoscale, and modern detectors and dynamic TEMs have pushed temporal
resolution to the timescales necessary to study many chemical reactions.[188], [189] In situ
techniques aim to simulate relevant environmental conditions, e.g. liquids,[190], [191], [63], [192]
gasses [193], [194] or external stimuli [188], [195] inside the TEM column. While in situ TEM is
not a new approach, [55] the recent development of specialized holders and instruments have made
in-situ experiments more practical. Developments in in situ Transmission Electron Microscopy
(TEM) have enabled the observation of many chemical and materials processes in relevant

environmental conditions and at the necessary length and timescales. The understanding of
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nanoparticle nucleation and growth phenomena is one area that has benefited tremendously from
this technology. By encapsulating a liquid sample between impermeable, electron transparent
membranes, i.e. Si3N4[190] or Graphene [196], nanoparticles can be synthesized inside the TEM
and imaged throughout the reaction. In this way platinum, [197] gold, [198], [63] and lead sulfide,
[64] have been synthesized in situ. In these systems the electron beam facilitates reduction of an
aqueous metallic salt precursor, so electron dose calibration and control is crucial. [192] There has
been some investigation of surfactant mediated nanoparticle growth[65], but in situ TEM
techniques have not yet been applied to the wide variety of organic-phase nanoparticle syntheses.

Liquid TEM enables observation of nanoparticle growth and stability, [65], [197], [199],
[200] oriented attachment, [185] and electrochemistry, [201]-[203] providing unique insight into
the nature of the solid-liquid interface. Imaging with TEM exposes the sample to high-energy
electrons, which can initiate secondary reactions or phase changes including nucleation, growth,
or dissolution. [65], [197], [199] An excellent example of this is the pH and electron dose
dependent stability of gold nanoparticles shown with in situ TEM. [200] TEM irradiation of water
lowers the solution pH as a function of electron flux density. [199], [204] Importantly, the lowered
pH under electron irradiation can be used to induce nanoparticle transformations in conditions

analogous to other acidic aqueous conditions.

5.1.1 Graphene Liquid Cells

An option for performing in situ TEM synthesis experiments is encapsulation in graphene
Liquid Cells (GLCs) where a liquid sample is encapsulated between two monolayers of graphene.
Typically, one layer of graphene is on TEM grid and the liquid sample is deposited on the
graphene. The top layer is chemical vapor deposited (CVD) graphene on a copper foil. The copper

foil is etched away, and the graphene monolayer is retrieved and placed on top of the liquid droplet.
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GLCs offer several advantages over conventional liquid stages. Primarily, a monolayer of
graphene produces much less contrast than tens of nanometers of Si3Na, allowing for higher
resolution imaging. Secondly, a GLC can be used with any holder, on any microscope. GLCs can
be stable for months. Graphene is impermeable to gas, and loss of sample occurs mainly when
material leaks out the side, between the two layers. In this way, I prepared GLCs from an aqueous

iron oxide nanoparticle sample, shown in Figure 5.1. Iron oxide nanoparticles are observed to be

encapsulated between Graphene layers.

Figure 5.1. GLCs prepared with aqueous sample of iron oxide nanoparticles.

GLCs have been successfully implemented to study gold nanoparticle [196] nucleation and
growth of as well as the ferratin complex, [205] and appears to be well-suited to high-resolution
studies of small molecules or particles in solution. I have sealed hydrated iron oxide nanoparticles
between graphene layers, but for this sample GLCs were not the best option for studying liquid
phase phenomena. Because these particles were relatively large (nearly 30 nm) the graphene layers
were too tight fitting, conforming to the particles, immobilizing them, limiting motion, and

diffusion of water and solutes.
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5.1.2  Ligquid TEM Sample Holders

In situ TEM experiments are performed on an FEI Titan 80-300™ STEM with
Hummingbird liquid stage, using closed cell (no flow) and SiNx with no spacers. Fluid thickness
determined with EELS is 100-200 nm near the window edge where these experiments are
performed. STEM probe current is calibrated with a Faraday cup sample holder; the electron flux
density (e~ A2s™), sometimes referred to as “dose rate,” is calculated my multiplying the current
by the frame time, including flyback time.[192] For these experiments the calibrated probe current
is approximately 10 pA at the specimen plane, except when otherwise noted, and electron flux

density is controlled by increasing STEM magnification to scan the probe over a smaller area.

— 300 keV

l . ' . l Si/SizN, liquid
I . . sample

| ——

detectors

Figure 5.2. Picture of chips with SiNx windows for liquid cell TEM and a schematic of the
assembled TEM liquid cell in cross section. The windows are flat under ambient conditions, but

pressure gradients in the vacuum of the TEM cause window bulging of 1 pum or more.

Figure 5.3 shows some examples of iron oxide nanoparticles imaged in situ in both aqueous

and organic solvents in STEM and TEM.
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100 nm : : 3 " 20 nm

Figure 5.3. In situ TEM images of iron oxide nanoparticles. (a) STEM of iron oxide
nanoparticles in growth solution (1-octadecene and oleic acid), scale 50 nm. (b) STEM of iron
oxide nanoparticles in water assembled into chains and clusters. (¢ and d) Bright-field TEM of

PMAO-PEG coated iron oxide nanoparticles in water.



