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ABSTRACT 

 

The research described in this Dissertation is concerned generally with the 

exploration of the potential use of lanthanide elements in nanostructured materials for the 

purpose of modification of the magnetic and optical properties.  This is explored through 

a focus on the development of lanthanide-containing iron oxide nanosystems.  Our 

objectives of producing lanthanide containing nanostructured materials with potentially 

useful optical and magnetic applications has been achieved through the development of 

lanthanide-doped Fe3O4 and -Fe2O3 nanoparticles, as well as a unique core-shell 

magnetic-upconverting nanoparticle system. 

Necessary background information on nanomaterials, rationale for the study of 

lanthanide-containing iron oxide nanosystems and context for discussion of the results 

obtained in each project is provided in the Introduction Chapter.  The syntheses of Fe3O4 

nanoparticles doped with Eu(III) and Sm(III) are discussed, along with structural 

characterization and magnetic property investigation of products In Chapter 2.  The 

following Chapter expands the study of lanthanide doping to -Fe2O3, a closely related 

yet distinct magnetic nanoparticle system.  A completely different synthesis is attempted, 

and comparisons between the two systems are made.   

The development of novel synthetic methodologies used to create such products 

has yielded high-quality lanthanide-containing materials and are evidenced by TEM 

images displaying nearly monodisperse particles in each of our efforts.  The 

modifications to the magnetic properties resulting from lanthanide doping include the 
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observation of ferromagnetism in the Fe3O4 system and increased magnetic saturation of 

-Fe2O3 nanoparticles, and are characterized by VSM and the visual observation of 

magnetic alignment of products.  Our efforts towards developing a novel methodology 

capable of producing high quality Fe3O4 nanoparticles, and subsequent characterization 

of products, were published in the Journal of the American Chemical Society. 

Optically active, magnetic, core-shell nanoparticles are investigated in Chapter 4 

for the potential uses in diagnosis and treatment of cancer.  This multifunctional system 

uses Fe3O4 as a magnetic core, shelled by upconverting lanthanide-containing 

nanomaterials, and is rendered biocompatible through encapsulation of the core-shell 

structure by a silica shell.  Added functionality is achieved through amine 

functionalization of the silica surface, with the goal of coupling the inorganic 

nanoparticle with drug targeting groups.  TEM results indicate successful formation of 

the core-shell nanoparticles, and expected magnetic and optical properties are shown by 

visual observation and luminescence spectroscopy, respectively. 
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CHAPTER 1 

INTRODUCTION 

 

  

Throughout the natural and man-made worlds, the value of an object is typically 

related less to the chemical elements contained in a system, and more to the precise 

orientation of those elements within the system.  An engine is certainly worth more than 

the steel used in its creation.  And if one were to completely dissociate and then isolate all 

of the elements present in any living organism, the combined cost of those raw materials 

would seem trivial.  Elements such as carbon, oxygen, hydrogen and nitrogen are, of 

course, crucial to life as we currently understand it, but a premium is placed on the 

organization of those elements to achieve a desired outcome the same way that the 

position of pistons found in an internal combustion engine or the precise angle of a 

support beam in a skyscraper are critical to their functions.  And although breathtaking, 

monumental man-made structures such as bridges and spaceships are a testament to our 

seemingly high level of mastery over the macroscopic world,  such dominance over the 

physical world as the size of our projects approaches the atomic scale has seemed to 

remain consistently just out of reach.   

The difficulties associated with this issue remain significant obstacles and will be 

discussed in further detail; but because the properties of all materials depend so heavily 

on internal structure, the potential technological implications that are expected to 

accompany the complete understanding (and ultimately, precise control) of the physical 
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world at the near atomic level are staggering.  Because value is often defined by 

necessity, the ability to precisely design systems according to specific needs is very 

attractive.  Such potential has motivated tremendous research effort over the last 30 years 

within many traditionally isolated fields, such as chemistry, biology, physics, materials 

science and engineering.  An interdisciplinary approach, focused on the understanding 

and control of matter at extremely small size scales has evolved into a relatively new 

field, commonly referred to as nanoscience.   

The details provided in the following chapters will highlight the recent 

developments in chemistry and nanoscience seen in multiple projects of interests in the 

Zheng laboratory at the University of Arizona from 2006-2011.  In order to properly 

frame discussion of the experimental results contained in this Dissertation, this 

Introduction is intended to provide context and necessary background information. 

 

1.1 Historical background 

Physics Nobel laureate Richard Feyman is often credited with being an early 

catalyst in the development of interest in nanotechnology.  His 1959 talk at Caltech 

during a meeting of the American Physical Society entitled, “There’s plenty of room at 

the bottom” intrigued audience members with discussion of some seemingly fantastic 

possibilities and ideas about potential innovations that may be coming in the future.
1
  The 

actual term “nano” appeared nowhere in this talk however, and it wasn’t until the 1980’s 

that this nomenclature was popularized.   
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Nanotechnology refers to the utilization of nanomaterials and first appeared in 

1974 in a paper authored by Norio Taniguchi.
2
  It did not become increasingly 

popularized until the publication of “Engines of Creation” in 1986, a book by K. E. 

Drexler.
3
   Although intended for a general audience, the book includes a fair amount of 

technical detail about some of the basic ideas and also potential implications of 

nanotechnology.  Drawing on Drexler’s expertise in this new area (as a research scientist 

at MIT), this particular work was significant, in that it brought a great deal of attention to 

an interesting and growing field.  The ramifications of very high level mastery of the 

physical world envisioned in this story continue to inspire both scientists and laymen to 

this day. 

The most interesting and controversial idea proposed by Drexler revolves around 

the concept of molecule-sized machines constructing objects by precisely assembling 

atoms individually to create whatever the designer desires.  He envisions the creation of a 

flawless engine, produced quite literally from, “the bottom up” by an army of remotely 

controlled nanomachines that place each atom of the engine in a specific position, one at 

a time, until the construction is complete.   

At present time, of course, these capabilities remain outside the limits of our 

current technology.  And there is much skepticism within the scientific community 

regarding the possibility of ever developing such technology.  Richard Smalley debated 

the feasibility of molecule-sized machines with Drexler throughout a series of messages 

exchanged by the two.  The commentary of Smalley is focused on the inherent 

complexities and uncertainty present in the physical world that, in his opinion, would 



19 
 

prevent the existence of such systems.
4
  However, despite objections regarding some of 

the, perhaps, science fiction imagined about nanotechnology, Smalley understood very 

well the potential of nanoscience - in particular, its relation to materials development.  

His contributions in the field of nanomaterials development were massive, and his efforts 

were officially recognized in 1996 in the form of the Nobel Prize in chemistry for his 

pioneering work with fullerenes and other carbon-containing nanostructures.
5
 

The “nano” in nanoscience or nanotechnology refers to the nanometer, one 

billionth of a meter – the scale at which the study is conducted.  Collections of small 

numbers of atoms and molecules with finite structures or substances with certain features 

that are dimensionally restrained to the nanometer scale are referred to as nanomaterials.   

 

1.2 General description of nanomaterials 

A commonly accepted way to describe nanostructured materials revolves around 

defining the particular dimensions that are not confined to the nanometer size scale.  

Using this system, there are four classifications of nanomaterials: 0-dimensional (0-D), 1-

D, 2-D and 3-D.  A 0-D nanomaterial has all of its dimensions (x, y, z) constrained to the 

nanometer size scale.  Nanoparticles belong to such a system.   

A 1-D nanomaterial has one dimension not constrained to the nanometer scale; 

the primary examples here being nanotubes and nanowires.  If the z-axis, in this case, is 

positioned along the length of a nanotube/nanowire, that axis would represent the one 

dimension that does NOT reside in the nanometer range.   
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A 2-D nanomaterial has two dimensions not constrained to the nanometer range, 

with   nanofilms being one example.  In this case, the z-axis, the one dimension that is 

confined to the nanometer range, can be thought to measure the thickness of the material. 

Using our definition then, a 3-D nanomaterial would have zero of its dimensions 

constrained to the nanometer size scale.  Such a system would, at first glance, seem to lie 

outside the classification of nanomaterials and perhaps be better described simply as a 

bulk material.  However, bulk materials can be composed of nanosized grains or 

crystallites, giving them this “3-D” nano character.  In addition, the incorporation of 

lower dimension (0, 1 or 2-D) nanomaterials into a bulk matrix results in what are 

referred to as nanocomposite materials.  These materials can exhibit distinctive properties 

not seen by either the bulk or nanomaterial individually.  Nanocomposites can also fall 

under the classification of 3-D nanomaterials.  Figure 1.1 illustrates the different classes 

of nanomaterials according to their dimensions: 

 

 

Figure 1.1.  Classification of nanomaterials. 
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Interest in understanding the fundamental processes that govern the production 

and properties of these materials is a major driving force for current research and 

development efforts in this area. 

