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ABSTRACT OF THE DISSERTATION
Oxide-Free Gadolinium Nanoparticles as MRI Contrast Agents
by
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Professor Louis-Serge Bouchard, Chair

The Gd element and other rare-earth metals are notoriously difficult to use in
chemical synthesis due to their high reduction potentials and aggressive reactivi-
ties with ambient oxygen, which almost always leads to the formation of oxides.
The challenge in chemical synthesis limits the range of applications for rare-earth
metals. The most important use of Gd at the moment is nanocrystals for tech-
nological applications. Herein, we report for the first time the successful produc-
tion of size-controllable, solid core-shell oxide-free Gd metal nanocrystals. We
have solved the long-standing problem of oxidation through a reduction process
and appropriate capping. The manuscript describes the procedure and detailed
characterizations of the process to ensure the highest quality of the produced
particles. In particular, the nanocrystals displayed the largest saturation magne-
tization observed to date for nanocrystalline Gd metal. This value (206 emu/g at

2K) currently stands as the world record.

Another important application of Gd is contrast agent development for MRI.
To this end, we have performed NMR relaxivity measurements to evaluate the
performance of the nanoparticles as potential MRI contrast agents. Typically,
Gd based nanoconstructs such as FDA approved Gd-DTPA chelates are 77 MRI
contrast agents; however, we demonstrate, for the first time, that pure Gd nano-

particles can also be used as state-of-the art 75 contrast agents. World record
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high values for transverse proton relaxitivity (ry) of 232 mM~'s™! per Gd atom
and per-particle relaxivity (2.9 x 108 mM~!s™!) have been obtained, exceeding the
current highest per-particle ro values. These results make our Gd nanocrystals
the most promising MRI contrast agents for use in biomedical applications. For
the first time, this puts MRI on par with positron emission tomography in terms

of sensitivity to detection of a contrast agent.

We further developed the nanoparticles and we demonstrate record high sat-
uration magnetizations for Gd nanoparticles, namely, 226 emu/g at 5 T. This
magnetization is substantially higher than anything achieved to date. We have
achieved such high magnetizations in a reliable and reproducible manner by con-
trolling the crystallinity of the grown Gd nanofilm. The crystallinity of Gd is found
to play an important role in the observed magnetization values. The higher mag-
netization is observed for nanoparticles that have a lower content of paramagnetic
face-centered cubic (fcc) phase and greater content of ferromagnetic hexagonal
close-packed (hcp) phase. Control over fecc and hep content in the lattice was
achieved by adjusting the deposition rate of Gd metal during the nanofabrication
process. Our results indicate the remarkable influence of nanocrystallinity on the

magnetism of Gd and the ability to control it.

Our novel fabrication technique, which overcomes the problems of current
synthetic approaches to rare-earth nanoparticle synthesis through the careful op-
timization of capping and hydrogen reduction techniques, can also be applied to
other rare-earth metals and alloys. This opens the door to fundamental studies
on these materials at the nanoscale. It will also enable the realization of the full

potential of rare-earth metals in industry.
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CHAPTER 1

Introduction

1.1 Principles of MRI

Magnetic resonance imaging (MRI) is a non-invasive technique based on the
magnetic fields of protons within the body, producing views of internal organs
or tissues. MRI technique utilizes the principles of nuclear magnetic resonance
(NMR), a spectroscopic technique used by scientists to obtain microscopic chemi-
cal and physical information about molecules, which was discovered by Felix Bloch
and Edward Purcell independently in 1946, which brought them the 1952 Nobel
Prize [1]. The technique was called MRI rather than nuclear magnetic resonance
imaging (NMRI) because of the negative connotations associated with the word
nuclear in the late 1970’s. Initially, MRI was a tomographic imaging technique
which used to generate an image of the NMR signal in a thin slice through the
human body, however over time, it has become a volume imaging method [2].
After receiving the FDA approval for clinical use in 1985, MRI has become a
major diagnostic tool in modern medicine and was adapted by hospitals around
the world since then [3]. Magnetic resonance imaging has become one of the most
important and evolved as a frontier method in medical diagnosis and biomedical
research as it combines some of the most interesting principles of physics and
some of today‘s most advanced technology. The need for invasive diagnostic pro-
cedures has been limited by the use of MRI and it is able to provide physiological
information earlier in clinics. Today, in addition to anatomic detail and contrast,

MRI also provides functional information which is useful in disease characteriza-



tion [4]. It also offers fast scan times, the capacity to produce excellent quality
and high-resolution images and the avoiding of radiochemicals. Compared to other
modalities, MRI has the highest spatial resolution and clinical potential, and can
image structures in the millimeter scale without the use of ionizing radiation such
as that used in X-ray and computerized tomograph (CT). MRI provides several
advantages over other clinical modalities such as high spatial resolution, nonin-
vasiveness, high anatomical contrast, high capacity of differentiating soft tissues
without the use of ionizing radiation [5]. However, MRI suffers from low sensi-
tivity compared to radionuclide methods such as positron emission tomography

(PET) and single-photon emission computed tomography (SPECT).

The basis for MRI signal is the precession of water hydrogen nuclei within an
applied magnetic field. It involves imaging of the proton, the positively charged
spinning nucleus of hydrogen atoms because they are abundant in tissues con-
taining water, proteins, lipids and other macromolecules [6]. The human body is
composed of 70% water by weight. The water molecule contains two hydrogen
protons, therefore our body is an ideal object for a MRI. A proton has a minus-
cule magnetic field due to an intrinsic property called nuclear spin and charge,
which makes it behave like a compass needle in a magnetic field and aligns itself
with respect to the field. According to quantum mechanics, atoms with an odd
number of protons are designated a spin of i% by which they intrinsically possess
an associated magnetic moment and angular momentum. Under the presence of
a strong magnetic field By, the magnetic moments of the atoms will tend to align
along the By field. The strength of the By field is generally given in Tesla (T) unit.
Along with the alignment of magnetic moments, the atoms also undergo a process
known as precession about the induced magnetic field. Precession refers to rota-
tion about an axis that is constantly changing; the effect can be visualized as the
spinning of a top. The protons placed in a magnetic field start rotating around

their axis at a frequency determined by a constant number and magnetic field



strength (Figure 1.1). This rotational motion is called magnetic resonance and is

defined by the most essential equation of magnetic resonance, Larmor equation:

w = vBy (1.1)

where v is the proton specific constant called gyromagnetic constant.

Figure 1.1: NMR spin precession

The protons placed in static field By immediately start rotating (resonating) with w at coun-

terclockwise direction.

When radiofrequency (rf) pulses resonant at the Larmor frequency are intro-
duced, the protons which are originally aligned with the external magnetic field
absorb the rf energy and change their orientation. After this excitation, the pro-
tons start to release the absorbed energy which is called the relaxation process.
This process in which the protons return to the original aligned state can be uti-

lized to produce an image which represents a display of spatially localized signal



intensities [7]. The relaxation happens on two different time scales: The magne-
tization perpendicular to the magnetic field (the transversal magnetization) often
decreases relatively rapidly, while it can take considerably longer to recover the
magnetization along the field (the longitudinal magnetization). The longitudi-
nal magnetization (M,) approaches equilibrium M, on a timescale 77 whereas
the transversal magnetization (M,,) decreases exponentially on a timescale T5.
During the T; relaxation process, the net magnetization (M) returns to its initial
maximum value (M,) parallel to By whereas during the T, relaxation process, the

transverse components of magnetization (M,,) decay.
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Figure 1.2: NMR relaxation times

Schematic illustration of the mechanisms of MRI. Protons precess under an external mag-
netic field By. After the introduction of the RF pulse, protons are excited, with relaxation
occurring following removal of the RF pulse. And the graphical representation of 77 relax-
ation and T relaxation. T} relaxation is the process by which the net magnetization (M)

returns to its initial maximum value (M,). Mg, component of magnetization is lost in T



relaxation. (Reproduced from [8])

T relaxation is also known as spin-lattice or longitudinal relaxation. 7T) can
be viewed as the time required for the z-component of M to reach (1-1/e) or about
63% of its maximum value (M,) (Figure 1.2). As the longitudinal component of
M (M,) grows toward M,, the energy of the spin system decreases because more
spins prefer the lower energy, therefore energy must leave the T relaxation to
occur. This is why 7T} relaxation is also called thermal relaxation. 7T} depends on
tissue composition, structure and surroundings as it is related to the exchange of
thermal energy, which is transferred over from the protons to the surroundings,

the lattice.