92

There is suitable contrast to detect nanoparticles in both 1-octadecene and water. In all

these samples no spacers were used. Thickness can be estimated with EELS, using the log-ratio of
the zero-loss and Plasmon peaks. [206] In my experience, liquid layer thickness is generally around
100 nm near the edge of the window and 500 nm or more closer to the center, with these 50 nm
thick, 250x250 um? windows. In the bright field TEM of aqueous nanoparticles, Figure 5.3 ¢ and
d, the PMAO-PEG coatings encapsulating the particles are visible. This sample is polydisperse but
was the first aqueous sample available and is suitable for purposes of testing resolution and liquid

cell assembly.

5.2  INSITU ELECTROLYTIC DECOMPOSITION OF IRON OLEATE

A primary goal of my research is synthesizing iron oxide nanoparticles (NPs) in situ in the
TEM. This will allow for direct imaging of nanoparticles during nucleation and growth in order to
observe the dynamics of NPs during and after synthesis. This can lead to a better understanding of
the effects that different synthesis parameters such as composition, surface chemistry, time, and
temperature (or electron dose) have on the resulting nanoparticles or their stability in solution.
These results would allow for improved synthetic control and reproducibility. Additionally, by
comparing the results of in situ TEM synthesis with the ex situ syntheses, we hope to correlate
electron dose to temperature.

The holder used for these liquid TEM experiments is a modified gas stage manufactured
by Hummingbird Scientific (Lacey, WA). A liquid sample is sandwiched between two silicon
chips with electron transparent silicon nitride (Si3zNs) windows (Hummingbird Scientific or
Norcada) and clip over the tip of the holder compresses an O-ring and applies pressure to the

windows from both sides. Spacers can be used, or the thickness can be determined by the
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encapsulated liquid. The cell can be connected to an external line for continuous flow or
experiments can be closed cell. Most of the experiments presented here are closed cell.

Generally for TEM experiments, and especially for liquid phase experiments, it is
important to monitor electron dose. Dose in this experiment was calculated using the equation
(i.*t)/(e*A), where i. is the calibrated beam current at the sample, ¢ is time, e is the electron charge,
and A4 is the illumination area. [192] For TEM mode, the parameters used to control dose rate are
the current (manipulated, e.g., with spot size and condenser apertures) and illumination area. In
STEM mode, dose is controlled with the probe current, dwell time, and area (magnification). Dose
is usually set and measured at the beginning of an experiment, so throughout the experiment only
the magnification (and beam spread in TEM) are changed.

Iron (IIT) oleate is a common precursor used in the synthesis of iron oxide nanoparticles.
Our group has extensively optimized and characterized this system to produce monodisperse,
superparamagnetic iron oxide nanoparticles. Decomposition of iron (III) oleate, with 1-octadecene
as the solvent, results in iron supersaturation followed by nucleation and growth of iron oxide
nanoparticles. Reaction kinetics are often tailored with the addition of excess oleic acid.

Iron (IIT) oleate has been electrolytically decomposed with in situ TEM. A solution of iron
(IIT) oleate in 1-octadecene (0.1695 mMol/g) with no excess oleic acid was placed between two
silicon nitride membranes in the Hummingbird stage and imaged with bright field TEM. Time
series screen shots from the recorded movies are shown in Figure 5.4 below. Under the influence
of the electron beam at doses above approximately 10° A/m?> (~60 e/A? s), the precursor
decomposes and particles nucleate. Below this dose, no transformations are observed within 5
minutes of continuous illumination. The growth rate is dose dependent, with particles first visible

at around 75 seconds at a dose rate of 5.7 x 10° A/m? and not until 105 seconds at 3.9 x 10> A/m>.
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Particles are large compared to similar reactions ex situ, first visible at 10s of nanometers, and
quickly growing to over 100 nm. When performed ex situ at approximately 300 °C particles do not
grow above approximately 10 nm. Ex situ and without excess oleic acid particles nucleate almost
as soon as temperature exceeds 250 °C. As a first approximation, the electron dose required to
nucleate particles may be compared to this temperature. Based on these experiments that necessary

dose is 105 seconds at 3.9 x 10° A/m? (25,557 electrons), or 75 seconds at 5.7 x 10° A/m? (18,255

electrons), with a threshold dose rate of ~60 e”/A” s.

Figure 5.4. Bright field TEM images (screen shots from movies) of the electron beam
induced decomposition of iron (III) oleate. Top row: at 10> A/m? and below no nanoparticle
growth occurs; Middle: 10° A/m? Above dark contrast, iron-rich nanoparticles nucleate by 105
seconds; Bottom: Nucleation time decreases with increasing dose, at 5.7 x 10> A/m?

nanoparticles nucleate by 75 seconds. Scale bar is 50 nm for all images.
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STEM mode does not induce the decomposition of iron oleate across a wide range of doses,

from several e/A% s up to in excess of 500 e/A? s (approximately the same dose as in TEM). No
effects from the electron beam in STEM mode were observed in this system. A critical difference
between TEM and STEM is the dose delivery area. To achieve approximately 500 e”/A%s in STEM
the magnification was 910 kX (several nm? illumination area), while in TEM mode it was 69kX.
This suggests that longer range diffusion of growth species (10s of nm) may play a role. There
may be a requirement for a greater total number for species in an area beyond just a threshold
concentration. Some local heating is expected, for example increases of 5 — 30 K under 30 keV
SEM illumination has been reported, [207] however, electrolysis is the primary mechanism

responsible in situ phase transformations.