 

1.3  Fundamental details regarding nanomaterials 

The current explanation for the unique physical properties exhibited by 

nanomaterials is centered on the consequences of the physical confinement of dimensions 

to nanosize and revolves, primarily, around two effects: the quantum confinement effect 

and surface atom effects.  As spatial dimensions in a material are confined to the 

nanometer size, bandgap energy, optical, magnetic and many other properties of materials 

can all be affected through the nanostructuring of the components that make up these 

systems.
6-9

   

 

1.3.1 Quantum effect 

The physical properties of traditional bulk solids are thought to be intrinsic.  This 

is demonstrated by the notion that such properties are not expected to change as a 

function of the quantity of material being analyzed – The density, electronic properties, 

tensile strength, magnetization, etc. of a piece of iron for example, would be expected to 

remain constant regardless of the amount of materials analyzed.   This holds true, in the 

bulk phase, because charge carriers and interactions that take place between atoms or 

molecules (that result in the materials bulk physical properties) are completely 
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unrestricted.  In this way, a bulk material is said to be somewhat continuous and can be 

described using classical mechanical treatments. 

Studies of bulk materials rely on principles that describe collections of atoms.  A 

single atom, however is defined by discrete, quantized energy levels and requires 

quantum mechanical mathematical and physical treatments to fully describe.  Yet, as 

many single atoms are brought together to form a structure or material, at a certain point, 

this quantization begins to break down as the collection of single atoms starts to behave 

as a bulk material.  The physical region where this fundamental change occurs is in the 

nanometer size regime.    

Consider the consequence on the electronic situation, namely, the allowable 

energy states, that spatially confining the dimensions of a material to the nanometer scale 

would have.  Figure 1.2 shows the change in the density of allowed energy states that 

occurs as dimensions of a material are confined to the nanometer range.   

 

Figure 1.2.  Density of states of different classes of nanomaterials. 
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The bulk material exists in a nearly continuous band of allowable energy states as 

electrons are thought to be completely delocalized in bulk phase materials.  Lower 

dimensional structures by contrast, particularly 0-D structures, are restricted to 

completely quantized energy states, resembling single atoms.   

In a 2-D nanomaterial, if we define the z-axis as the thickness of the material, 

quantum confinement occurs along this dimension.  As the thickness of the plate is 

reduced to the nanoscale, the number of available energy states is also reduced.  The 

electrons are trapped in what is referred to as a potential well whose width is equal to the 

thickness.  Carriers are then free to move along the (x,y) plane of the sheet, but are 

confined along the z axis.  The-density-of states curve is still somewhat continuous, but 

the presence of discrete energy levels in the z-direction is demonstrated by the 

characteristic staircase shape. 

In 1-D nanomaterials such as nanotubes/nanowires, the situation is complicated 

further, in that here, the charge carriers are only free to move in one direction, along the 

length of the wire (the sole unconfined dimension).  One of the consequences of 

confining electrical charge carriers in this way is the potential for extremely high 

electrical and thermal conductivity.
10

  Carbon nanotubes with conductive properties, for 

example, have been shown to exhibit conductivity near 10
9
 amperes/cm

2
 – three orders of 

magnitude higher than copper, and have also shown superconductive properties.
11

 

A quantum dot is a specific type of nanoparticle.  In such a 0-D nanostructured 

system, the motion of, and available energy states of electrons are completely confined.  

All energy states are quantized, and the delocalization of electrons seen in the bulk 
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completely vanishes, shown graphically by the formation of bands of allowed states and 

gaps between these bands (bandgaps) absent of any solution to the wave equation (Figure 

1.3).  Because these bandgaps are forbidden regions towards occupation by an electron, 

charge carriers can no longer move freely throughout such a material.  As a result, a 

metallic system in the bulk phase could operate as an insulator at nanosize as quantum 

confinement effects play a critical role in determining material properties.
12

   

 

Figure 1.3.  Energy level comparison of different states of matter. 

 

 

Interestingly, and perhaps more important from a technological point of view, the 

position of these discrete energy levels depend directly on the degree of physical 

confinement present in the system,
13

 and in the case of quantum dots, on the size of the 

particles.  Precise control of the size and shape of these particle often presents synthetic 

challenges, but allows the possibility of creating materials that have identical chemical 

compositions yet exhibit varying properties, and therefore useful for different 
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applications.  A notable example of this phenomenon is the generation of luminescence 

over the entire visible spectrum by simply varying the size of the quantum dots.
14

  

The use of electrons as a mechanism of energy transport is quite efficient in 

metals, as metals possess a large number of free electrons.  However, in non-metals, 

crystal lattice vibrations, known as phonons are sometimes the most efficient forms of 

heat or energy transfer.  The frequencies of these lattice vibrations, the so-called 

wavelength of the phonons, are small compared to the length scale in bulk solids.  But in 

nanomaterials the length scale of the microstructure (or nanostructure) is similar to the 

wavelengths of phonons.  A quantum confinement effect is seen here as a result as well.  

Much work has been done in this area, in particular, with 2-D nanomaterials and 

multilayered assemblies, that has resulted in not only a better theoretical understanding 

but also in some useful devices with superior properties for given applications.  There 

are, however, still open questions regarding some of the specifics of these processes and 

the reader is directed to the literature for a fuller treatment of this issue.
15,16

 

 

 

1.3.2  Surface atom considerations 

Although not necessarily an entirely separate, isolated issue from the discussion 

of the influence of the quantum effect, the topic of surface chemistry is also quite 

important when considering the properties of nanomaterials.   

In the bulk phase, it has been observed and is commonly accepted that surface 

atoms are often characterized by significant chemical and/or physical differences when 
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compared to atoms buried in the mass of the material.  This is a generally true statement 

that holds at the nano level as well.  And because lower dimensional nanostructures like 

nano coatings (2-D) or nano wires (1-D) contain such a high percentage of surface atoms, 

a significant deviation in the description of these systems when compared to analogous 

bulk materials is observed.  The effects on electron transport properties of confining 

charge to a very small surface and the scattering and behavior of phonons as geometry 

and symmetry are limited though critical issues in the description of nanomaterials, 

remain challenges in the study of nanostructured materials. 

The situation becomes more drastic in the case of nanoparticles.   In a spherical 

particle 1 nm in diameter, a high percentage of its atoms are on the surface.  This surface-

to-volume ratio, and as a result, the influence/domination of surface considerations 

decreases as the particle grows larger towards the bulk phase (Figure 1.4); but in the 

nano-regime, such morphologies represent, perhaps, the true extreme of surface 

chemistry.   

 

Figure 1.4. Surface-to-volume ratio analysis of nanoparticles with varying morphologies. 
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The extremely high surface area seen in nanoparticles results in a very high 

surface free energy (comparable to the lattice energy);
17

 as such, nanoparticles tend to be 

thermodynamically unstable and require passivation of surfaces to exist as a stable 

solution.  The interactions between the passivating groups and the particle surface can be 

electrostatic in nature, controlled by London dispersion forces or held in place through 

chemisorption to the surface.  The functions of these passivating groups include control 

of nucleation and particle growth, and to prevent agglomeration of particles 

 Many protecting ligands have been used to this end, but organic surfactant groups 

tend to be the current choice of interest due to the observed high quality particles they 

seem to produce.  This can be an issue, however, if the goal of the synthesis is to create 

particles that can be dispersed in aqueous solutions.  As will be discussed, this step, the 

surface modification of nanoparticles, has proven to be quite a major hurdle and far from 

a trivial issue. 

 

1.4  Magnetic properties of nanomaterials 

The discussion of quantum dots is intended to provide a general introduction to 

how the properties of nanoparticles can be affected by size.  As our research interests are 

focused on magnetic nanoparticles, an introduction to nanomagnetism is included in this 

subsection. 

The nature of the magnetism exhibited by materials can vary widely.  Being, 

magnetic is only a starting point; classification of the magnetic properties of materials 

typically involves traditional descriptions such as, paramagnetic or ferromagnetic (or 
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superparamagnetic, antiferromagnetic, etc.).  Quantitatively analyzing the magnetic 

properties of a material then, is critical and is approached by measuring several 

parameters, including: coercivity (Hc), saturation magnetization (ms), and magnetic 

remanence (R).  Figure 1.5 shows a graphical representation of these parameters. 

 

 

Figure 1.5.  Example hysteresis curve generated in a typical VSM experiment. 

 

Ferromagnetic materials are used as permanent magnets.  After being magnetized 

in a particular direction, such a material will retain some levels of magnetization and will 

not relax back to zero when the imposed magnetic field is removed.  The level of 

magnetization at saturation is the magnetic saturation (ms).  The amount of magnetization 

remaining as the applied magnetic field is removed is referred to as the remanence (R).  

The reverse magnetic field necessary to demagnetize the remanence is the coercivity 

(Hc).  Typically, ferromagnetic materials have very large values of coercivity compared 

to paramagnets which have coercivity values very close or equal to zero.   
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 As the strength of an external magnetic field is varied, and then reversed, 

measurements made of the magnetism of an analyzed material trace out the loop seen in 

Figure 1.5, known as a hysteresis loop.  The coercive field (Hc) of a magnetic material 

can be determined via graphical analysis of the hysteresis loop.  Permanent magnets 

(ferromagnetic materials) which display high coercivites and can retain an imposed field 

indefinitely are valuable in the computer/electronics industry; showing particular utility 

in the field of memory (hard drives, and other magnetic storage media).  