T, relaxation is also known as spin-spin or transverse relaxation. T3 is the
time required for the transverse magnetization to decrease to approximately 37%
(1/e) of its initial value (Figure 1.2). T; relaxation happens when protons go out
of phase, which has two causes: inhomogeneities of the external magnetic field,

and inhomogeneities of the local magnetic fields within the environment.

T, and T, relaxation times need to be shortened in order to obtain better
image contrast. For this purpose, contrast agents have been developed for the
last several decades. The contrast agents which shorten the 7T} time are called
T contrast agents, similarly those of which shorten the 75 are called 75 contrast

agents.

1.2 MRI Contrast Agents

Although MRI has many advantages over other imaging modalities, there remains
the issue of insufficient contrast between the healthy and diseased tissues due to
relatively small structural differences, and results in a correspondingly low appar-

ent MRI sensitivity for identifying the associated abnormalities [9]. Thus, MRI



sensitivity needs to be improved. In order to overcome this limitation, contrast
agents have been used to increase the signal contrast between the tumor tissue and
normal tissue. MRI contrast agents are chemical compounds that are able to alter
the relaxation times of water protons in tissues where they are distributed [10].
This in turn leads to remarkable improvements in medical diagnoses, as they fa-
cilitate higher sensitivity and specificity and better tissue characterization [11].
Contrast agents can be divided into two groups depending on whether they cause
changes in either T} or Ts relaxation rates of the water protons, these being known
as positive or negative agents respectively. The ability of an agent to affect T}
and Ty is characterized by the concentration-normalized relaxivities r; and ro re-
spectively. These parameters refer to the amount of increase in 1/7} and 1/T5
respectively, per millimole of agent, and are normally quoted as a rate (mM~1s™1).
The values are used to determine the efficiency of a contrast agent, and they consist

of contributions from both inner sphere and outer sphere relaxation mechanisms.
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Inner sphere effect occurs when the water molecules directly coordinate to the magnetic ion
at the core and outer sphere effect utilizes the bulk water molecules diffusing in the near

environment.



There are several factors affecting the relaxivity efficiency of the magnetic
molecule (Figure 1.3). The main region in close vicinity of the magnetic mat-
ter that increases relaxivity efficiency could be divided into an inner sphere and
outer sphere, where water molecules directly coordinate to the magnetic ion and
bulk water molecules diffusing in the near environment, respectively, are both
influenced by the magnetic ion. In some cases, the second sphere where water
molecules are hydrogen bonded to the chelating unit is taken into account. In the
region of the inner sphere, the main parameters include longitudinal and trans-
verse electronic relaxation times and the hydration number of water molecules
(q). Another critical parameter is the rotational correlation time 7z or the time
needed for reorientation of the metal-proton vector, and a higher 7z means slower
molecular tumbling, leading to the improvement of proton relaxivity. The param-
eter 1) refers to the residence time of water molecules in the inner sphere, which
is favorable for proton relaxivity in the case of fast water exchange [8]. Contrast
agents can display relaxivity even when there is no water molecule binding to
the magnetic core which means there is no water in the inner coordination sphere,
then the relaxivity must come from outer sphere contribution.The outer sphere re-
laxation arises due to diffusion of water molecules in the bulk near to the magnetic
core. The electronic relaxation time of the magnetic core and the distance of the
closest approach of solvent and solute and the sum of their diffusion coefficients

play role in this case [1].
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Commercially available and FDA approved chelated gadolinium-based contrast agents.

Positive contrast (77) agents commonly utilizes the paramagnetic materials,
mainly those based on metal ions with large numbers of unpaired electrons, such
as Mn™ (5 unpaired electrons), and Gd™ (7 unpaired electrons). The vast ma-
jority of positive contrast agents are based on gadolinium ion, however, since the
gadolinium ion possesses an ionic radius close to that of calcium ion but a higher
positive charge, proteins cannot recognize them and Gd*? would quickly bind to
Ca'? channels and other proteins that require Ca*? such as calmodulin, calse-
questrin and calexitin [12]. As a result, free gadolinium ions are toxic in biological
systems and cannot be administered to a patient in their aqueous form. To sup-
press the potential toxicity, the gadolinium ion is usually bound by a strongly
coordinating ligand for clinical examinations. This is called chelation. Figure 1.4
shows some of the FDA approved chelated Gd contrast agents. Besides chela-

tion, 77 contrast agents can be administered in different forms such as loading



the paramagnetic ions in polymeric micelles, nano-hydrogels, mesoporous silica
nanoparticles, liposomes polymersomes and dendrimers [13]. Oxide compounds
of the magnetic ions such as GdyO3 and MnO are also act as T} agents [8]. T}
contrast agents produce an image being brighter within areas where the agents

are taken up, due to brightness being a function of 77.

Negative contrast (75) agents influence the signal intensity by shortening trans-
verse relaxation (75), thereby producing darker images as high 75 results in in-
creased brightness of the images. Negative contrast agents are commonly formed
of superparamagnetic materials such as iron oxide nanoparticles. To produce effi-
cient T, contrast agents, the magnetic properties of the nanoparticles need to be
controlled through the designed control of the intrinsic material properties, such
as material composition and crystal structure, as well as extrinsic factors, such
as size and shape. T, contrast agents include superparamagnetic, paramagnetic
and ferromagnetic materials. The most commonly used 75 contrast agent is su-
perparamagnetic iron-oxide nanoparticles. In metallic nanoparticles, such as Co,
Fe, FeCo and FePt, all the magnetic spins align parallel to the external field; as a
result, they typically have higher magnetic moments than those of ferromagnetic
or magnetic ceramic nanoparticles. The metallic nanoparticles result in a larger
effect on proton relaxation, providing improved MRI contrast and allowing for

smaller magnetic nanoparticles core use without compromising sensitivity.



CHAPTER 2

Oxide-Free Gadolinium Nanocrystals with Large

Magnetic Moments

Lanthanides exhibit unique magnetic and optical properties that are useful in
modern technological applications. Through their unpaired 4f spins, six lan-
thanides (Z = 64 — 69) exhibit larger magnetic moments per atom than iron [14].
Nanoparticles of gadolinium (Gd), the most abundant member of the rare-earth
metals, are of particular interest for applications to biomedical imaging [15-24],
neutron-capture therapy [25-29], theranostics [30], temperature-sensing [31] and
magnetic refrigeration [32-35]. In the latter case, heat is removed from a medium
by exposing it to a changing magnetic field. The best performance has been
achieved with Gd and its alloys, because of a high Curie temperature [36] and
magnetic moment [35]. As the particle size decreases, heat exchange improves

and eddy current losses are reduced.