5.3  AGGREGATION AND PARTICLE MEDIATED GROWTH

In systems with strong interparticle interactions, growth may be mediated by the oriented
attachment of particles rather than molecular units. An alternate pathway is for growth to be
mediated by existing particles, a la Ostwald ripening or by aggregation. Other pathways can be
imagined, including phase separation followed by crystallization. [208] In organo-metallic
systems, nucleation of complexes and amorphous phases may precede crystallization. In practice,

more than one growth mode may occur in a given system, simultaneously or sequentially.

5.3.1 Self Assembly of Pre-Nucleation Clusters

Rather than atom-by-atom growth, in many natural minerals growth proceeds by
aggregation of pre-nucleation clusters, molecular clusters too small to grow on their own.
Ferrihydrite is an iron oxyhydroxide phase prevalent in soils [209], and its structure is composed

of a framework of iron Keggin units. Iron Keggin is a 13 iron cluster, plus associated oxygen and
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capping ligands, and is a structural building block to ferrihydrite, magnetite, and ferratin. [210]
This cluster has only recently been isolated, [210] and provides the opportunity to study particle-
mediated growth of iron oxides in a controlled way. The iron keggin cluster is highly charged and
reactive and must be stabilized, here by bisumuth (Bi**) counter ions. With the addition of an
appropriate surfactant, cetyltrimethylammonium chloride (CTACI), the cluster disperses in water.
Solutions of the dissolved iron keggin clusters in water and acetone were characterized by TEM.
In solution, pre-nucleation clusters self-assemble into linear chains, and are imaged using STEM
in Figure 5.5 a-c. The structure of these assemblies is reminiscent of ferrihydrite, seen in the
electron diffraction in Figure 5.5 e. High-resolution TEM imaging reveals a highly disordered
crystal structure. For more information or details on these clusters and experiments see reference

[41].

5.3.2  Aggregation

Soils are composed of primarily of aggregates of minerals and organic matter. Soils provide
a large and poorly understood reservoir of carbon, and persistence of organic matter in soil depends
on interactions with minerals. This organic-mineral interaction depends on the chemistry of the
organic and mineral surface, and is mediated by environmental conditions including hydration,
pH, and ionic strength of solution. To directly observe and quantify these interactions, we have
devised a model system for in situ TEM consisting of aqueous goethite (a-FeOOH), an earth-
abundant iron oxide hydroxide phase, and poly-lysine. Results from these in situ STEM movies

are shown in Figure 5.6 and further details can be found in reference [42].
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Figure 5.5. Growth of hydrated iron oxide, mediated by self-assembly of iron Keggin ions.
[41] In situ STEM images of products of Fei3 in solution (A-C). Iron oxide/hydroxide particles
self-assemble from Fe13Bis(TCA)12 (A) after 24 hours in acetone or in aqueous solution (B).
Similar particles form in situ from Fe13Bis(TFA)10(H20)2 ,(C) which was otherwise stable in
water. Post-mortem analyses confirm structure and phase. Filtered [211] HRTEM (D) shows the
highly disordered polycrystalline structure. Lattice spacings in SAD pattern (E) approximately

match with ferrihydrite, while iron white-line ratios from EELS indicate a mix of Fe*" and Fe*".
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Figure 5.6. In situ STEM monitoring the dynamics of goethite nanoparticles in real time. (A)
Time series demonstrating aggregation with particles interacting with existing assemblages.
Images were acquired with an electron dose rate of 1.2 e"’A%s”!. (B) Time series demonstrating
disaggregation with particles leaving the region of interest (dotted oval). Images were acquired
with an electron dose rate of 0.9 e"/A2s™!. (C) Velocity is determined by interpolating the change
in position between movie frames, of two different assemblages (outlined with dotted ovals,
inset) approaching existing mineral clusters in the field of view (A). (D) Velocity of an

assemblage leaving the field of view (dotted oval from panel (B)). [42]
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5.4  INSITU COLLOIDAL STABILITY OF IRON OXIDE NANOPARTICLES

Colloidal processes including nucleation, growth, ripening, and dissolution are
fundamental to the synthesis and application of engineered nanoparticles and numerous natural
systems.? In nano-colloids consisting of a dispersion of nanoparticles in solution, colloidal stability
is influenced by factors such as the particle surface facet and capping layer, as well as local
temperature, chemistry, and pH. This relationship is investigated through the real-time
manipulation of aqueous colloidal stability of nanoparticles using Scanning Transmission Electron
Microscopy (STEM). In a distribution of uniform iron oxide nanoparticles, we use the electron
beam to precisely control the local chemistry of the solution and show the critical role that surface
chemistry plays in nanoparticle stability. Iron oxide nanoparticles dissolve in acidic environments,
and dissolution rates are quantified with direct STEM imaging. By functionalizing the nanoparticle
surfaces with charged amino acids and peptides, stability can be tuned to promote dissolution,
growth, or agglomeration, sometimes reversibly. In this way, we show how individual
nanoparticles can have vastly differing properties from the average nano-colloidal stability,
providing insights applicable to nanoparticle synthesis and functionalization, the latter in the

context of biomedical applications.

5.4.1  Acidic Dissolution of Iron Oxide and TEM Liquid Cell Chemistry

Iron oxides will dissolve in aqueous environments, facilitated by excess hydrogen ions.