 Bulk magnetic properties come as a result of long range ordering at the atomic 

level.  Unpaired electrons of individual atoms can line up with each other in the presence 

of an external magnetic field.  Magnetic domains are also discussed, where finite regions 

in a material are magnetically aligned (Figure 1.6). 

 

Figure 1.6.  Magnetic domains (a) randomly oriented, (b) in the presence of an external 

magnetic field. 

 

 

A superparamagnetic material could be considered to be composed of many 

individual, randomly oriented domains which align with an external magnetic field, but 
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then relax back to being random upon removal of that field.  A ferromagnet would retain 

magnetic alignment even in the absence of an external field.  However, the mechanism of 

domain interaction is still somewhat disputed.  It has been suggested that the observed 

response of a ferromagnetic material to an external field could also be attributed to the 

growth of domains parallel to the field and consequential reduction of other domains.  

The high level of organization within individual domains becomes important in 

nanoparticles as the size of the particles approaches the size of the domains.  In many 

cases, nanoparticles are described as single domain magnetic entities.   

One of the major hurdles to overcome in the general field of magnetic 

nanoparticle research and development is the complex nature of particle-particle and 

atom-atom interaction on the nano-level.  Even when analyzing the textbook magnetic 

properties of bulk materials, there is still quite a bit of ambiguity with regards to our 

current understanding of magnetism.  As the size scale of materials is reduced, the 

knowledge and predictive ability of current theory to describe the observed magnetic 

interactions in this area also decreases.  To further elucidate some of the important 

aspects of nanoparticle magnetism, consider the effect of particle size on the observed 

superparamagnetic properties of iron oxide.  
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Figure 1.7.  Illustration of size-dependent magnetic properties of nanoparticles. 

 

 

 

Nanometer sized iron oxide crystals (nanoparticles) are thought to be composed 

of small discrete regions where magnetic dipoles are parallel to each other, called Weis 

Domains.
18

  To begin, the dipoles of the many domains within a nanoparticle are 

randomly oriented with respect to each other.  In the case of true and complete 

randomness of domain dipole alignment, the particle would be nonmagnetic.  This 

position on the hysteresis curve is denoted in Figure 1.7, as position 1.   

As an external magnetic field is applied, the domains attempt to align themselves 

in the direction of the field.  At some point, as the strength of this external field is 

increased, all of the domains within a particle become as aligned as possible and the 
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measured magnetic moment reaches a maximum; this is referred to as magnetic 

saturation, and is shown as position 2 on the hysteresis curve.   

If the external magnetic field used in this experiment is removed, the many 

domains would be expected to return to a state of randomness.  However, in many cases, 

the randomness of the domains never reaches the true random state of the beginning 

position 1.  Instead, some of the domains remain aligned with each other, giving the 

particle some degree of organization and thus magnetic properties.  The alignment 

retained between the Weiss domains following removal of the external field is referred to 

as remanent magnetization (position 3).  Materials that maintain high levels of domain 

ordering and alignment in the absence of a magnetic field are used as permanent magnets 

and nanoparticles that display such properties are attractive in technological areas such as 

magnetic data storage and memory.  This remanent magnetization is rationalized by 

considering the interaction between the magnetic domains within a particle.  As domains 

attempt to relax back to a random orientation following removal of the external field, 

they encounter physical resistance from neighboring domains attempting to do the same 

thing.  As a result, friction is thought to occur between domains at the domain wall 

interface.  This friction prevents the domains from reverting back to a truly random state, 

thus leaving the particle with some degree of domain alignment (magnetism), even in the 

absence of an applied field.   

 As the dimensions of a nanoparticle are reduced, the number of domains 

contained within a single particle also decreases.  Shown in Figure 1.7, a smaller particle 

also begins with a completely random orientation of magnetic domains.  Those domains 
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are aligned as the particle interacts with an external magnetic field.  However, in this 

case, as the field is removed these smaller particles have been observed to retain much 

less magnetization.
19,20

  This is reasonable given the previous explanation regarding the 

friction that exists at domain wall interfaces.  Here, there are fewer domain walls and, as 

a consequence, there is less friction encountered by the domains as they attempt to 

reorient.  The result of this decrease in friction is that the domains within the smaller 

particles are more capable of returning to a random orientation upon removal of the 

external field. 

 The limit of this analysis is approached as the particle size is further reduced.  If 

the size of a nanoparticle is less than or equal to the size of an individual Weiss magnetic 

domain, any friction between domains vanishes, as there are zero interfaces present with 

a single particle.  As a result, these very small particles relax to a random state with much 

greater efficiency in the absence of an external magnetic field.   

 

 

1.5  Current status 

The observation of the phenomena regarding nanomaterials listed above has 

proven to be very important from a theoretical standpoint, but ultimately, efforts in the 

area of nanoparticle research are driven by application.   It has been found, besides the 

chemical composition, the size, morphology and surface passivating groups are all 

important factors in determining the properties and utilizing the applications of 

nanoparticles. 
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A variety of morphologies have been observed, including spheres,
21

 cubes,
22

 an 

assortment of various other polygons,
23-25

 hollow doughnut-like structures,
26

 and core-

shell morphologies.
27,28

   These structures have the potential to exhibit physical properties 

that depend not only on chemical composition, but also on size and geometry constraints 

at the nano level.   

In addition, as surface considerations become critical when discussing 

nanoparticle functionality, the specific surface coverage present on a nanoparticle must 

be specifically controlled as well to suit a desired application.  Exposed surfaces, in 

general, can be quite reactive – this becomes especially important in nanoparticles.  This 

reactivity can be tuned through the use of passivating ligands on the surface of particles 

that themselves can add a certain functionality to the system (Figure 1.8).  For example, a 

nanoparticle can be dispersed in aqueous, organic or other matrices (e.g. gels, ceramics, 

etc.) depending on the precise surface coverage of the particles. 

 

Figure 1.8.  Schematic description of nanoparticles with varying surface 

properties. 
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Much of the interest and excitement about nanostructured systems comes from the 

proposed ability to potentially tune the properties of a material towards a given 

application.  The electronic properties of quantum dots and magnetic behavior of 

nanoparticles are discussed above as a specific example of the correlation between size 

and physical properties.   

Regardless of desired application however, the goal in any nanoparticle synthesis 

is the creation of similarly sized and shaped nanostructures.  Such monodispersity is 

crucial to maximizing the proposed benefits and physical properties of the particles.  

some of general aspects of nanoparticle synthesis are discussed below. 

 

1.6  Synthetic methods in the production of nanoparticles 

The production of nanomaterials can be thought of generally as occurring by one 

of two methods: top down or bottom up.  The so-called top down approach differs very 

little from traditional materials development techniques and implies physical 

manipulation of large systems towards smaller ones.  Lithography has been widely used 

in the creation of art and print media for centuries; more recently, micro- and 

nanolithography has benefited the computer industry in the production of hardware.
29

  

This process can manipulate semi-conductors and microchips with stunning precision.  

Ion beam milling is another process that operates using similar principles - large pieces of 

material are manipulated towards the creation of much smaller, precisely oriented and 

structured systems.   
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To date, these techniques have worked quite well and resulted in increasingly 

smaller systems with superior processing power.  However, as the extremes of such 

methodologies are considered, the limitations become apparent - it is nearly impossible 

using any current technique to precisely and reliably refine a bulk material down to near 

single-atom levels.  And as demand for smaller and smaller devices grows, it is obvious 

that fundamental change in materials development techniques may need to be seen in 

order for these demands to be met. 

Bottom up engineering of materials, on the other hand, refers to the idea that a 

particle, wire or surface with nanometer dimensions can be created using a single atom as 

a starting point and building up towards the production of systems of interest.  In this 

way, an iron oxide nanoparticle, for example, is created by assembling individual iron 

and oxygen atoms into a given geometry (Figure 1.9).  

 

Figure 1.9.  Schematic description of nanoparticle formation. 
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Success in accomplishing this relies on having precise enough control over 

experimental conditions to stop particle growth and aggregation at a specific point, 

resulting in well-defined nano-sized entities. 

 Although Drexler’s idea of molecule-sized machines capable of assembling atoms 

into any structure imaginable, mentioned earlier, remains perhaps the ultimate goal of 

materials development, there are a variety of other techniques that utilize this bottom up 

philosophy in the production of nanomaterials.  Growing thin films (2-D nanomaterials) 

and multilayer assemblies
30

 has been reported using “bottom up” approaches, as has the 

creation of nanotubes and other 1-D nano wires.
31

  Nanoparticles also have been made in 

this way; some details of reported nanoparticle synthesis are summarized below. 