The production of nanoparticles with optimal properties is challenging due to
the tendency of Gd to oxidize rapidly. Chemical synthetic routes lead to the forma-
tion of Gd oxides, because of the high reduction potential and aggressively reactive
nature of Gd. The oxide forms inherit magnetic properties that are suboptimal
compared to pure Gd, in particular, a substantially reduced magnetization [37].
Other lanthanides also present the same issue of oxide formation, severely limiting
their uses in industry and implying that the potential of rare-earth metals has not
yet been fully realized. Synthetic approaches have included the use of multilayer

precursors, alkalide reduction, gas-phase, and arc-discharge methods [38-44]. In

10



spite of these efforts, there exists only one report describing the synthesis of stable
Gd nanoparticles, namely a core-shell GA@Au structure [45]. Good size control
and uniformity across a wide range of particle sizes has not yet been demonstrated.

Even a glove box environment fails to completely prevent oxidation of the Gd core.

Herein, we report on the production of gadolinium nanoparticles that are com-
pletely oxide-free, stable and whose size can be well controlled. Gadolinium was
selected for this work due to its prevalent use as a building block for magnetic
resonance imaging (MRI) contrast agents. Chelated Gd®*" ions, which are already
FDA-approved for use in clinical MRI, act as T} contrast agents due to the rapid
exchange of water protons in the vicinity of the paramagnetic ion. Gadolinium-
based oxide nanoparticles, which have been the subject of recent studies [15-24],
as potential MRI contrast agents, act as T agents due to the dominant contribu-
tion from the static magnetic moment. There have been no reports on the MRI
properties of pure (i.e. oxide-free) Gd nanoparticles, presumably because of the

difficulty of synthesizing such particles.

The approach we developed is based on nanofabrication. Nanofabrication is
an alternative to chemical synthesis that is largely ignored for biomedical appli-
cations because the yields are low, the nanopatterning steps are costly and the
wafers are often not reusable, thereby limiting scalability [46]. For example, the
growth of nanoparticles on nanopillar arrays involves etching of the silicon wafer
to the point where the same costly substrate can no longer be re-used [47]. We
instead describe the use of nanosphere lithography [48,49], which enables indefi-
nite recyclability with proper wet cleaning of the substrate surface. When com-
bined with a hydrogen reduction technique, the end product is a core-shell Gd
nanocrystal (Gd@QSiO,) that is oxide-free, surfactant-free, stable, monodisperse
and size-tunable. We have chosen silica for the shell layer for biocompatibility;
the nontoxicity of silica nanoparticles is well documented [50-52]. We demon-

strate broad tunability of the particle size while maintaining a remarkably narrow

11



size distribution (< 5%). The nanoconstructs displayed the highest magnetiza-
tion measured to date for Gd nanoparticles, approximately 30% higher than the
highest magnetization reported previously [45]. With biomedical applications in
mind, NMR relaxivity measurements were performed to evaluate the performance
of the nanoparticles as potential contrast agents for MRI. An unexpectedly high
transverse proton relaxivity was measured, which is the highest value reported for
any MRI contrast agent to date; this makes it the most promising 75 based MRI

contrast agent.

2.1 Experimental Detail

a _PS d g
b
9 ” 8 e

$i0,-Gd-Si0,

Figure 2.1: Nanofab process

Schematic of the nanofabrication process. a) Monolayers of polystyrene nanospheres are
formed on silicon wafer pieces used as sacrificial templates. b) Spacings have been gener-
ated between the nanospheres by using oxygen reactive ion etching to etch the polystyrene.
c) Layers of 10 nm SiO3, 10 nm Gd and 20 nm SiOy were sequentially electron-beam evap-
orated onto the substrate. d-f) 2-D view of the process flow described in (a-c). g) Silicon

wafer pieces with the patterned structures are immersed into a glass tube containing toluene

12



and placed in an ultrasonication bath for 4 hours. The toluene etches away the polystyrene,
leaving the nanobowls suspended in solution. h) The solution is rinsed by centrifugation 3
times and the nanobowls are transferred to an ethanol (ETOH) solution for future use and

characterization.

The nanolithography fabrication process we developed utilizes monolayers of
polystyrene nanospheres as the template for metal deposition. Silicon wafer pieces
were spin-coated with a monolayer of polystyrene nanobeads of 300 nm diameter
(PS300NM Magsphere Inc., CA). In order to achieve a high surface coverage of
nanospheres, the parameters of the spin-coating process have been optimized.
The diameters of the polystyrene nanospheres were adjusted by O, reactive ion
etching (RIE) to the desired size. Layers of 10 nm SiOs, 10 nm Gd and 20
nm SiOy were electron-beam evaporated onto the 15° tilted substrates to create
Gd@SiO, nanobowl-shaped structures (Figure 2.1). The structures were released
by the sonication of substrates in a toluene suspension. The toluene etches away
the polystyrene nanobeads, leaving the deposited structures freely suspended in
solution. The nanobowls are collected by centrifugation and suspended in ethanol

for future use.

There are two ways to adjust the particle size. The first approach is to ad-
just the etching parameters whereas the second approach is to use nucleation
sites on nanospheres of different sizes. In both cases, the nanofabrication process
produces a black powder. No change in the color of the product was observed
upon exposure to ambient air over a time period exceeding a month or keeping
the particles in ethanol solution and drying back again, which indicates that the
particles are chemically air-stable. In contrast, bare Gd nanoparticles without a
protective shell layer rapidly react with ambient air, forming a white Gd,O3 pow-
der, which in turn reacts with water, losing stability and shape. When combined

with glancing angle deposition, the monolayer templates generate high-quality,
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bowl-shaped nanoparticles. The bowl shape results in the sealing of the mag-
netic core layer (Gd) as otherwise, ambient oxygen can diffuse into the core layer
through the edges, oxidizing Gd to Gd2O3. The morphology of the nanostructures
was characterized by scanning electron microscopy (SEM, JEOL JSM 7500F) and
transmission electron microscopy (TEM, FEI CM120). Further detailed charac-
terization of the core/shell nanoparticles was performed by high-resolution TEM
(HRTEM) using a FEI Titan S/TEM (300 kV) instrument. Quantitative elemen-
tal EDX (energy dispersion x-ray) analysis of the nanoparticles was per-formed

using spatially resolved EDX spectroscopy.

2.2 Results and Discussion

50nm

# of Counts

0
200 210 220 230 240 250
Particle Size (nm)

Figure 2.2: TEM analysis

TEM micrograph of a) nanobowl-shaped Gd@SiO;, particles. b) 225 nm diameter nano-

particles. ¢) 120 nm diameter nanoparticles. d) 80 nm diameter nanoparticles. ¢) HRTEM
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of core-shell layers. Amorphous SiOy and polycrystalline Gd layers are observed. f) HRTEM
of silica and gadolinium layers. The measured crystal direction matches with the d-spacing
of (111) plane of fcc cubic Gd. g) Histogram of Gd@SiO nanoparticles (N=258 particles,

largest dimension was measured by TEM).

The TEM image of the obtained nanoconstructs (Figure 2.2) shows that the
product consists of highly uniform, bowl-shaped particles. The SEM image (Fig-
ure 2.3a) also reveals similar characteristics. The core-shell structure is depicted
in Figures 2.2b,c,d where the light gray layer corresponds to the capping SiOs
layer whereas the darker shades represent the Gd layer located in the core of the
nanoconstruct (middle layer). The darker contrast is a consequence of the higher
atomic number of Gd compared to SiOy. The nanoconstructs of Figures 2.2b and
2.3b have a diameter of 225 nm. We demonstrate size tunability with smaller
nanoparticles with a diameter of 120 nm (Figures 2.2c and 2.3c) and 80 nm (Fig-
ure 2.2d) with a total layer thickness of 40 nm (in order: 10 nm SiOs, 10 nm
Gd, 20 nm SiOy) for both cases. The shape, size uniformity and structural sta-
bility of these smaller nanoparticles are found to be similar to those of the larger
nanoparticles, as seen in Figures 2.2b,c,d. To confirm the nature of the core-shell
structures, we have cross-sectioned the nanoconstructs using focused ion beam
(FIB) milling followed by HRTEM imaging and elemental analysis. To prevent
the oxidation of the core layer after the FIB process, the samples were kept in a

vacuum box.