Fe;0, + 8H' - Fe?* + 2Fe3t + 4H,0

? Portions of this section have been submitted as a manuscript to Nanoscale with co-authors Eric
Teeman, B. Layla Mehdi, Kannan M. Krishnan, and Nigel D. Browning.
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In acidic solutions, Fe?" is the favored equilibrium product, as indicated by the Pourbaix
diagram in Figure 1.4. If reductive species are present, represented below as aqueous electrons,
further reduction of iron is possible.
Fe3* +eq, - Fe?*
Fe?* + 2e,, — Fe
Acidification produced by the reductive potential of the electron dose in liquids may be
representative of environmentally and biologically significant conditions. Small perturbations of
the local conditions, e.g. pH, caused even by relatively low doses of electrons (<1 e’ A2s™) can
catalyze dynamic and unexpected phase transformations. This reinforces the importance of
understanding, measuring, and reporting in situ TEM conditions. [191], [192], [199], [204] The
electron flux density and total dose are monitored and kept below damage thresholds. However, if
electron-specimen interactions are not considered, beam damage can confuse interpretation. /n-
situ electron microscopy inherently involves interaction between high-energy electrons and the
sample. [191], [192], [199] An important consequence of electron-water interactions is the
production of charged species in solution. [199], [204] The number of possible reactants is quite

manageable for pure H>O:

ionization/
excitation

H,0 + e~ ez H  HO ,HO, ,OH™, H30*, H,, 04, H,0,

Equilibrium is quickly reached between these species and has been simulated for parallel-
illumination TEM geometry. [204] To convert from the calibrated TEM flux [192] to the energy
deposited, the stopping power of the specimen is required. This acidifies pure water but with a
properly formulated solution, this approach enables direct nanoscale observation of systems of

biological, environmental, and technological significance. If calibrated, the electron beam can be

an electrochemical stimulus to study relevant oxidation-reduction systems.[65], [197], [199]-[203]
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With an acidic pH in the TEM liquid cell, dissolution of iron oxide nanoparticles is
thermodynamically favorable except when other species, namely surface functionalization, alter
the solution chemistry. Electron irradiation produces reactive species, namely H™ and aqueous
electrons, in solution as a function of dose.[199], [204] Simulations have predicted that this will

have the overall effect of reducing the pH of the system, as shown in Figure 5.7. [204]
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Figure 5.7. The steady state pH as a function of electron flux, starting from initial pH along

left axis. Figure modified from [204], converted to electron flux using 1 e/A%s = 3,780,720 Gy/s
and a density stopping power of 2.360 Mev cm2/g for 300 keV electrons in water, from NIST
ESTAR database. [212]

I used this code to calculate pH for the doses used in these STEM experiments, however
these simulations assume uniform illumination over the beam area, as is the case in TEM mode.

This will not apply in STEM mode where a focused probe is rastered across the sample, so dose
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delivery is non-uniform. That is, the irradiation is delivered locally to a ~1 A spot that periodically
(once per frame) moves across the sample. Local delivery of radiation would need to be considered
as well as the diffusion of reactive species during the imaging time. Future work remains to
simulate the effect of STEM imaging on liquids to improve interpretation of in situ experiments.
But for the time being, the approach presented in [204] provides an approximation of in situ pH.
For the electron fluxes used in these experiments, water with initial pH 7.0 acidifies to between

pH5.1at0.8e A2s!'andpH4.5at25¢e A2s\.

5.4.2  Nanoparticle Surface Coatings

To understand the effect of surface chemistry on colloidal stability, Fe3O4 nanoparticles
with three different surface coatings' are prepared for in-situ imaging. Fe3O4 nanoparticles with
hydrophobic capping ligands, synthesized in organic solvents, are coated with an amphiphilic
polymer to stabilize in aqueous solutions.[37], [30], [106] Here we use a (PMAO-PEG) for
aqueous phase transfer. PEG 1is generally biocompatible, and offers many options for
functionalization. First, methoxy terminated PEG coated (Methoxy-PEG) nanoparticles are used
to establish the behavior of uniform iron oxide nanoparticles in water under electron irradiation in
the TEM. Then, particles functionalized with the amino acid L-cysteine (L-cys-PEG) and an
arginine-rich cell penetrating peptide (CPP-PEG) are characterized to investigate the role of
surface chemistry on interactions in solution, Figure 5.8 shows a schematic of nanoparticle surface

coatings.

10 These nanoparticles were synthesized and coated by my colleague, Eric Teeman. [35]
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Figure 5.8. Schematic of the nanoparticle coating. Monodisperse superparamagnetic iron
oxide nanoparticle cores with diameter, dc, are coated with PMAO-PEG increasing the
hydrodynamic size, du. PEG terminated nanoparticles may be functionalized, L-cysteine shown,

which changes surface properties such as the zeta potential, {. Adapted from [35].

Average core diameter (dc) and lognormal size distribution (o) are fit to Vibrating Sample
Magnetometry (VSM) measurements,[47] and confirmed with TEM. For these optimized
nanoparticles, their physical size (TEM) matches within 2 % their magnetic size (VSM). The zeta
potential ({) and hydrodynamic size (dn) are measured by Dynamic Light Scattering (DLS) for the
three different surface coatings at room temperature in DI water. These physio-chemical properties

are summarized in Table 5.3.
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Table 5.3. Physio-chemical properties of the iron oxide nanoparticle samples. Core
diameter (dc) and log-normal size distribution, o, are fit to VSM data and confirmed with
TEM (n = 5216 particles). Hydrodynamic diameter (dn) and zeta potential ({) are measured by
DLS in DI water. STEM stability summarizes the critical electron flux values that changed

colloidal stability in these experiments.

o] & e g [iia] %mv] Liquid STEM Stability
Fe;04@ Stable <0.8 ¢ A%s!
90 -7 . - A2 1
Methoxy-PEG Dissolves > 0.8 e~ A%s
Fes04@ Stable < 1.3 e~ A 2!
272 (VSM) | 0.15 (VSM) | (o5 77 23 | Growth>13e A2s!
Dissolves > 14 ¢~ A 25!
27.7 (TEM) | 0.06 (TEM) Stable<1¢ A 2s'
Fe;0.@ 70 4o | Growth>52¢ A2g!
L-Cys-PEG After 1% cycle:
Dissolves > 1.8 e~ A 25!