  Chemical synthesis has been used throughout history in the production of 

materials.  Gas phase, liquid phase and solid state experiments have all been utilized for 

the creation of materials and each have advantages and specific applicabilities.  However, 

despite success in some cases using a solid state experimental set-up to create 

nanoparticles,
32,33

 gas and liquid solutions have proven to be far superior.  This is true for 

a few reasons: (i) the diffusion of materials in liquid and gas solutions is significantly 

increased compared to solid state conditions, and as a result (ii) reaction conditions 

needed to produce the particles are typically less extreme in the liquid/gas phase; also (iii) 

control of products has been shown to be far superior in wet chemical experiments 

compared to solid state reactions.  Because of these factors, modern solution phase 

strategies dominate the field of nanoparticle synthesis. 
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 As nanoparticles have traditionally been referred to as colloids, the rich history of 

colloid chemistry has served as a starting point in preliminary synthetic efforts towards 

the production of high quality nanoparticle systems.  For example, in 1857, Faraday is 

often credited as first reporting the production of transition metal colloids in either 

aqueous or organic media.
34

  And although particular synthetic techniques have increased 

in sophistication since this time, the basic idea employed by Faraday of reducing 

transition metal salts in the presence of a stabilizing agent is still a sound mechanistic 

proposal to create nanoparticles/colloids.  However, it was not until nearly a century later 

(in the 1950’s) that a reproducible procedure for the creation of nanometer sized metal 

colloids was reported by Turkevitch.
35

  In this seminal work, Turkevitch was also the first 

to propose a mechanism for nanoparticle formation that is based on nucleation and 

growth.  This proposed mechanism has been refined somewhat through the use of more 

advanced modern analytical techniques than were available at the time, but the basic 

concepts have been shown to be reasonable and accurate.  “Nanoscience” then, being 

somewhat rooted in colloid chemistry, has been credited with perhaps revitalizing the use 

of many older chemical techniques, as well as been the catalyst for developing newer or 

modified colloidal (nanoparticle) synthesis methods. 

Today there are a plethora of strategies that span a wide range of experimental 

conditions in use for the solution phase synthesis of metal and metal oxide nanoparticles, 

including (but not limited to):  chemical reduction of metal salts,
36

 micro emulsions,
37

 

hydrolysis and thermolysis of precursors,
38

 hydrothermal reactions,
39

 decomposition of 

organometallics,
40

 sonochemical methods,
41

 and microwave syntheses.
42

  Rather than 
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summarize the particular details of all of these individual techniques here, a general 

mechanistic overview will be given.  However, many of these techniques were attempted 

in this work and specifics regarding experimental details and results will be addressed in 

the following chapters. 

   

1.7  Mechanistic considerations in nanoparticle synthesis 

The exact mechanism of nanoparticle formation will, of course, depend on the 

precise synthetic techniques.  However, the generalized mechanism proposed by 

Turkevich,
35

 with small refinements from modern data, is valid and a good starting point 

in the discussion.  This process involves the stepwise nucleation and subsequent growth 

of particles.  A metal precursor is firstly reduced/oxidized and then collides with other 

metallic species, creating a core or seed in an irreversible initial nucleation step.  The 

exact method of nucleation, as mentioned, is still somewhat unclear, but seems to rely on 

a somewhat complicated interaction between the atoms composing the particles that 

depends on reaction temperature and rate, differences between redox potentials of metal 

precursors and reducing/oxidizing agents, pH of solution (if aqueous synthesis), rate and 

timing of addition of subsequent reactants and perhaps even stirring rate.  Dependence on 

such a wide array of experimental variables is one of the main reasons these kinds of 

syntheses have been problematic over the years. 

To begin nucleation, the concentration of metallic species in solution is 

considered to be supersaturated,
43

 and it is this supersaturation that is thought to be 

responsible for allowing the system to deviate from the minimum free energy 
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configuration.  The nucleation step is thought to consume enough of the available 

reactants (metals) to then reduce the concentration in solution below the critical 

supersaturation limit.  At this point, no new metal cluster seeds are created, and 

thermodynamic equilibrium is then re-established through the condensation of metals on 

the surface of the seeds in the subsequent growth step of this mechanism. 

 In addition to the particular rates of nucleation and growth, the chronological 

separation of these two fundamental steps has been thought to be an important 

experimental consideration.  It has been proposed that an ideal nucleation step would 

generate a multitude of similar sized seeds at close to the same moment in time.  From 

here, the growth step is used to create larger particles.  If these steps overlap, the duration 

of growth events could vary widely between particles, creating a large distribution of 

particle sizes.  Monodispersity then, is thought to be a consequence of separating these 

two steps. 

 

1.8  Analytical tools. 

Combined with the refinement of synthetic methodologies towards the production 

of nanomaterials, and a deeper theoretical understanding of the processes by which 

nanomaterials are governed, the other trend perhaps responsible for the renewed interest 

in nanoscience has been the continued sophistication of analytical technology.   

Towards the latter part of the 20
th

 century, the development of instrumentation 

capable of interacting with matter on the nano, or near atom-sized scale has significantly 

broadened the impact of analytical chemistry.  Advances in surface and subsurface 
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imaging techniques have been especially critical.  These techniques that allow the ability 

to more fully and completely characterize the physical world are useful in a variety of 

settings and have, no doubt, served to inspire early efforts in the multidisciplinary field of 

nanoscience.    

A complete analysis of a nanosized material requires many tools that have only 

relatively recently become available, such as: electron microscopy, precise x-ray 

spectroscopy and diffraction analyzation, and the use of lasers.  So, although Faraday 

may have created nanoparticles in 1857, he would have had no way of verifying this 

finding.  Even as recently as the 1950’s, during the work of Turkevitch, the physical and 

chemical analyses of materials were severely limited by the instruments and equipment 

available.  It is no surprise then, that the recent advances seen in modern analytical 

techniques have paralleled, perhaps even permitted, the field of nanomaterials 

development. 

 Although a variety of analytical techniques are used to fully characterize the 

syntheses described in the following chapters, the electron microscope is particularly 

important because it provides the clearest and most direct evidence of the creation of our 

nanoparticles – a picture.  The scale of interest in the investigation of nanomaterials 

generally precludes the use of traditional light microscopes as a means of obtaining visual 

representations of products because the wavelengths of visible light are quite a bit larger 

than the nanostructures in question.  Electrons, by contrast, have much smaller 

wavelengths (on the order of pico meters) and when focused properly, allow for near 

single atom resolution.   
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Electron microscopy is also valuable in the analysis of nanomaterials in other 

ways than imaging.  Diffraction of electrons by the microstructure a material can also be 

analyzed by a typical electron microscope, data from which internal structural 

information can be concluded.  And in some cases, the microscope can even be used to 

manipulate matter at the smallest of scales.  Figure 1.9 shows the results of how the tip of 

a scanning tunneling electron microscope (STM) was used to position individual silicon 

atoms on a substrate to spell out the name of the company involved in the research: 

 

Figure 1.10.  Individual Xenon atoms arranged by scanning tunneling electron 

microscope. 

 

 

The increased range and utility of modern analytical methods, combined with the 

ability to successfully and reliably synthesize nanomaterials has allowed the field of 

nanoscience to not only inspire the imagination but make meaningful, tangible 

contributions in a variety of scientific and industrial settings.   
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1.9  Research focus 

The work described in this Dissertation is focused primarily on the production of 

lanthanide containing iron oxide nanoparticles.  The modification/enhancement of the 

magnetic properties through incorporation of lanthanide elements is investigated.  

Additionally, the coupling of an optically active lanthanide containing matrix with the 

magnetic properties of iron oxide, towards multifunctional nanoparticles, is also a topic 

of study.  Fundamental inquiries, synthetic procedures, useful analytic techniques and 

specific applications will be detailed in Chapters 2, 3 and 4. 

The magnetic properties exhibited by nanoparticle systems present a particularly 

interesting case because the quantum effect observed in nanoparticles, which is due to 

physical confinement to the nanometer size regime, can also manifest itself on the 

magnetic properties of a material.   The potential use of nanoparticles for magnetic 

applications is an area that is intensely studied and, in addition to fundamental studies 

aimed at gaining a fuller understanding of these systems, is an underlying theme to the 

work presented here. 

 Because of the proposed tunability of the physical properties and the possibility of 

producing stable nanoparticle dispersions in a variety of media, the use of magnetic 

nanoparticles is attractive over a vast range of potential applications, including: 

ferrofluids,
44

 magnetic storage media,
45

 and biomedical applications such as, MRI
46,47 

and 

drug delivery.
48-50

   One of the critical matters that will be addressed here concerns the 

progress made in the creation of novel magnetic nanostructures and the ability to tune the 

magnetic properties by affecting size, shape and chemical composition.  Our later (most 
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recent) work then focuses on utilizing particularly attractive physical properties in the 

design of a nano solution to a biomedical issue of current importance –  the treatment of 

cancer. 

 Due to its current usage in the biomedical industry (based on its chemical and 

biological stability),
51,52

 demonstrated synthetic feasibility by a number of routes,
53-55

 and 

proposed applicability in a variety of systems, nanosized iron oxide is a very attractive 

magnetic material and is at the heart of the work contained in this Dissertation.   As will 

be made clear, nanosized iron oxide can be very useful in many applications as it is 

shown to be magnetically quite diverse, exhibiting a wide range of magnetic properties 

that depend on size, shape and chemical composition (e.g. Fe3O4 vs. Fe2O3).    