The results, which reveal the exact composition of each layer by elemental
analysis (Figure 2.4), confirm the SiO5-Gd-SiOy core-shell structure. The real-
space HRTEM micrograph of Figure 2.2e following the FIB process confirms via
electron-beam attenuation the nature of the core-shell structure, which consists of
a Gd layer sandwiched between two amorphous SiOs layers. The polycrystalline

character of the Gd layer is confirmed by real-space HRTEM (Figure 2.5), x-ray
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diffraction (Figure 2.6b) and diffraction-mode HRTEM (Figure 2.2¢).

Figure 2.3: SEM analysis

a) SEM of randomly distributed Gd@SiOy nanoparticles. b) SEM of 225 nm nanoparticle.
c) SEM of 120 nm nanoparticles. d) SEM of 225 nm and 120 nm particles shown together

in the same image for size comparison purposes.

To determine the particle size distribution, the diameters of 258 particles were
individually measured from HRTEM digital images. The resulting histogram is
shown in Figure 2.2g. For the particles we have been referring to as “225 nm
diameter particles”, the average size was found to be 22446 nm, implying that
the product is highly monodisperse (< 5% variability). This remarkably uniform
size distribution is a clear advantage of the nanofabrication process compared

to chemical synthesis, which leads to higher size variability, especially for large
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particles [53]. The electron beam deposition system enables the control of layer

thickness in the Angstrom level.

400

10 Energy GV

Figure 2.4: Elemental analysis

Top TEM image refers to the structure after it is sectioned by the FIB process. Spectra of
1, 2 and 3 refer to top (SiO2), middle (Gd), bottom (SiO2) layers respectively. Spectrum
4 refers to polystyrene nanosphere. Pt peaks originate from the platinum coating process

during the FIB milling.
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Figure 2.4 shows the elemental analysis of a nanoparticle after it is sectioned
by the FIB process. Spectrum (1) shows the top SiO5 layer whereas spectrum (3)
shows the bottom SiO, with the corresponding peaks labeled. Spectrum (2) is
the Gd layer. Spectrum (4) is the polystyrene template where plenty of carbon
is detected due to its organic nature. The Pt peaks in the spectra arise from the

FIB process as a layer of platinum is deposited during the sectioning process.

Figure 2.5: HRTEM analysis

Diffaction-mode HRTEM micrograph showing the polycrystalline behavior of the nano-

structure.

High resolution TEM is used to obtain the data in Figure 2.5 which shows the
diffraction pattern of the nanostructures. This indicates that nanostructures are

in polycrystalline form.

Powder x-ray diffraction (PXRD, Bruker D8 Discover) analysis of the nanocrys-

tals revealed that the structure is mostly composed of cubic Gd domains with cell
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parameter o = 0.540 nm (Figure 2.6a). A few small peaks were also observed
which correspond to cubic GdyO3 (JCPDS: 88-2165). The presence of oxide ele-
ments could originate from Gd regions that oxidize during the metal deposition
step in spite of the 10 mtorr vacuum conditions. Gd is known to be extremely
reactive to oxygen, even in the presence of trace amounts of oxygen. Thus, even
under high vacuum conditions oxide formation is still prevalent. Nonetheless, we
note that the observed Gd,O3 peaks are weak compared to the amount of oxide

that would be obtained by chemical synthetic approaches [45].

H, reduction

Y
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Figure 2.6: Elemental analysis

a) Powder XRD of the product before hydrogen reduction where mainly a gadolinium crystal
pattern has been observed along with small peaks corresponding to gadolinium oxide. b)
Powder XRD of the final product (after hydrogen reduction), confirming the fcc cubic Gd
polycrystalline structure. The spectrum does not display any peaks attributable to Gd2O3,
meaning that the core layer is entirely reduced to polycrystalline Gd metal after the Hs

reduction process.
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Figure 2.7: M-H curve

Magnetization measurements (M-H curve) for Gd@SiOy nanoparticles at 2 K after hydrogen
reduction (squares, W, m,m), at 2 K before hydrogen reduction (triangles, A) and at 298 K
after hydrogen reduction (circles, ®). Increasing particle size from 80 nm (M) to 225 nm
(m) yielded higher peak magnetization values. We also note the improved magnetic proper-

ties after hydrogen reduction (M vs A). Inset: Magnetic hysteresis after hydrogen reduction.

To create a more stable particle with a stronger magnetic phase, the oxide
in the Gd layer must be completely removed. To achieve complete reduction
of the gadolinium oxide regions, we modified a previously developed hydrogen
reduction technique [54] in which hydrogen gas was used to reduce iron oxide to
iron. In our case, the particles were subjected to a flowing gas mixture of Hy and

Ny (9:1) at 600 °C for 5h. This process capitalizes on the high permeability of
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Si0Os layers to Hy gas, which permits diffusion of the hydrogen gas through silicon
dioxide layers. Once inside the layer, the Hy gas can reduce the Gd oxide core and
promote the formation of face-centered cubic (fcc) Gd nanocrystals. Although the
formation of fcc cubic structure is promoted, what we observe in experiments is a
polycrystalline Gd core (see PXRD pattern, Figure 2.6b). No peaks attributable
to GdyO3 were observed, implying that the core layer was entirely reduced. The
observed d-spacing of 0.308 nm (Figure 2.2f) corresponds to the (111) plane of the
fce Gd structure where d = 0.311 nm (JCPDS: 65-8099). The complete reduction
of oxidized regions can also be observed in the HRTEM EDX spectra (Figure 2.4)

of the core layer, which failed to reveal any oxygen peaks.

The magnetic properties of the Gd@SiO, nanoconstructs were investigated by
SQUID magnetometry (MPMS V XL Quantum Design) using external fields up
to 5 T and temperatures in the range 2-298 K (Figure 2.7). M-H curves displayed
a hysteresis effect at 2 K with a small coercive field of 20 Oe, indicative of a
soft ferromagnetic state. In these nanoparticles, saturation is not reached at 5 T,
likely because of the polycrystalline nature of the nanocrystals (see TEM images
of Figure 2.2) leading to a distribution of easy axis orientations. In the discussion
below, we therefore use the term peak magnetization instead of saturation mag-
netization. The peak magnetization of the 225 nm diameter Gd@SiO, particles
at 2 K was 206 emu/g Gd, which is the highest value reported to date for any
gadolinium nanoparticles. This value is significantly larger than the previously re-
ported highest value of 156 emu/g [45]. This higher peak magnetization observed
is attributable to our fabrication technique, which produces nanocrystals that are
completely free of oxide. Oxidation of the gadolinium dramatically reduces the
magnetic moment, as seen in the data before hydrogen reduction (Figure 2.7, blue
triangles, A), which results in a much lower peak magnetization value of 126 emu/g
Gd. Magnetization measurements at 2 K for 120 nm and 80 nm diameter parti-

cles yielded peak magnetizations of 188 emu/g and 183 emu/g, respectively. This
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decrease is attributable to the different contributions of surface and core electron
magnetic moments to the total magnetization. The contribution from surface
magnetism is weaker than that from core electrons. As the particle size decreases,
the ratio of surface electrons to core electrons per particle increases. Consequently,
the core electrons’ contribution to the total magnetization is lower, which in turn,
leads to a decrease in the peak magnetization. At room temperature, we observe
a paramagnetic state with no detectable hysteresis. Our room-temperature peak
magnetization value (5 T), 9 emu/g, also stands as the highest room tempera-
ture value reported to date. We further developed another method of increasing
saturation magnetizations at the room temperature by modifying the crystalline

structure of the Gd layer which will be discussed in detail in Chapter 3.
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Figure 2.8: NMR 1/T; and 1/T5

NMR relaxation rates 1/77 and T5 as function of nanoparticle concentration in aqueous
solution. The concentrations are stated on a per Gd atom basis. The slopes of these graphs

give relaxivity values: a) 71 is 1.01 & 0.02 mM~1s~! and b) 79 is 232 + 7 mM~1s7 1.