Previous works have measured the pH dependence of the zeta potential for magnetite
nanoparticles functionalized with chitosan [173] or peptide dendrimers. [174] The pH behavior of
functionalized magnetite nanoparticles is similar to most colloidal systems: { is negative and
stabilized at basic pH, and as pH is decreased { passes through the isoelectric point before
approaching a positive ( at acidic pH. As the solution becomes more acidic, the zeta potential
increases and positive ions, including iron 2+/3+, are driven out of the primary particle where
depending on the local chemistry ions may either occupy the nanoparticle Stern layer or diffuse
into solution. Increasing the local iron concentration increases stability of solid iron oxide phases,

see Figure 1.4, and may produce supersaturation, prompting growth of iron oxide phases.

5.4.3 In situ Dissolution of PEG Coated SPIONs

Methoxy-PEG coated Fe3O4nanoparticles dissolve with time and dose when observed in a

liquid cell in the TEM, as shown in Figure 5.9. The dissolution is dependent on the electron flux
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density, with particle size (diameter) decreasing with accumulated dose (Figure 5.9d). Increasing
the magnification (and thus the flux density) increases the rate of dissolution from 0.02 nm/s at 0.8
e A2s1t00.10nm/sat6.6 e A2s't00.19 nm/s at 25 ¢~ A2s7!. Curiously, the diameter appears
to decrease linearly with time. If the dissolution rate were limited by the surface reaction an r?
surface area dependence is expected, so this reaction must be diffusion limited either in the
availability of reactive ions or in the transport of iron. For Methoxy-PEG coated Fe304, we do not
observe a threshold dose below which particles are stable. Even under relatively low dose

conditions (< 1 e~ A2 s™!), observable dissolution occurs within hundreds of seconds.

5.4.4 Controlling Stability with Surface Chemistry

To observe the effect of the surface chemistry on stability, we next observe the PMAO-
PEG coated particles functionalized with the amino acid L-cysteine. Cysteine is zwitterionic, with
both positive and negative charge. L-cys-PEG particles grow when exposed to sufficient electron
flux density (here > 5 e~ A2s7!), as iron is driven from the initial particle into the surface coating.
When the flux density is reduced back to 1 e~ A2s™!, by decreasing the magnification, the surface
layer dissolves. This reversible growth is shown in the time series in Figure 5.10. In this
experiment, one particle was imaged at high magnification and irradiated with sufficient electron
flux to promote dissolution and recrystallization. Growth occurs immediately outside of the
particle within the polymer layer (not visible in STEM) that extends an additional ~30 nm from
the particle surface. Even after three cycles of growth and dissolution we still see a gap around the
initial particle, indicating that the thickness of the polymer coating has not been permanently
changed. However, the growth kinetics do appear to change between cycles: for the first cycle, the
iron oxide interface moves at approximately 0.2 nm/s, while growth during second and third cycle

increases to 0.4 nm/s. It is likely that not all of the iron is able to diffuse out of the coating and
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back into the crystal in the time allowed for recovery, increasing recrystallization kinetics on

subsequent runs.
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Figure 5.9. Magnetite nanoparticles terminated with PEG dissolve in water during electron
irradiation. This is dependent on total dose. (a)-(c) are movie frames (total electron dose noted)
throughout dissolution at 25 e"”A~2s7!, (d) plot showing decrease in average particle size versus
accumulated electron dose. The steady state pH is estimated for a thin film of water, starting at

pH 7 and subjected to the respective electron flux density, using published code. [204]
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Cycle1-

Growth

Dissolution
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Figure 5.10. Growth at the surface of L-cysteine functionalized nanoparticle is reversed by
reducing magnification and electron flux density. At higher magnification and electron flux
density, here 5.2 e A2 s7!, ions accumulate at the particle surface forming an amorphous iron-
rich phase. When the flux density is reduced to 1.8 e~ A 5! by reducing the STEM

magnification, iron flows back into the primary particle.

Imaging contrast in high-angle annular dark field (HAADF) STEM is proportional to
atomic number; [60] in this system, iron is significantly heavier and scatters more strongly than
any of the other elemental constituents. Accumulation of iron at the particle surface appears as
increased contrast in the images. In this way we can quantify particle growth by radially integrating

the intensity measured from the HAADF detector, as shown in Figure 5.11.
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Figure 5.11. The radially integrated HAADF intensity is shown for the second cycle. From

this, the average velocity of the interface is measured to be 0.4 nm/s for the growth, and -0.2

5.4.5 STEM Induced Growth

nm/s for the dissolution.