 In addition to being valuable from an industrial standpoint, the stability and also 

the general familiarity associated with iron oxide nano systems would seem to make them 

an ideal starting point in the exploration of potentially further tuning and possibly 

enhancing the physical properties of nanosystems through the incorporation of additional 

elements.  Indeed,  a variety of iron oxide-containing systems have been investigated for 

these very reasons with the hope of being able to combine or transfer the desirable 

properties of the added elements to the iron oxide nano matrix.  Many combinations of 

nano-sized transition metal oxide systems have been analyzed to date.
56-60

  The utilization 

of lanthanides in nanoparticles, however, is far less studied, yet would seem rife with 

potential due to the unique properties possessed by the unique elements. 
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 Our initial efforts detailed in Chapter 2, explore the synthesis and properties of 

magnetite (Fe3O4) nanoparticles doped with Eu and Sm with the hopes of modifying 

magnetic properties through lanthanide doping.   

In Chapter 3, we expand on the results of Chapter 2 by exploring the lanthanide-

doped maghemite (Fe2O3) system.  A larger series of lanthanide elements are also used 

here in the doping of the even less studied case of Fe2O3 with the goal of further 

elucidating the effects of a wider range of f-electron containing elements.   

In Chapter 4 we turn our efforts towards making use of the magnetism inherent in 

iron oxide nanoparticles and focus on the other interesting aspect of lanthanide 

contributions – optical properties.  Here, we develop a brand new class of core-shell 

nanoparticles with an iron oxide core, and a lanthanide containing shell useful for 

biomedical applications.   

In Chapter 5, a general summary of this thesis work is provided and some future 

directions are suggested. 

 

 

 

 

 

 

 

 



46 
 

CHAPTER 2 

LANTHANIDE(III)-DOPED Fe3O4 NANOPARTICLES 

 

 

2.1  Introduction 

 Efforts focused on the study and development of magnetic nanoparticles have 

increased dramatically over the past two decades.  Envisioned technological and 

biomedical applications utilizing such structures are numerous and currently serve as the 

primary motivation for work in this field.  The potential for advanced applications is 

rationalized by both underlying theory and also by preliminary success in the reliable 

creation of high quality magnetic nanostructures.  Recent developments in this field have 

already led to useful contributions in the areas of high density data storage, magnetic 

separation, electronic and computer industry, and biomedicine such as drug delivery and 

magnetic resonance imaging (MRI).
1-6

 

 In addition to the unique physical properties exhibited by many nanoparticle 

systems, it is the ability to precisely fine tune the properties of these materials towards 

specific applications which is the key feature that allows for the diverse array of potential 

applications.   The possibility of controlling magnetic interactions through nanochemistry 

is approached through the synthetic manipulation of the chemical environment and 

morphology of the nanoparticles.  The observed magnetic properties of metal oxide 

nanoparticles, for example, have been shown to be dependent on particle size and 

shape.
7,8

  High saturation magnetization and high magnetic susceptibility values have 
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been observed, the latter decreasing as the particle size decreases.  The main contribution 

to the anisotropy is attributed to magnetocrystalline and shape anisotropy, and less to 

surface effects as surface anisotropy is suppressed by the oleic acid molecules which are 

covalently bonded to the nanoparticle surface. 

The chemical composition of the nanoparticle system will also certainly have an 

effect on the magnetic properties observed.
9
  Doping of metal oxide nanoparticles with 

different metal ions is a common approach to adjusting the chemical composition of a 

nanoparticle system and has been shown to influence atomic level magnetic 

interactions.
10-12

  As the chemical identity of the dopant ions within the metal oxide 

matrix is adjusted, materials can be specifically engineered to provide a wide range of 

magnetic properties.   

 The wide variance of magnetic properties possible with metal doped iron oxide 

nanoparticles accounts for the huge range of applications currently realized or envisioned.  

Consider, for example, that although a very strong and permanent magnet may have great 

utility in the world of magnetic data storage, such ferromagnetic tendencies could 

actually be a detriment in many biomedical settings such as magnetic resonance imaging 

or drug delivery.   By adjusting the dopant ions of iron oxide nanoparticles, a wide range 

of magnetic properties have been recorded.  Due to this potential versatility, nanoscopic 

metal-doped iron oxide systems have been frequently chosen for studies of 

nanomagnetism.  Transition metals such as Co, Ni, Mn and Pt have been used as the 

dopant ion in previous studies,
13-17

 demonstrating the versatility of this system.  Co(II), in 

particular, has been very useful as a dopant for iron oxide nanoparticle systems for the 
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purpose of modifying magnetic properties.  Specifically, it has been shown that addition 

of cobalt ion to iron oxide nanoparticles can significantly reduce the Curie temperature.   

  Solution phase methods for preparing metal doped Fe3O4 nanoparticles were 

originally based on the coprecipitation of the dopant metal ions and Fe(III) ions at room 

temperature in a basic media or by using a reverse micelle template.
18-20

  The major 

drawback of such procedures lies in the lack of control of the morphology and particle 

size distribution of the synthesized nanoparticles. 

Methods developed to address the lack of control observed in coprecipitation 

techniques include the decomposition of metal salts or organic precursors of Fe(III) in 

high boiling point solvents such as diphenyl ether or dioctyl ether.
7,21

  Common Fe(III) 

complexes used in such experiments include Fe(Cup)3 (Cup = N-

nitrosophenylhydroxylamine), Fe(CO)5, Fe(OAc)2 (OAc = acetate), and Fe(acac)3 (acac = 

acetylacetonate).
22-28

  For example, Fe(CO)5 and Fe(acac)3 have been used as starting 

materials in the synthesis of metal ferrite MFe2O4 [M = Co(II), Ni(IV) and Mn(IV)] 

nanoparticles.  Particle growth and size distribution can be controlled by carefully 

adjusting synthetic parameters such as type of solvent and surfactant combinations.   

 Preliminary research has shown that the magnetic anisotropy of metal oxide 

nanoparticles prepared in this way can be increased by incorporating transition metals 

into the iron oxide matrix.
13,17

  For example, Fe3O4 nanoparticles prepared by high 

temperature solution phase decomposition of Fe(acac)3 are superparamagnetic at room 

temperature, showing no hysteresis.  However, Co(II)-doped Fe3O4 nanoparticles created 

using Co(acac)2 as the co-reactant and otherwise identical synthetic conditions yielded 
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particles that were ferromagnetic at room temp, displaying a coercivity of 400 Oe.
14

  

Similar methods have also been used to synthesize Lanthanide oxide and Ln-doped iron 

oxide nanoparticles.
29-32

   

 

2.2  Lanthanide-containing nanostructured materials  

Our interest in the lanthanide elements is rooted in the rich chemistry found in this 

series of elements.  The 4f electrons present in lanthanides are considered core electrons, 

not valence electrons, and do not participate in bonding the same way that d electrons do 

in transition metal complexes.  Lanthanide ions are characterized by large unquenched 

orbital angular momentum associated with the internal nature of the f orbitals.  Since 

crystal-field effects are smaller and spin-orbit coupling larger for f electrons compared to 

the d electrons of transition-metal ions, the orbital component of the magnetic moment is 

much more important for the lanthanide ions compared to the transition-metal ions. The 

magnetic properties of lanthanide ions are strongly influenced by this, in particular the 

magneto-crystalline anisotropy, which is in general large. This is one of the reasons why 

lanthanides are widely used in magnet technology.  Commercially available bulk phase 

permanent magnets containing lanthanide compounds currently represent an important 

class of materials and can exhibit magnetic properties superior to traditional transition 

metal only systems.  Some examples of this are provided by the SmCo5 and Nd2Fe14B 

permanent magnets, which have found large market use in the past few years. 

Based upon observed modification of material properties in the bulk phase, it is 

expected that the incorporation of lanthanides into nanostructured materials may similarly 
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result in an interesting class of materials.  These lanthanide containing nanostructured 

systems could differ significantly from bulk materials due to the quantum and surface 

considerations that result from physical confinement to the nano size regime, and also 

have the potential to deviate considerably from traditional materials with the utilization of 

lanthanide elements.  Specifically, differences in magnetic, and also optical properties are 

explored as lanthanide metals are incorporated into iron oxide nanoparticle systems.  

 Such possibilities have recently encouraged efforts towards the development of 

lanthanide containing nanomaterials.  Within this emerging field, a variety of systems 

aimed at modifying optical and/or magnetic properties have been explored.   

Lanthanide oxides nanoparticles (Ln2O3) are considerably less studied than their 

transition metal oxide counter parts but have attracted recent interest due their potential in 

advanced technologies such as luminescent displays, optical communication, biochemical 

probes and medical diagnosis.
33,34

  Lanthanide hydroxide and oxide nanoparticles were 

prepared by Dong, et.al., using a precipitation method where alcohol serves as the 

protecting group. The particles were amorphous, except for La2O3, which is hexagonal in 

structure.
35

 The particles are spherical in shape, with the average particle size is smaller 

than 100 nm.  This method has also been shown useful in the synthesis of Ln2O3 

nanocrystals, prepared via the thermolysis of benzoylacetonate complexes 

[Ln(BA)3(H2O)2; where BA = benzoylacetonate] using oleic acid and oleyl amine as 

surfactants.
36

 

 Doping of Ln2O3 nanoparticles with other lanthanides for the purpose of 

manipulating the luminescent lifetime has also been attempted.  Gordon showed that 
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Eu(III)-doped Gd2O3 nanoparticles showed a slight increase of luminescence lifetime, 

and further that such results could be significantly increased by annealing the particles at 

high temperatures following the initial reaction.
37

  However, TEM results from this 

coprecipitation synthesis shows a lack of monodispersity in synthesized particles, as a 

larger than ideal size distribution can be observed. 