Next, we investigated the potential role of the 80 nm diameter nanoconstructs
as MRI contrast agents by measuring the proton NMR relaxivities in aqueous solu-

tion. The 'H NMR relaxation rates are proportional to the square of the magnetic
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moment of the particles and reflect static and dynamical aspects of particles in
solution. The NMR instrument (Varian 400 MHz equipped with microimaging
capabilities and VNMRJ software version 4.0) used an external field of 9.4 T. To
reduce the effects of radiation damping in our *H NMR experiments, the water
resonance in DoO solvent (99.8% purity) was probed instead of pure water. The
proton 77 and 75 values, as measured using inversion-recovery and Carr-Purcell
Meiboom-Gill sequences, were 14.7 s and 3.5 s, respectively. The results are shown
in Figure 2.8. From the slopes of these plots, we found the r; and ry relaxivities
to be 1.01 mM~!s™! and 232.06 mM~'s™! per Gd atom, respectively. The corre-
sponding per-particle r; relaxivity was found to be 1.17 x 10" mM~!s™!, which is
comparable to previously reported per-particle r; relaxivities [55,56] where Gd*
ions are loaded in nanocontainers. The ry value per Gd atom is more than two
times higher than that of the FDA approved, state-of-the-art 75 MRI contrast
agent, Feridex, which has 75 of 110 mM~'s~!. Compared to the newer gadolinium
oxide Ty contrast agents (for example, the Gd2O3 nanoparticles in [24] have an
ry value of 10.5 mM~'s™' per Gd atom), our ry values per Gd atom are more
than 20 times higher. This is likely due to the larger magnetic moment. Thus,
our particles are excellent Ty contrast agents whether ry is measured on a per Gd
atom basis or on a per-particle basis. The per-particle relaxivity (r, = 2.9 x 108
mM~!s™1) stands as the highest per-particle r, relaxivity reported for any T con-
trast agents to date. Previously, the highest per-particle r, relaxivity was reported
in [47] for Au-capped Co nanoparticles. The fact that our Gd nanoparticles act
as T, rather than 7T contrast agents is explained by static moment contributions

that arise from particle size effects. The high-frequency (400 MHz) components

of fluctuating magnetic fields that mediate 7T relaxation processes are ineffective.

Although the nanoparticles display highly preferred properties in terms of
NMR relaxation and magnetic measurements, their dispersion in aqueous media

has been limited due to their ligand-free surface. In majority of the chemical syn-
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thesis methods, the decoration of the particle surface with ligands happens while
the nanoparticle is formed through nucleation process. However, our method
which is based on nanofabrication yields nanoparticles with bare surfaces mean-
ing that the surface functionalization needs to be performed after the particle for-
mation. Without surface treatment, our particles start to agglomerate in water
solution in less than a few minutes. As it is well known that for bio-applications,
nanoparticles need to be water dispersable and this is achieved by functionalizing

their surfaces with proper water friendly chemical molecules (ligands).

Functional groups can be introduced on silica surfaces through co-condensation,
where a silane of interest is added in addition to the silica precursor and surfac-
tant. Base-catalyzed hydrolysis and condensation of the silanes to form Si-O-Si
bonds can be done and the chemical modification will be in the framework of the
particle (Figure 2.9). Due to their high surface area and availability of hydroxyl
groups on their surface, silica surfaces can be chemically modified on their sur-
face after synthesis as well using a variety of functional groups. One common
method is post-synthetic grafting. For the functionalization of the nanoparticles,
a post-synthetic grafting approach was used [57]. In this approach, unfunction-
alized silica surfaces are subjected to silanes that bear functional groups (such
as polyethylene glycol, PEG) and that exhibit reactivity towards the free silanol
groups present at the silica surface (e.g., through alkoxy groups or halide sub-
stituents of the silanes). The reaction of the silanes with the silanols through a
SN reaction results in a covalently attachment of the functionalized groups to the
silica surface. To avoid hydrolysis and self-condensation of the employed func-
tional silanes, the reaction should be carried out under a dry atmosphere of an

inert gas (nitrogen or argon) and in an anhydrous solvent (typically dry toluene).

We decided to decorate the silica surface with PEG because the addition of
PEG to nanoparticles reduces the reticuloendothelial system uptake in in vivo ap-

plications and increases circulation time versus uncoated counterparts, decreases
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aggregation owing to passivated surfaces, association with non-targeted serum
and tissue proteins is diminished, resulting in so-called ‘stealth’ behavior [58]. The
PEG chains reduce the charge-based contact typical of proteins and small-molecule
interactions. Solubility in buffer and serum increases due to the hydrophilic ethy-
lene glycol repeats. PEG is also biocompatible, inexpensive, versatile and FDA

approved for many applications.
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Figure 2.9: PEGylation process

a) The shell layers of the nanoparticles are silica terminated with reactive OH groups. b)
The PEG precursor, (Hydroxy(polyethyleneoxy)-propyl)triethoxysilane with 8 to 12 repeti-

tion units is used. Its ethoxy terminated side involves in the reaction with OH groups of the
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silica surface. c) After the PEGylation process, Si-O-Si bonds have been forms which link

the PEG ligand with the silica surface.

In our approach, unfunctionalized Gd@SiO, nanoparticles were washed 2x with
anhydrous toluene (freshly distilled from CaHy under an inert atmosphere of dry
nitrogen) through centrifugation (10 min @ 15000 rpm using a desktop centrifuga-
tion machine) and then dispersed in a glass flask containing 10 mL of anhydrous
toluene. At this point, the structure of the particles are given in Figure 2.9a where
silica surface is terminated with reactive OH groups. Throughout the reaction
steps, oven dried glassware is used. Then, a solution of (Hydroxy(polyethyleneoxy)-
propyl)triethoxysilane with 8 to 12 repetition in ethanol (50%)(Figure 2.9b) was
added, and the resulting mixture was heated to reflux while stirring under an inert
atmosphere of dry nitrogen overnight (Schlenk-line techniques). Afterwards, the
particles were separated by centrifugation (10 min @ 15000 rpm), washed 2x with
toluene and 2x with ethanol, and redispersed in water. The end product structure

is seen in Figure 2.9¢ where silica surface is connected to the PEG through strong

Si-O-Si bond.