Unlike the reaction facilitated by L-cys-PEG, growth of CPP-PEG functionalized Fe304

nanoparticles is not reversible. When these particles are imaged in the TEM liquid cell, at low

doses (electron flux density <1 e~ A-2 s—1) we do not observe any growth. At a flux density of

1.3 e— A-2 s—1, the particles grow in size as iron diffuses out of primary particles, shown for an

ensemble of nanoparticles in Figure 5.12. The charged peptides act as nucleation sites for a

secondary iron phase. No growth species, i.e. iron, are added to solution so iron that precipitates
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during the imaging is from previously dissolved particles in solution. This dissolution and
subsequent growth was reproduced in multiple experiments. When the CPP-PEG particles were
left to sit with the beam off for 20 minutes, they recrystallized, forming a disordered hydrated iron
oxide phase, shown in Figure 5.13c. When flux density is increased to 14.1 e~ A2 s7!, these CPP-
PEG particles dissolve. We expect iron oxide nanoparticles in aqueous environments will typically

dissolve under moderate TEM doses of 10-100 e~ A2 s7!, regardless of the capping layer.

0.85s 41.13 s

Time [s]

75

~J
[6)]
T

50
25

[4)]
o
I

0

HAADF Intensity [a.u.]
N
(&)
|

o
I

| | |
0 50 100 150 200
Radius [nm]

Figure 5.12. Iron oxide nanoparticle coated with poly-cationic peptides (CPP-PEG) dissolve,
then re-nucleate as hydrated iron oxides in solution. Growth is quantified by measuring the

integrated intensity on the HAADF detector.
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Figure 5.13. For this ensemble of CPP-PEG coated nanoparticles, iron growth at the particle
surface follows dissolution of the primary Fe3;O4 nanoparticles (b, and time series). Some of the
particles grow while others dissolve (circled in time series). When the beam is removed,
densification and recrystallization as a disordered, hydrated iron phase occurs over
approximately 20 minutes (c). The growth of a three-particle aggregate, circled in d, is shown in

the integrated HAADF intensity in plot e.
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Post-mortem EDS and EELS analyses in Figure 5.14 and Figure 5.15 confirm the presence

of iron in the secondary phases grown in situ.
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Figure 5.14. Post-mortem Energy-Dispersive Spectroscopy (EDS) confirms presence of iron
in the nanoparticles (region 2) as well as the high contrast amorphous phase grown in situ
(regions 1, 3). No iron was detected in the background (regions 4 and 5). Background copper

peaks come from the holder and instrument, and silicon comes from the chip.
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Figure 5.15. Post-mortem EELS spectra also confirm presence of iron in the particles.
HAADF STEM image (a) indicating where spectra (b) where acquired. The iron L edge, onset
708 eV, is apparent both on the particles (2, 4) as well as the growths (1, 3, 5). No iron is
detected in the background, captured near the cluster but not over any of the particles or growths.

The nitrogen peak still present in the background is from the silicon nitride window.
54.6  Summary of in situ Nanoparticle Stability

The behavior of iron oxide nanoparticles in the TEM liquid cell depends on the surface
coating. Iron ions in solution may then bind electrostatically or chemically with amino acid
functional groups in the coating or recrystallize as solid hydrous iron oxide depending on local
chemistry pH changes in solution. Functionalization of the Fe3O4 surface with L-cysteine gives
reversible growth and dissolution reactions, which is specific to the local changes in pH and can
be controlled with electron flux density. Metal cations, here iron, interact with amino acids altering
their protonation state and in some cases forming complexes.[177], [213], [214] In particular,
oxidation of cysteine by iron, and formation of iron-cysteine complexes has long been established
in the case of free thiol cysteine.[215], [216] Reactivity of thioester cysteines in the coating is not

necessarily the same, but we expect that iron-cysteine bonds will still form. The cysteine groups
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on the functionalized nanoparticle surface serve as attachment sites for iron 2+ or 3+ ions in
solution, potentially nucleating further growth. In the case of L-cys-PEG coated Fes3Os, in-situ
formation of such organo-iron complexes is reversible, as shown in Figure 5.10. In contrast, the
CPP-PEG coated sample contains several arginine sites where iron can bind electrostatically or
chemically. With more active sites for iron to form complexes with the organic, the local iron
concentration at these functional groups will be higher than the L-cysteine sample. Increasing the
iron concentration stabilizes solid phases.

In all cases, the behavior of individual nanoparticles and assemblies diverge from that of
bulk solution. The zeta potential, considered a primary indicator of colloidal stability, is not
predictive of behavior observed in these irradiated systems. Some particles dissolve while others
grow, even within the same sample. The nanoparticle stability and reversibility of growth and
dissolution reactions depend on the surface functionalization and interactions with ions in
solution—local phenomena that cannot be captured in the distribution of { in the sample. While
the zeta potential of the functionalized nanoparticles is generally indicator of colloidal stability, it
does not account for local variations in solution composition and pH as well as reactions between
metal ions, peptides, or other species. With observable behaviors at the nanoscale differing
significantly from the overall sample stability, it is clear that direct in-situ methods at relevant
length scales must be an integral part of designing nanotechnologies that interface with biological
and similarly complex systems.[160], [187]

The stability of nanoparticles in aqueous solutions is of natural significance in biomedical
applications. Performance in MPI, for example, is determined by the size, size distribution, and
phase of iron oxide nanoparticles.[1], [31], [37] In vivo behavior of nanoparticles is also highly

dependent on surface chemistry.[30], [31], [165] Formulations that agglomerate in physiological