 Magnetic properties of iron oxide nanoparticles have been suggested to be 

affected through the doping of lanthanide ions.
38, 39

  Lanthanide series ions possess a wide 

range of magnetic moments across the series.
40

  Also the unique f-electronic structure of 

metals in the lanthanide series allows materials made from these elements to potentially 

exhibit very useful magnetic properties.  The magnetic anisotropy of lanthanide ions is 

thought to be a function of unquenched orbital contributions from f-orbitals and is 

expected to be one of the primary factors in controlling the magnetic transition 

temperature between superparamagnetic and ferromagnetic phases in nanomaterials.  

Therefore, lanthanide ions are interesting candidates for the doping of a well-established 

and technologically relevant system like iron oxide nanoparticles.   

However, the doping of lanthanides within the iron oxide matrix of nanoparticles 

is much less studied than the analogous doping by transition metals.  Despite theoretical 

expectations of lanthanide doping related to the presence of additional unpaired electrons, 

a modification of magnetic moment and change in the strength of spin orbit coupling, the 

synthesis of lanthanide-doped iron oxide nanoparticles towards the goal of improved or 

altered magnetic properties has not yet been fully explored.  The few literature reports 
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that are available lack the synthetic control needed to create high quality (monodisperse) 

particles whose size, shape and composition can be reliably tuned. 

 Lanthanide doped iron oxides were first prepared by sintering mixtures of 

lanthanide oxides and iron oxides at high temperatures.
41

  This method, however, results 

in multiphase particles with impurities and a less than ideal size distribution of particles.  

Coprecipitation of iron salts mixed with lanthanide salts (e.g. nitrates and chlorides) in a 

basic solution, similar to those described for transition metal-doped iron oxide 

nanoparticles, was then employed as a next step towards the creation of Ln-doped iron 

oxide particles.
42

  For example, hydrothermal coprecipitation of aqueous FeCl3 and 

Sm(NO3)3 was used in the creation of Sm(III)-doped maghemite (Fe2O3).
43

  However, the 

reported coercivity values of these particles were very low and hysteresis was not 

observed, as the particles displayed superparamagnetic behavior at room temperature.  

Slightly elevated coercivites have been reported in lanthanide doped cobalt ferrite 

nanoparticles using similar experimental conditions.
29

 

 Stimulated by the foregoing preparative issues and aiming at creating novel, 

property-modified magnetic materials, we have initiated the effort to synthesize Ln:Fe3O4 

nanoparticles by thermally decomposing a mixture containing suitable precursors of iron 

and a chosen lanthanide ion in the presence of passivating surfactant molecules.  The lack 

of reports of such efforts is rather surprising, as thermal decomposition of inorganic or 

organometallic precursors has been a time-honored approach to nanoparticle 

synthesis.
14,44,45

  This route has been utilized to obtain magnetite nanoparticles doped 

with various transition metal ions as well as Sm-Co metal oxide particles with improved 
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magnetic properties.
46

 A similar procedure has also been applied to the synthesis of 

lanthanide oxide nanoparticles using hydrated lanthanide acetates or diketonates as 

precursors and oleic acid and oleyl amine as surface-protecting ligands.
47,48

   

 In this chapter, initial attempts towards the synthesis of Ln-doped Fe3O4 

nanoparticles will be addressed along with a discussion of the structural characterization 

and magnetic studies.  The parent iron can also take a different from in Fe2O3.  

Analogous studies have also been carried out with the doping of Fe2O3 using lanthanide 

ions.  The results are summarized separately in Chapter 3. 

 

 

2.3  Experimental 

2.3.1  General Considerations 

Reagents were of commercial origin and used as received. Fe(acac)3, 

Sm(acac)3⋅2H2O, 1,2-hexadecanediol, oleic acid, oleyl amine, and diphenyl ether were 

purchased from Aldrich.  Air sensitive reactions were performed using standard Schlenk 

techniques under dry nitrogen atmosphere.  Molecular structures of the reagents used for 

the synthesis are depicted in Figure 2.1. 

 

 

2.3.2  Synthesis of Sm(III)-doped Fe3O4 nanoparticles 

A three-neck round bottom flask was charged with Fe(acac)3 (0.47 mmol, 0.165 

g), Sm(acac)3⋅2H2O (0.093 mmol, 0.042 g), and 1,2-hexadecanediol (1.12 mmol, 0.289 

g). Phenyl ether (10 mL) was added to the flask, and the mixture was stirred under 
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nitrogen at room temperature for 20 min. The mixture was then heated to 100°C to afford 

an orange solution. Oleylamine (1.0 mmol, 0.267 g) and oleic acid (1.0 mmol, 0.282 g) 

were injected into the flask. The reaction mixture was refluxed at 260°C for 22 h to give a 

black dispersion. After the mixture was allowed to cool to room temperature, ethanol (60 

mL) was added to precipitate the nanoparticles and the black solid was isolated by 

centrifugation (4000 rpm, 20 min). The crude product was redispersed in toluene (15 mL) 

and precipitated out by adding ethanol (60 mL). The precipitate was isolated by 

centrifugation (4000 rpm, 30 min). Pure Sm(III)-doped Fe3O4 nanoparticles can be 

redispersed in nonpolar solvents such as toluene, hexane, or dichloromethane and stored 

in a cold room at 4°C.  

 

2.3.3  Synthesis of Eu(III)-doped Fe3O4 nanoparticles 

Starting with Eu(acac)3⋅2H2O (0.060 mmol, 0.029 g) and Fe(acac)3 (0.50 mmol, 

0.176 g) and adopting otherwise identical preparative and purification procedures for the 

synthesis of Sm(III)-doped Fe3O4 nanoparticles, the product was obtained as a black 

solid. The Eu(III)-doped Fe3O4 nanoparticles were dispersed in toluene and stored in a 

cold room at 4°C. 

 

2.3.4  Characterization of Ln(III)-doped Fe3O4 nanoparticles 

The size of the nanoparticles was determined using a JEM100CX II Transmission 

Electron Microscope (TEM) (JEOL) with an operating voltage of 60 kV, using in-house 

prepared copper grids (Cu, hexagon, 300 mesh). Samples for TEM were prepared by 
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making a clear dispersion of the nanoparticles in toluene and drop casting them on a 

carbon coated copper grid. The samples were dried at room temperature by natural 

solvent evaporation. Structural details were elucidated using high resolution TEM 

(HRTEM) using a JEM-3010 microscope at 300 kV. Vibration sample magnetometric 

(VSM) measurements of the nanoparticles were obtained using a Waker HF 9H 

electromagnet with a Lakeshore 7300 controller and a Lakeshore 668 power supply. 

Magnetic measurements were carried out both at room temperature (300 K) and at low 

temperature (60 K) with a maximum applied magnetic field of 15 kOe and a ramp rate of 

33 Oe/s. 

Crystal structure and the phases of the nanoparticles were identified by X-ray 

diffraction (XRD) using a X’pert X-ray diffractometer (PW1827) (Phillips), with a Cu 

radiation source (Kα=1.5418 Å) at 40 kV and 30 mA. The scan angle was varied in 

between 20 and 80 degrees with a scan size of 0.2 degrees and a scan time of 0.5 s per 0.2 

degrees. The surface properties and the particle composition was analyzed by using 

energy dispersive X-ray spectrometry (EDX), scanning electron microscopy (STEM), 

thermogravimetric analysis (TGA), and X-ray photoelectron spectroscopy (XPS). 

TGA was performed using TGA Q50 by TA instruments under a stable air and N2 

flow. The temperature was varied from 20 °C to 900 °C at a rate of 10°C /min. The XPS 

analysis was carried out using KRATOS 165 Ultra photoelectron spectrometer, with a 

monochromatic Al Kα (hυ=1486.6 eV) radiation source. Binding energy was calibrated 

with the measurement of the adventitious C 1s (Eb=284.6 eV) signal that is caused from 

carbon in the hydrocarbon chain of the surfactant molecules present. 
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Figure 2.1. Molecular structures of the reagents used in nanoparticle synthesis. 

 

  

 

2.4  Results and Discussion 

 

2.4.1  Synthesis 

  Established literature procedures describing the synthesis of Fe3O4 nanoparticles 

were modified for the current synthesis.
7,26

  Iron oxide nanoparticles doped with 

lanthanide ions were prepared according to the following reaction scheme: 



57 
 

 

Scheme 2.1.  Synthesis of Ln(III)-doped Fe3O4 nanoparticles.  

 

Metal complexes were decomposed in high boiling point solvents in the presence 

of a reducing agent and surfactant molecules.  The chelating agent (acac) was common to 

all metal containing precursors in this synthesis, Fe(acac)3 and Ln(acac)3⋅2H2O were 

either purchased or synthesized on site and used as starting materials in the preparation of 

Ln(III)-doped Fe3O4 nanoparticles.  Oleic acid and oleylamine were used as the 

stabilizing surfactant molecules, which are thought to coordinate the surface metal ions of 

the nanoparticle through the carboxylate and amine functional groups.
49

  The passivating 

organic ligands are used to stabilize the particles, as well as to render them soluble in 

non-polar organic solvents.  These surface bound ligands are often credited as being 

essential components, necessary for controlling the size and growth of the doped metal 

oxide particles.   These ligands are also thought to prevent further oxidation of particles 

by acting as an insulating layer, protecting the reactive surface of the particles as they are 

formed.   