Figure 2.10 depicts the effect of PEGylation on the nanoparticle properties.
Dynamic light scattering is used to measure the effective size of the nanoparticles
where PEG addition increased the hydrodynamic diameter. This is reasonable as
PEG molecules ‘screen’ the water molecules to some degree. Figure 2.10a shows
that there is some small amount of higher size particles before the surface func-
tionalization step which are probably aggregates of the nanoparticles. This could
have happened because of not sonicating the solution long enough. PEG addi-
tion also increased the effective size of this aggregate, meaning that PEGylation
worked for the aggregates as well, besides peak at larger sizes gets less intense
which refers to lesser agglomeration.Figure 2.10b shows the zeta potential before

and after the ligand attachment. Because the PEG precursor is relatively neutral,
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zeta potential does not change much after the coating.

a) b)
100 124 nm 171 nm 144
—— Before PEGylation »
—— After PEGylation > -
80 é 104
7} ©
- 60 - - -84
< c
3 7]
[} - 64
O a0 Do.
471 nm 8
(]
20
//\ 720 nm N 21
0 0
100 1000 Before PEGylation After PEGylation
Size (nm) Sample

Figure 2.10: Dynamic light scattering and Zeta potential results

a) Dynamic light scattering show that after PEGylation process, the hydrodynamic diameter

increases. b) Zeta potential does not change much with the addition of PEG ligands.

2.3 Conclusions

In conclusion, we developed a novel nanofabrication approach based on nanosphere
lithography and metal reduction process to produce oxide-free, stable gadolin-
ium nanocrystals with unprecedented large magnetic moments. Various sizes
of nanocrystals have been realized to illustrate the flexibility of the fabrication
method. For all sizes, highly monodisperse (< 5%) behavior was observed. The
nanocrystals were polycrystalline within the Gd core and amorphous within the
silica shell. The highest magnetization to date was obtained for Gd, 206 emu/g
Gd at 2 K. We also tested the potential use of these nanocrystals for magnetic
resonance imaging by measuring NMR relaxivities and found a per particle trans-
verse relaxivity value (r3) of 2.7 x 10> mM~'s™!, which is the highest per-particle
ro relaxivity reported for any 75, contrast agent to date. This high relaxivity value
could be a result of the sharp features in the particles’ shape. By altering the par-

ticle size and shape, higher relaxivity values may be possible. Unlike traditional

27



approaches, this process can further be modified to produce oxide-free nanocon-

structs of other lanthanides, making them accessible for related applications.
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CHAPTER 3

Controlled Nanocrystallinity in Gd Nanobowls

Leads to Magnetization of 226 emu/g

Due to its unique high magnetic moment (268 emu/g at cryogenic temperatures)
and high Curie temperature (293 K) Gd metal has been the subject of consid-
erable interest over the past decade [59]. The magnetism of Gd arises from the
presence of seven unpaired 4f electrons and magnetocrystalline anisotropy [60].
The magnetic properties of Gd display different characteristics than the standard
ferromagnetic 3d metals such as Fe and Co [60]. Contrary to non-localized spins in
3d metals, 4f spins are indirectly coupled via the Ruderman-Kittel-Kasuya-Yosida
interaction and strongly localized [61], which brings unique magnetic behavior to
Gd at the nanoscale. In recent years Gd nanoparticles have found uses in magne-
tocaloric refrigeration [32], neutron-capture therapy [25], temperature sensing [31]
and MRI [62]. Previous studies investigated the fabrication and characterization
of thin films [63], multilayers [64] and nanostructures [65-67] of Gd. In more re-
cent work, oxide-free Gd nanoparticles have been developed. Up until this work,
the primary chemical synthesis methods for Gd resulted in the formation of oxides
due to the aggressively reactive nature of Gd towards oxygen in ambient air. The
applications and uses of Gd have thus been drastically hampered, thereby limiting
our ability to probe the physical and material properties of Gd in nanoparticle
form. The magnetization of Gd thin films is notably different than that of bulk
crystals due to the granular structure, size and shape-related effects [59]. Nano-

particles of Gd are also expected to possess different magnetic properties than the
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thin films [68]. Therefore, there is a need to produce oxide-free Gd nanoparticles

and study their physical properties in nanoparticle form.

Several techniques [38-43] have been developed and applied to obtain nano-
particles and nanoscale powders of Gd, including alkalide reduction, gas-phase,
arc-discharge as well as the use of multilayer precursors. Such nanoparticles were
not stable in ambient air, resulting in oxides of Gd. However, oxides of Gd pos-
sess inferior magnetic properties, making them unsuitable for studies of Gd in
nanoparticle form [69]. We have recently proposed a novel approach based on
a nanofabrication process to produce oxide-free stable Gd nanoparticles whereby
a core-shell Gd nanoparticle structure is obtained [62]. The Gd core is grown
by deposition of Gd metal under high vacuum conditions whereas the shell layer
provides the appropriate capping of the core, preventing oxidation. While this
process managed to achieve the highest magnetizations for Gd nanoparticles to

date, further optimization of the experimental conditions are possible.

To put our work in context, Table 3.1 compares the magnetization of our
nanobowls to those of other Gd nanostructures and thin films previously pub-
lished in the literature. The first general observation is that nanoparticles of Gd
generally yield low magnetization values, whereas thin films are closer to bulk val-
ues. This is likely a consequence of greater surface effects in nanoparticles. Our
nanoparticles exhibit magnetization values that are much closer to the bulk value
of Gd compared to other nanoparticle synthesis methods. This is likely due to the
oxide-free nature of our fabrication process [62]. In a previous study, it has been
claimed that chemical synthesis could achieve oxide-free Gd nanoparticles [45].
However, these nanoparticles may not be exactly oxide-free, as evidenced by the
larger magnetizations obtained here via our nanofabrication approach. When con-
structing this table, we have converted reported magnetization values to emu/g
units to enable direct comparison, using the textbook density value of 7.90 g/cm?

for gadolinium and the unit conversion factor 1 T = 47 x 10~* emu/cm?.
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Table 3.1: Comparison of magnetization values for Gd nanostructures and thin
films obtained in previous studies.

Reference  Type of Gd Magnetization, as Magnetization in

structure reported emu/g

this study  nanoparticle 226.4 emu/g 226.4 emu/g
[59] thin film 2.6T 261.9 emu/g
64] thin film 1,900 emu/cm? 240.5 emu/g
[69] nanorod 460 emu/cm? 58.2 emu/g
[70] bulk 268.4 emu/g 268.4 emu/g
[45] nanoparticle 156 emu/g 156 emu/g
[71] thin film 640 emu/cm? 81 emu/g

The main conclusion of this study is the report of the highest saturation mag-
netization (226.4 emu/g at 2 K) for Gd nanoparticles observed to date. This
was obtained through the selection of deposition rate during the nanofabrication
process. The deposition rate of the Gd metal resulted in different relative com-
position of fcc to hep phases within the construct. This, in turn, correlated with
the magnetic properties. Deposition rate during e-beam evaporation may offer a

control parameter for nanoparticle properties.

3.1 Experimental Detail

The nanoparticles were prepared using a nanolithography fabrication process
whereby monolayers of polystyrene nanospheres are used as templating pattern
for material deposition. Two-inch p-type < 100 > silicon wafers were spin-coated
with a monolayer of polystyrene nanobeads of 200 nm diameter (PS200NM Mag-
sphere Inc., CA). The nanosphere solution was diluted with 1:1 (v/v) methanol
solution to facilitate the spreading of the nanospheres on the wafer substrates for
a more uniform coating and higher surface coverage. Wafers were also treated
by Os plasma for 1 min. with a plasma power of 100 W and Oy flow of 50 sccm
before the nanobead coating step to render the wafer surface hydrophilic, enabling

the nanosphere solution to better disperse on the surface. Untreated wafers were
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found to have limited nanobead coverage with multilayer regions after the coat-
ing process. Oxygen reactive ion etching (RIE) was performed to reduce the size
of the polymer nanospheres. By adjusting the duration and/or plasma power of
this step, specific nanosphere sizes could be achieved. However, prolonged etching
should be avoided as it eventually results in a loss of spherical shape. Process
parameters were adjusted to obtain 100 nm size spheres with proper spherical
shapes, as verified by scanning electron microscopy (SEM). Layers of 10 nm of
SiO9, 10 nm of Gd of 99.95 % purity, and 20 nm of SiO, layers were respectively
deposited by electron-beam evaporation onto the 15° tilted substrates under high
vacuum (< 107% mtorr) to create Gd@SiO, layers onto the etched nanospheres.
During the coating process, the wafer holder was rotated continuously at 30 rpm
to ensure layer uniformity. Deposition rates and film thickness were controlled
in real time using quartz crystal monitoring. Transmission electron microscopy
(TEM) was used to confirm the film thicknesses. Prior to deposition of the Gd
layer, oxygen content in the vacuum chamber was minimized by pre-depositing
the Gd metal while keeping the shutter closed. This further decreases the pressure
by absorbing the residual oxygen molecules in the vacuum chamber. Following the
deposition of silica and Gd metal layers, the wafer substrates were sonicated in a
toluene suspension to etch away the polymer beads, leaving the Gd@SiO5 nano-
structures freely suspended in solution. The nanostructures were then collected

by multiple centrifugation steps and suspended in ethanol for future use.