114
pH will lose their performance, while particles that dissolve too quickly are similarly unacceptable.
Amino acid based surface modifications have enormous promise for targeting or other
functionality, but may also have unexpected consequences for the behavior of the materials in
vivo.[164]-[166] Nanoparticle surface chemistry and functionalization provide a platform to
control nanoparticle interactions with solution, ions, and adjacent nanoparticles. For example,
surface functionalization can be optimized for nanoparticle in vivo circulation time, or to tune
dissolution kinetics in biological environments.[30], [ 178] Behavior of peptide functionalized iron
oxide nanoparticles may model compounds in natural and biological systems including the
interplay between proteins such as hemoglobin or ferritin and iron oxidation, metabolism, and
clearance. [78], [205], [214], [215] In situ approaches enable direct nanoscale visualization at the
solid-liquid interface to observe and quantify nanoscale kinetics. We expect the approaches we
have described here will provide a starting point to evaluate a wide variety of functional materials

at relevant length and time scales in hydrated environments.
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Chapter 6. CONCLUDING REMARKS

In this work I have addressed several questions regarding the kinetics of nucleation,
growth, synthesis, and colloidal stability of iron oxide nanoparticles. Using state-of-the-art TEM
techniques, I have imaged and characterized the structure and chemistry of iron oxide
nanoparticles with the highest level of detail available.

Beginning with the synthesis, the iron oleate precursor was characterized thermally to show
its sequential breakdown. The ligands de-coordinate at well-defined temperatures, releasing free
iron into solution in agreement with other works and DFT simulations. [107], [108] Iron oleate
can be used as a precursor for synthesis of IONPs or as we suggest, forms as a reaction intermediate
in other solvo-thermal syntheses. Next, as-synthesized particles were imaged and their Fe-valence
was quantified by EELS and confirmed with Mossbauer spectroscopy. Prevalence of wiistite in
the particles’ cores suggests that they formed under-oxidized, then transformed to magnetite during
aging, oxidizing from the surface in. At some point during synthesis, iron(IIl) was reduced to form
mixed valence magnetite. Because wiistite (Fe[I[]O) is often formed in the early stages of
synthesis, reduction might be complete followed by oxidation at a later stage.

As these nanoparticles have non-equilibrium structures and phases, kinetics are inherent in
their formation; we rely on in situ experiments to visualize their dynamics. By using specialized
holders, we can introduce liquid samples into the TEM column. Using these techniques, a variety
of colloidal phenomena are observed including nucleation, growth, aggregation, and dissolution.
The energy deposited by the beam can be used as an electrochemical stimulus. TEM dose was
used to electrolytically decompose iron(IIl) oleate, our SPION precursor, and bright field TEM
movies were recorded of the precursor decomposition. The initially uniform liquid precursor

separated into regions of dark and bright contrast—denser, iron-rich and iron deficient regions,
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respectively. The kinetics of the separation were dose dependent, speeding up with larger dose
rates. These particles were relatively large, up to 50 nm or more, and appeared amorphous. With
extensive aging, as is performed ex situ, nanoparticles would likely crystalize.

In the thermolytic decomposition, magnetic size was initially very small (< 10 nm),
growing over several hours following nucleation. Considering the TEM results it is possible that
nanoparticles formed quickly via this phase separation into amorphous iron-rich particles,
followed by a slow ageing and ordering into superparamagnetic particles. Although the
electrochemical stimulus of the electron beam was not directly comparable to thermal energy, this
remains a useful tool to enable direct visualization of nanoparticles kinetics.

In aqueous solutions, the electron beam produces reactive species in said solution, namely
H+. I have shown how this can be used experimentally to study aqueous dissolution of iron oxide
nanoparticles by measuring dissolution rates from the contrast in HAADF STEM. I further propose
the reactive chemistry in the TEM liquid cell may be used to easily simulate acidic, reactive
environments, specifically acidic biological environments. Particularly for this quantitative
electrochemistry and in general for all TEM experiments, calibration and monitoring of dose rate,
total dose, and relevant damage thresholds is critical. Furthermore, to minimize the effect of the
electron beam, solution chemistry must be properly formulated to buffer at a particular pH, or
alternately electron scavengers such as nitrates could be added to solution. Additional in situ
stimuli remain to be investigated including the effect of an applied magnetic field or heating on
the synthesis reaction and the stability of nanoparticles. As in situ experiments move away from
electron beam induced reactions toward investigation of these other stimuli, reducing dose and

minimizing damage will be especially important. Beyond the strategies previously discussed,
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advances in compressive sensing and sparse sampling techniques have the potential to reproduce
high-resolution images at a fraction of the dose. [217]

The techniques developed for these experiments have implications that go beyond the iron-
containing systems we have studied. Materials processes in the liquid phase underlie industrial,
biological, and geophysical systems, and influence energy production as well as global ecology
and climate. In principle, combined with the structural and chemical sensitivity of TEM, we can
use in situ methodologies to observe materials throughout chemical reactions, phase
transformations, and many other materials processes. Much work remains to achieve this vision,
and proper interpretation of these increasingly complex in situ systems will require development

of kinetic models to predict electrochemistry in a wider variety of solutions. [218§]
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APPENDIX A: REVIEW OF NUCLEATION, GROWTH, AND
COLLOIDAL STABILITY THEORY

A. 1 Supersaturation Driven Nucleation

The assembly of nanoparticles can proceed down a variety of pathways: a classic example
being, supersaturation driven nucleation of a solid phase in a liquid matrix. In this description,
growth proceeds by monomer addition of nutrient from liquid to solid phase at the interface.
Synthesis of monodisperse colloids was described in by LaMer and Dinegar in 1950.[95] The

LaMer supersaturation plot is reproduced in Figure 6.1.

nucleation

>

C(r)

crit

growth and ripening

reaction

Figure 6.1. Schematic plot of monomer concentration versus time for the growth of
nanoparticles, as described by LaMer. Cs indicates supersaturation, and Cerit indicates

concentration for nucleation.