 In the first step of the present synthesis, the iron and lanthanide metal precursors 

were heated to 100
o
C and kept at this temperature for some time to create a clear, 

homogeneous diphenyl ether solution prior to the addition of any surfactant molecules.  
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Because it has been suggested that the mechanism of nanoparticle growth includes two 

key steps – nucleation and growth – and also, that the growth of particles is thought to be 

a rather slow process in many cases,
26

 this initial step of keeping the reactants at an 

elevated temperature prior to addition of surfactants was seen as necessary in order to 

achieve monodisperse particles. 

 The reduction of metal complexes in organic solvents using a diol or polyalcohol 

is commonly referred to as the polyol process.
50

  Originally, ethylene glycol and glycerol 

have been employed in such synthesis for this purpose.  Since these initial efforts, several 

polyols have been evaluated as potential reducing agents in the reaction of Fe(acac)3 to 

produce iron oxide nanoparticles.  In particular, it has been shown that long hydrocarbon 

chain 1,2-diols react favorably with Fe(acac)3 to produce highly crystalline magnetite 

nanoparticles.  Although the exact reduction mechanism has not yet been fully explored, 

the oxidation of the diol has been observed.
51

  Additionally, the oxidized form of the long 

chain 1,2-diol (aldehyde or carboxylic acid) may then serve as a stabilizing ligand in 

much the same fashion as oleic acid and oleylamine.  Because of these considerations, 

1,2-hexadecane diol was chosen as the reducing agent for our modified polyol synthesis 

of Ln(III)-doped magnetite nanoparticles. 

 Because the morphology, size distribution and crystallinity of nanoparticles can 

be a direct function of synthetic conditions, controlling experimental parameters, such as 

Fe:Ln ratio, concentration of diol/reducing agent, reflux temperature (solvent 

determined), reflux time and heating rate becomes critical.  Optimizing the conditions for 

the creation of high quality nanoparticles typically involves performing many reactions, 



59 
 

where individual parameters are varied.  Results are initially analyzed by Transmission 

Electron Microscopy (TEM); adjustments are then made based on images of products 

created in individual experiments, and the synthesis is performed again using the new 

synthetic parameters.   

 

2.4.2  Transmission Electron Microscopy (TEM) 

A particularly important experimental parameter in the synthesis of Lanthanide-

doped iron oxide nanoparticles was found to be the initial molar ratio of Ln:Fe.  For the 

case of Sm(III)-doped particles, our results indicate that a molar ratio of 5:1 

Sm(III):Fe(III) produced highly monodisperse particles.  Figure 2.5 shows a TEM image 

of the results this synthesis. 

 

 

Figure 2.2. TEM image of Sm(III)-doped Fe3O4 nanoparticles. 
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The particles are nearly monodisperse with an average particle size of 12 +/- 1.4 

nm.  As a comparison, Fe3O4 nanoparticles were created in a controlled experiment under 

otherwise identical synthetic conditions [without the addition of Sm(III)].  This synthesis 

resulted in less monodisperse particles with average size = 4 +/- 2 nm, shown in Figure 

2.3. 

 

 

Figure 2.3.  TEM image of undoped Fe3O4 nanoparticles. 

 

 

Somewhat surprisingly, the Sm(III)-doped particles are considerably larger than 

the un-doped particles, are highly monodispersed and appear to exhibit some long range 

order over the sample, as evidenced by the arrangement of particles in near parallel lines 

upon solvent evaporation (common TEM sample preparation). 

 A higher resolution TEM analysis was conducted to gather more information 

about the Sm(III)-doped particles (shown in Figure 2.4). 
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Figure 2.4.  HRTEM image of Sm(III)-doped Fe3O4 nanoparticles. 

 

 

The near atomic level resolution capable using High Resolution Transmission 

Electron Microscopy (HRTEM) shows not only a magnified image, but clearly shows the 

high level of crystallinity present in the system, as evidenced by the observed Fresnel 

lattice fringes.  These fringes correspond to a group of atomic planes within a single 

particle, indicating visually the single crystalline nature of the Sm(III)-doped iron oxide 

particles. 

 The composition of the particles was analyzed, in part, by EDX.  Because a 

Transmission Electron Microscope can be easily equipped with EDX capabilities, the 

data from both experiments can be conveniently collected almost simultaneously.  

Results from EDX analysis of Sm-doped particles are shown in Figure 2.5.  STEM can 

also be used to scan the composition of a sample across the length of a TEM grid 

containing a particular analyte.  Results from this experiment are shown in Figure 2.6. 
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Figure 2.5.  EDX bright field studies of Sm(III)-doped iron oxide nanoparticles. 

 

 

 

Figure 2.6.  STEM studies of Sm(III)-doped Fe3O4 nanoparticles. 
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Although only semi-quantitative, the results from both EDX and STEM confirm the 

presence of Sm and Fe.  Additional peaks observed in the EDX spectrum also indicate the 

presence of C, Cu, O and Si.  Cu and Si are observed because they used in the TEM grids 

themselves; carbon and oxygen are present in both the TEM grids and the surfactant 

molecules present on the surface of the nanoparticles. 

 In an effort to extend the reach of this synthesis towards the preparation of iron 

oxide particles doped with other lanthanide elements, Eu(III)-doped Fe3O4 nanoparticles 

were synthesized using similar procedures.  The relationship between the Fe:Ln ratio and 

the quality of created nanoparticles was investigated and further shown to be a 

determining factor in the synthesis.  TEM images from two Fe(III) to Eu(III) molar ratios 

(4:1 and 9:1) are shown in Figures 2.7 and 2.8. 

 

Figure 2.7. TEM image of Eu(III)-doped Fe3O4 nanoparticles with 9:1 Fe(III):Eu(III) 

molar ratio. 
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Figure 2.8. TEM image of Eu(III)-doped Fe3O4 nanoparticles with 4:1 Fe(III):Eu(III) 

molar ratio. 

 

 

Using a lower Eu(III) concentration, nanoparticles produced are observed to have 

a wide size distribution ranging from around 2 to 9 nm (Figure 2.7).  Triangular particles 

were observed among the nanoparticles, possibly suggesting the controlled metal 

reduction kinetics during the particle growth.
51

 
 

If the reduction process happens at a 

suitably high rate, the final product takes the thermodynamically favored shape.  If the 

reduction becomes substantially slower, however, the nucleation and growth steps will be 

kinetically controlled and the final product can take a range of shapes that may deviate 

from the thermodynamically favored or expected shapes.
52,53

  

In the last several years, 

kinetic control has been demonstrated as a simple and versatile approach to the shape-
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controlled synthesis of metal nanostructures. The reduction kinetics can often be 

controlled by varying experimental parameters such as temperature, time, heating rate, 

concentration of metal ions, and the nature of the reducing agent. However, in our case, 

the reduction rate was not sufficiently low enough to selectively produce the kinetically 

favored triangular shapes. The more thermodynamically favored product was observed 

by increasing the Eu(III) dopant concentration as shown in Figure 2.8. The nanoparticles 

have a narrower size distribution and are more monodisperse with respect to morphology 

having an average particles size of 9 nm. 

 Based on the TEM results, it is clear that doping the Fe3O4 with Ln(III) ions 

increases the observed quality of synthesized nanoparticles versus parent Fe3O4 particles.  

A narrower size distribution is evident when comparing the Sm(III) doped and undoped 

particles and in the Eu-doped particles the observed monodispersity is shown to increase 

as Eu(III) concentration increases.  In addition, the self-assembled organization of 

nanoparticles can be clearly seen in the images of the Ln(III)-doped particles. 

 

 

2.4.3  Thermogravimetric Analysis (TGA) 

 A TGA curve generated by measuring the weight of the Sm(III)-doped Fe3O4 

nanoparticles as the sample is heated at a constant rate is shown in Figure 2.9. 
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Figure 2.9.  TGA curve for Sm(III)-doped Fe3O4 nanoparticles. 

 

 

Weight loss of the nanoparticles was not observed below 100
o
C.  The slight loss 

in weight (~2%) occurring between 140
o
C and 240

o
C is possibly due to water molecules 

physically adsorbed to the surfaces of the particles and/or the surfactants.  The significant 

weight loss seen between 240
o
C and 512

o
C is attributed to the desorption of the surface 

bound passivating ligands, oleic acid and olyelamine.  These observations agree with 

literature reports of TGA curves for similar Fe3O4 nanoparticles.
7
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2.4.4  X-Ray Powder Diffraction (XRD) studies 

 If a material is composed of atoms arranged in a regular repeating unit cell (a 

“crystalline” material), useful structural information can be attained through observation 

of the interaction of light with this internal atomic structure.  The key to this phenomenon 

is that the wavelength of light utilized must be similar in scale to that which is being 

analyzed.  X-rays have wavelengths of a few angstroms and therefore can be useful in 

probing the internal atomic structure of solids, including nanoparticles, in the process of 

XRD. 