The morphology of the nanostructures was imaged using SEM (JEOL JSM
7500F) and TEM (FEI CM120). High-resolution TEM (HRTEM, FEI Titan
S/TEM) operated at 300 kV was used to image the nanolayer compositions. The
crystal structures were characterized from powder samples using an X-ray diffrac-
tometer (XRD, Bruker D8 Discover Powder X-ray Diffractometer). The HRTEM
samples were prepared using a FEI Nova 600 dual-beam SEM/FIB (scanning

electron microscope/focused ion beam) system. Magnetic property measurements
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were conducted using a Quantum Design MPMS XL superconducting quantum
interference device (SQuID) magnetometer with applied field strengths of up to
oH = 5T. Magnetization measurements at 5 T are referred to as “saturation mag-
netization” because although Gd is still not completely saturated at 5 T, previous
studies showed that further increases in the applied magnetic field does not lead
to a significant increase in the magnetization for the commonly available labora-
tory field strengths. The magnetization data were corrected for the diamagnetic

response of the sample holder and other background contributions.

3.2 Results and Discussion

Figure 3.1: SEM and TEM of nanobowls

a) SEM and b) TEM images of the nanobowls. Scale bars, 100 nm. The inset image in (b)

shows the Gd core and silica shell layers as obtained from HRTEM measurements.

Figure 3.1a shows an SEM image of the nanoparticles depicting their bowl-
shaped structures. The TEM image in Figure 3.1b reveals the core-shell type
structure of the particles where the light gray layer corresponds to the capping
SiO, layer and the darker shades represent the Gd layer located in the core of the
nanoconstruct (middle layer). The inset in Figure 3.1b shows the Gd and SiOs

layers. The Gd layer was polycrystalline whereas no crystallinity was observed
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for the silica layer. Both SEM and TEM images confirmed the narrow size dis-
tribution of the nanoparticles, which is a direct consequence of the controllable

nanofabrication approach employed here.
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Figure 3.2: X-ray diffraction results

a) XRD spectra of the Gd nanoparticles for varying Gd deposition rates (r) of 0.2 A/s, 0.5
A/s, 1 A/s and 3 A/s, b) XRD spectra for 27.8° < 20 < 29.0°, c) XRD spectra for 31.5°

< 20 < 33.5°%

Crystal structure analysis was done at room temperature using ©-20 scans.
The shape and width of the XRD spectra peaks were determined using the Ri-
etveld refinement technique. The XRD patterns in Fig. 3.2a reveal that all
samples are polycrystalline. A peak analysis reveals the predominance of hcp
(hexagonal close-packed) phase of Gd in the samples (JCPDS: 65-0372). A sec-
ond, smaller, metastable face-centered cubic (fcc), Gd phase (JCPDS: 65-8099)
was also observed with a =(5.35 & 0.02) A. Such an fcc phase for Gd was also re-
ported previously [44,59,67,69,72-74] for the case of Gd thin films, nanoparticles,
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and nanostructures. The fcc peaks were observed at 20 = 28.6° and 20 = 33.2°,
referring to (111) and (200) planes, respectively. The highest intensity peak is as-
sociated with the hep (101) orientation at 20 = 32.3°. We also note that there are
no detectable reflections originating from oxide or hydride phases, indicating that

the Gd nanoparticles are stable as a result of the protective silica shell coating.
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Figure 3.3: M-H vs Gd deposition rate

a) Magnetization measurements for different Gd deposition rates. Field-dependent magne-
tization curves indicate a trend towards saturation in magnetization at high magnetic fields
(5 T). The top left inset shows that saturation magnetization peaks at deposition rate =
1 A/s, reaching 226.4 emu/g whereas it dips at deposition rate = 0.2 A/s, decreasing to
203.4 emu/g. The bottom left inset reveals hysteresis associated with ferromagnetism, b)
Saturation magnetization versus deposition rate of Gd layer. Error bars indicate the variation
of Ms obtained from 5 separate runs for each set of deposition parameters. My peaks at 1

A/s, reaching 226.4 emu/g and decays as the rate goes further on both sides of 1 A/s.

During the coating process, a deposition rate (r) of r = 0.2 A/s was used
for the Gd layer (green spectrum in Figure 3.2). This sample contains both hcp
and fcc phases. When the Gd deposition rate was increased to r = 0.5 A/s
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(blue spectrum), the fcc peak intensities both for (111) and (200) were diminished
compared to the r = 0.2 A /s case (Figures 3.2b,c) whereas the hep peaks remained
unaffected. Therefore, the deposition rate affects the crystallinity of the samples.
By controlling the deposition rate, different crystalline compositions could be
formed. Scheunert et. al. [73], who studied hcp phase formation in thin films,
found up to 2% hcep phase content and identified lattice size distortion and strain

as being modulated by the deposition conditions.

Figure 3.3a shows the magnetization measurements for samples prepared using
different Gd deposition rates. For the sample with r = 0.2 A/ s, the saturation
magnetization (M) was 203.4 emu/g, whereas it jumped up to 217.5 emu/g for r
= 0.5 A/s. The latter is associated with a significantly fcc content (see Figure 3.2)
lower than the r = 0.2 A /s sample. The majority of earlier reports [67,69,72] on the
magnetic properties of the Gd fcc phase found the fce phase to be paramagnetic
compared to the ferromagnetic hcp phase. However, Bertelli et. al. recently
reported [71] that a ferromagnetic fcc phase could exist for 10 nm-thick Gd thin
films buffered with a Ta layer. Yet, the magnetization of this fcc phase (~ 175
emu/cm® at 60 K) was found to be lower than that of hep (~ 640 emu/cm? at
60 K). This suggests that magnetization in nanoparticles could be increased by

growing particles with minimal fcc and maximal hep content.

To investigate the possibility of optimization, we prepared samples with vary-
ing Gd deposition rates of r = 0.2 A/s, 0.5 A/s, 1 A/s, 1.5 A/s; 3 A/s and 5 A/s.
As the deposition rate increased from 0.2 A/s to 1 A/s, we observed a steady in-
crease in M. However, this trend is reversed beyond r = 1 A /s, where My begins
to decrease, reaching 208.9 emu/g for r = 5 A /s (Figure 3.3a). A saturation value
of 226.4 emu/g was achieved at r = 1 A /s which displayed no detectable presence
of fcc phase (see XRD measurements, Figures 3.2a,b,c). Figure 3.2b,c shows that
the (111) and (200) fcc peaks are stronger for r = 0.2 A /s than they are for r = 3

A /s, which should result in a higher Ms value for the latter. For these two rates,
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the Ms values are 203.4 emu/g and 214.7 emu/g, respectively.