There are several synthetic methods used to reach supersaturation. A supply of nutrient can
be added to solution at an elevated temperature or a chemical precursor can decompose to release

nutrient into solution. The latter is typically achieved by heating the solution (thermolysis),
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although other stimuli (electrolysis, pH, sonication) can be substituted. The most straightforward
way to achieve uniform particles is to ensure that they all nucleate at the same time in a uniform
environment and grow in similar conditions.

When the supersaturation exceeds some critical concentration, Ceris, there is enough driving
force to nucleate new particles. If the solution remains supersaturated, existing particles can grow
to alleviate said supersaturation. Between saturation, Cs, and Cei;, particles will grow but no new
particles will nucleate. To produce monodisperse particles, nucleation must generally be separated
from growth. If this is the case, all particles will start at the same size and at around the same time,
and grow under similar conditions. To achieve this, an optimal synthesis will produce a rapid
increase in precursor concentration above Ccq. To relieve this supersaturation, particles will
nucleate, reducing the concentration to below critical. At this point particles will continue to grow
as the concentration approaches Cs. In practice, the nucleation rate is finite and there will always
be some size distribution. Depending on growth conditions, this distribution can either narrow or

broaden with time.[97]

A.2 Critical Nucleus Size
The critical nucleus size, above which a precipitate is stable is often described as a trade-
off between surface and volume free energy:

_ 2y
"~ AG,

R.

Where y is the surface energy (per unit area), and 4G, is the free energy required to form a unit
volume of solid phase. When the particle radius is greater than R., the particle will grow, when it

is smaller than R., the particle will shrink. That is:
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dR>0 R>R
dt ’ ¢

dR<0 R <R
dt ’ ¢

Furthermore, the nucleation rate can be described in terms of the activation energy to form a critical

nucleus, 4G* and the energy for an atom to cross the interface from solution to nucleus, AGm.

AG*+AGm)
kT

Nucleation rate = K,,(T)exp(—

Where ks is the Boltzmann constant, and K,(7) is a pre-exponent factor and function of

temperature, 7.

A.3 Growth Models

In some systems, growth may proceed by addition of monomers, as described by
conventional growth models. Modeling this growth generally amounts to solving the concentration
profile, C(r). Mathematical models describe the nucleation rate, critical nucleus size, and growth
rate of colloidal systems. Initial models focused on extreme cases of diffusion-limited and
reaction-limited growth.[98] In diffusion limited growth, the supply of growth species to the
particle surface is limited. In reaction limited growth, the rate-limiting step is the adsorption of
growth species. More recently, the model has been generalized to account for intermediate
cases.[97]

The most basic description of precipitate growth, often called the Lifshitz-Slyozov-Wagner

(LSW) model,[219] simply applies conservation of mass to the diffusion equation:

dc
] = 4nr’D —
dr
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Where J is the atomic flux, 7 is the radius (as a coordinate, not R of the particle), D is the
diffusion constant, and C is the concentration of growth species in solution.

For isotropic growth in a spherical reference frame, the time evolution of the concentration

profile C(r) is described in terms of the diffusivity constant, D, by the equation:

ac 9%c  20cC
2= (5
ot or? T or

dR

If we define a particle with diameter, R, the velocity of the particle surface is given by v = o

Under quasi-static conditions, that is if the velocity is less than the diffusion length: v << D - m

] . o .
then a—f ~ 0, and solutions to the diffusion equation takes the form:

A
C(r)=—;+Cb

Where Cj is the concentration of nutrient in bulk solution, and A is a constant

Figure 6.2. Solutions to the diffusion equation take the form C(r) ~ 1/r.
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We can also relate the flux density of nutrient, J, to the mass accumulation at the growing

(or dissolving) particle interface.

ac
v(Co—C) =~J; =D —ar] = k(=)
r=

The velocity, here a function of the concentration difference at the interface, is simply equal
to the flux density. Further, the precipitation/dissolution reaction at the interface is assumed to be
first-order with respect to the difference between the interfacial concentration and equilibrium,

given by the Gibbs Thompson equation:

With some assumptions on boundary conditions, this defines the critical radius (Rc): for r
< Rc the precipitate will dissolve, and » > Rc the precipitate will grow. When including a first-
order precipitation reaction at the interface, with rate constant %, the kinetics can be regarded in
two regimes: diffusion-controlled growth (D << kr), and reaction-controlled growth (kr>>

D).[98] This has been recently generalized to consider the full range of D and k values.[97]

A.4 Colloidal Stability

The classical colloidal stability is often abbreviated DLVO Theory, for the scientists
Derjaguin, Landau, Verwey, and Overbeek.[220], [221] In short, this model computes the energy
to colloidal particles by considering as a combination of attractive, Van der Waals, and repulsive,
electrostatic, forces, as depicted in Figure 6.3. This balance of attractive and repulsive forces
defines an energy barrier. If this barrier is exceeded, attractive forces will dominate, and the

colloids will aggregate.
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Figure 6.3. In DLVO theory, colloidal stability is considered as a combination of attractive
and repulsive forces, with the total interaction energy acting as a barrier between dispersion and

aggregation of colloids.