The magnetization measurements of Figure 3.3a were recorded for applied
fields in the range 5 T to 5 T. Standard ferromagnetic behavior with hysteresis is
observed for all cases even though XRD spectra indicates some fcc contributions
are present in most of the samples. The presence of the ferromagnetic hcp phase
in all our samples is consistent with the observation of magnetic hysteresis. The
presence of a small amount of paramagnetic fcc phase in the samples is reflected
in the magnetic measurements as far as its effect is to decrease the saturation
magnetization. The saturation magnetization of the fcc phase of Gd has been
shown to be approximately 4 times less than that of hep Gd (~ 175 emu/cm? vs.
~ 640 emu/cm? at 60 K) according to Bertelli et. al. [71] From the XRD data we
compute s, the ratio between the area under the strongest Bragg peaks of the hcp
(101) and fcc (200) phases, defined as s = Ay, / Apep (%). For the sample with
lowest magnetization (r = 0.2 A/s), s was found to be 12.2 %, whereas for the
optimal condition (highest M, r = A/s), s approaches zero as the fcc peaks were
no longer detectable, buried in the noise. These results are shown in Table 3.2 for
different deposition rates. We note the inverse correlation between s and Ms. We
calculate the expected value of Mg values based on the measured Ms value for fcc
Gd [75] as a weighted average of fcc and hep fractions according to the following
equation :

expected Mg = (226.4)(1 — s) + (%64> (s) (3.1)

where s is a number between 0 and 1 (expressed as a percentage in Table 3.2) and
226.4/4 is the M, value for fcc Gd from [71]. The expected values of M; are close
to the observed values (Table 3.2). Thus, we conclude that the observed decreases
in saturation magnetization values at different deposition rates can be accounted

for by the less magnetic fcc fraction.

To check that the observed changes in M; are not due to random errors or
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Table 3.2: Crystalline phase composition and corresponding magnetization values
for Gd nanobowls fabricated using different Gd deposition rates.

Gd deposition Area fcc Area s factor Expected Mg Observed M;

rate (A/s) (a.u.) hep (%) (emu/g) (emu/g)
(a.u.)

0.2 57.4 469.1 12.2% 205.7 203.4

0.5 19.2 468.7 4.1% 2194 217.5

1 ~0 469.4 ~0% 226.4 226.4

3 30.8 471.7 6.5% 215.4 214.7

other effects, error bars were obtained by repeating the experiments on different
days using the same nominal parameters. Figure 3.3b shows the saturation mag-
netization values for different Gd deposition rates and the corresponding error
bars for each case, which represent 5 different measurements. It is seen that the
statistical fluctuations in magnetization values (for example, My = 226.4 + 1.7
emu/g for r = 1 A/s) are lower than the observed changes in M,. Thus, random
errors do not account for the observed trends in Figure 3.3b. We conclude that

the deposition rate has a direct effect on the observed magnetization values.

The lowest saturation magnetization value was found at the lowest deposition
rate (r = 0.2 A/s), where the highest content of fcc phase was measured. The
presence of the fcc phase could lead to a significant contribution of intergrain
and intragrain anisotropies [59]. The highest saturation magnetization we ob-
tained was 226.4 emu/g (at 2 K), which is lower than the theoretical maximum
(268 emu/g) but higher than any other Gd nanoparticles produced to date. The
difference from the bulk value may be due to interfacial effects [72,76] present in
nanostructures. There have been several reports [59,73] of Gd thin films preferring
to nucleate at a seed boundary in a paramagnetic fcc phase. Since the substrate
(curved surface of amorphous silica here) affects the growth, other choices of ge-
ometries and materials such as Mn, Pd, Cr or W would be expected to lead to
different magnetic properties [77]. The polycrystalline nature of the samples, ran-

domly grain formations [43,65,66,73,76], crystal defects [66] and stress [43,59, 73]
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likely act as barriers to achieving high magnetism by distorting the magnetization

uniformity.

3.3 Conclusions

In summary, we have applied a nanofabrication approach to prepare air stable
core-shell Gd nanoparticles with high magnetic moments. Crystallinity of the
nanoparticles played an important role in maximizing magnetization. The ferro-
magnetic hep phase of Gd was the main dominant crystal structure whereas small
amounts of paramagnetic fcc phase could be detected. We have experimentally
shown that lower fcc content leads to higher saturation magnetization. We found
that by adjusting the deposition rate of Gd, it is possible to control the amount of
fce content in the lattice. A deposition rate of 1 A/ s led to the highest magnetic
moment of 226.4 emu/g for Gd. Such a high magnetization has never been ob-
served experimentally to date for Gd nanoparticles. Stability of the nanoparticles
along with their high magnetizations could give rise to new applications for Gd

which have not been possible so far due to oxidation problems in ambient air.
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CHAPTER 4

Conclusions and Future Directions

The research presented in this dissertation is focused on development of high
quality MRI contrast agents based on Gd nanoparticles. In order to realize this
motive, a novel nanofabrication method has been developed which requires gen-
eration of a monolayer polystyrene spheres on a substrate such as silicon wafer.
The nanospheres act as sacrificial templates during the electron beam deposition
steps. Tilting of the substrate at a certain degree during the deposition yields
nanowbowl shaped metal coatings on top of the nanospheres. These nanospheres
are removed by sonication in an organic solvent such as toluene or NMP. The end
product which is the core-shell GA@SiO, nanobowls are further subjected to PE-
Gylation steps in order to make the nanoparticles water dispersable. The contrast
agent needs to be water soluble and avoid agglomeration. PEG ligand renders the
nanoparticles soluble in water. We have also shown that different sizes of parti-
cles with narrow size distribution (< 5%) could be produced. The nanoconstructs
exhibit great magnetic properties such as high saturation magnetization and in-
creased 7y relaxivities. Specifically, the ro relaxivity per particle was found to be

2.7 x 10® mM~!s™! which corresponds to the highest per particle 7, relaxivity.

Later, we found a connection between the Gd saturation magnetization and
the crystallinity of the structure. The crystal structure of the nanoparticle could
be altered with changing the Gd deposition rate during the nanofabrication steps.
The paramagnetic fcc phase was found to be less magnetic then the ferromagnetic

hcep phase. Therefore, we worked on an approach where the fcc phase is removed
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and only hcp peaks are observed in XRD measurements. By doing this, we were
able to even enhance the saturation magnetization of the nanoparticles. While
the effect of deposition rate on the crystallinity is observed in thin film studies,
it was shown in the nanoparticles for the first time by this study. We believe our

work will serve as a building block for the future studies in this field.

The method we developed is of high importance for producing nanoparticles
using nanofabrication techniques. The method is not only able to produce oxide-
free highly magnetic Gd core and silica shell nanostructures, but also can enable
the production of many other lanthanides and metals, alloys in nanoscale. For
instance, Gd in our study can easily be replaced with Fe, Co, Dy or FeCo alloys
and core-shell structure of the corresponding magnetic nanoparticles would be
produced. Using standard wet chemistry methods, achieving this is cumbersome
and requires many reaction conditions to be met. Besides, our technique allows
the production of different inner and outer shell materials, which is quite limited in
synthetic chemistry approaches. It is straightforward to generate SiOs-Fe-Au core-
shell nanostructures as it only requires the deposition sources of the mentioned
materials. In this case, the silica shell could be functionalized with different
targeting moieties whereas the silica gold can serve for different purposes such as

plasmonics or imaging.

We believe this dissertation presents critical knowledge and data for the future

studies in nanoparticle synthesis and the field of MRI contrast agents.
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