 Crystal structures and the many phases of iron oxide have been analyzed and are 

well studied using X-ray powder diffraction.  Figure 2.10 shows the XRD pattern of our 

Sm(III)-doped iron oxide nanoparticles.  The indexed diffraction peaks confirm that the 

Sm-doped nanoparticles have an identical inverse cubic spinel structure as Fe3O4 

(magnetite), shown in Figure 2.11 for comparison [Joint Committee on Powder 

Diffraction Standards (JCPDS) 76-1849 and Inorganic Crystal Structural Database 

(ICSD) 28664].  A similar XRD pattern was observed for the Eu(III)-doped Fe3O4 

nanoparticles (Figure 2.12).  The fact that no significant change was observed in the XRD 

patterns of the doped particles indicates that, despite the observed differences in 

appearance of the particles (judged by TEM), the incorporation of Sm(III) and Eu(III) 

ions does not alter the basic crystal structure of iron oxide nanoparticles. 

 In magnetite (Fe3O4) the oxygen atoms form a close packed face-centered cubic 

sublattice with Fe(II) ions located in octahedral sites and with Fe(III) ions equally 

distributed in octahedral and tetrahedral sites (inverse spinel structure).
54

  The unit cell 
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has a lattice constant of 8.396 Å and contains eight formula units and can be denoted as 

(Fe8
3+

)
tetr

[Fe
3+

Fe
2+

]8
oct

O32.  Along the (111) axis the oxygen layers are cubic close 

packed. It has been shown that transition metals can occupy either one of these sites.
13

 

Conversely, Ln(III) ions exhibit distorted six coordination sites or face-capped octahedral 

seven coordination sites in the Ln2O3 crystal structure.
40

  In the present case, Ln(III) ions 

are thought to replace iron, occupying some of the octahedral sites in the Fe3O4 inverse 

spinel structure. 

 

 

 

Figure 2.10.  XRD spectrum of Sm(III)-doped Fe3O4 nanoparticles. 
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Figure 2.11.  Reference XRD spectrum of Fe3O4. 

 

 

 

Figure 2.12.  XRD spectrum of Eu(III)-doped Fe3O4 nanoparticles. 
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2.4.5  X-ray Photoelectron Spectroscopy (XPS) 

 XPS analysis is used to confirm the presence of Fe, Sm, O and C in the Ln(III)-

doped Fe3O4 particles, as well as give information about the oxidation states of the metal 

ions.  Full XPS spectra of the Sm(III)- and Eu(III)-doped Fe3O4 nanoparticles are shown 

below in Figures 2.13 and 2.14.   

 

 

 

Figure 2.13.  Sm(III)-doped Fe3O4 nanoparticle XPS spectrum. 
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Figure 2.14.  Eu(III)-doped Fe3O4 XPS spectrum. 

 

 

The full spectra can be used as further confirmation of the elemental compositions 

of the nanoparticles.  Careful analysis of specific regions of the spectra can give detailed 

information about the chemical environment of the component atoms in the 

nanoparticles.  For example, the position of the Fe 2p1/2 and Fe 2p3/2 peaks in the XPS 

spectrum of Sm(III)-doped Fe3O4 nanoparticles (reported at 710 and 724 eV, 

respectively) confirms the presence of Fe(III) ions.
55

  Similar results are observed when 

analyzing the Fe 2p peaks in the XPS spectrum of the Eu(III)-doped particles [Fe 2p1/2 

(710 eV) and Fe 2p3/2 (723 eV)].  These results compare favorably with literature as 

similar binding energies were observed in recently reported Fe3O4 nanoparticles 

synthesized using a co-precipitation method.
49
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Figure 2.15.  XPS Fe 2p peaks of Sm(III)-(black), Eu(III)-doped (red) Fe3O4 

nanoparticles and Fe2O3 (blue). 

 

 

The broadening of the Fe 2p peaks with shoulders at around 708 eV and 722 eV 

for Fe 2p1/2 and Fe 2p3/2, respectively, indicates the presence of the Fe(II) ions, expected 

in Fe3O4.
49

  Slight differences in the binding energy of electrons associated with Fe(II) 

and Fe(III) ions result in this broadening.  As would be expected then, the shoulders on 

these peaks are not observed in the Fe2O3 powder shown for comparison.  Additionally, 

the characteristic satellite peak of Fe(III) in Fe2O3 at around 718.5 eV is absent in the 

both Ln(III)-doped samples, further indicating the structural differences between Fe2O3 

and the synthesized Ln(III)-doped Fe3O4 particles (Figure 2.15).  Also, iron in its zero 

oxidation state typically occurs at 706.5 eV;
46

 the observation of the shoulder peaks in the 

Ln(III)-doped samples extending into this region suggests the presence of Fe(0), perhaps 

buried in the nanoparticle core. 
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 Investigation and analysis of the XPS spectra of lanthanide ions is not nearly as 

common as with the more familiar transition elements, however some lanthanide oxides 

and simple salts have been evaluated using XPS.
56,57

  Eu and Sm 3d5/2 regions of Sm(III)- 

and Eu(III)-doped Fe3O4 nanoparticles are shown Figures 2.16 and 2.18 along with the 

corresponding lanthanide oxides for reference (Figures 2.17 and 2.19).   

 

 

Figure 2.16.  Sm 3d5/2 XPS spectrum of Sm(III)-doped Fe3O4 nanoparticles. 
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Figure 2.17.  Sm 3d5/2 XPS spectrum of Sm2O3. 

 

 

 

 

Figure 2.18.  Eu 3d5/2 XPS spectrum of Eu(III)-doped Fe3O4 nanoparticles. 
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Figure 2.19.  Eu 3d5/2 spectrum Eu2O3 XPS spectrum. 

 

 

Comparing the 3d5/2 binding energies of Sm(III) (1081 and 1108 eV) and Eu(III) 

(1134 and 1164 eV) present in the nanoparticles to the Ln2O3 standards [Sm2O3 (1082 

and 1108 eV) and Eu2O3 (1132 and 1162 eV)] reveals that the lanthanide ions in the 

nanoparticles are present in their 3+ oxidation states.  Subtle differences noted in the 

positions of the 3d5/2 peaks of the lanthanide ions may be due to the slight differences in 

coordination environments they occupy in the crystal structure, as observed by others for 

Ln-oxo compounds.
57
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2.4.6  Magnetic Studies 

 The Ln(III)-doped Fe3O4 nanoparticles synthesized exhibit interesting magnetic 

properties.  As a basic, qualitative demonstration, Figure 2.20 shows how a powder 

sample of our particles is attracted to an external permanent magnet. 

 

Figure 2.20. Vacuum-dried Sm(III)-doped Fe3O4 nanoparticles in the presence of an 

external magnetic field. 

 

 

TEM sample preparation of our nanoparticles involves drop casting a carbon 

coated copper TEM grid with a toluene solution of nanoparticles.  The solvent 

evaporates, leaving a thin layer of our particles on the grid for analysis.  If a magnet is 

placed in the presence of a TEM grid containing our Ln(III)-doped nanoparticles during 

sample preparation, the external magnetic field can act on the particles for the finite 

amount of time before the solvent has totally evaporated, and the particles remain in 

solution.  This experiment further visually demonstrates the magnetic properties of the 

synthesized Ln(III)-doped particles. 



77 
 

 

 

Figure 2.21. Ordered nanoparticle patterns observed in an applied parallel magnetic field. 
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Figure 2.21 shows formation of ordered Sm(III)-doped nanoparticle patterns 

aligned in the direction of the externally imposed magnetic field after the toluene solvent 

has evaporated.  Observation of self-assembled single nanoparticle chains was 

accomplished by reducing the concentration of nanoparticles in solution, and is shown in 

Figure 2.22.  Such ordered patterns were not obtained using undoped Fe3O4 nanoparticles 

prepared using identical synthetic conditions.    

 

Figure 2.22.  Self-assembled single chains of Sm(III)-doped Fe3O4 nanoparticles under 

the influence of a magnetic field. 

 

 

Hysteresis curves for the Sm(III) and Eu(III)-doped nanoparticles taken from 

VSM data is shown in Figures 2.23 and 2.24.  Key information from these experiments is 

summarized in Table 2.1.  The saturation magnetization (ms) of Sm(III) and Eu(III)-

doped Fe3O4 nanoparticles at room temperature are 31.3 and 23.6 emu/g, respectively.  

These results compare to reported literature values of Ln-doped iron oxide nanoparticles 

synthesized using a co-precipitation method.
42

  However, the saturation magnetization 
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observed in our particles is lower than that for undoped Fe3O4 nanoparticles synthesized 

using hydrothermal decomposition methods.
7, 14

 

  

 

 

Figure 2.23.  Hysteresis loops of Sm(III)-doped Fe3O4 nanoparticles at 60 K and room 

temperature. 
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Figure 2.24.  Hysteresis loops of Eu(III)-doped Fe3O4 nanoparticles at 60 K and room 

temperature. 

 

 

Table 2.1 Magnetic properties of Ln(III)-doped Fe3O4 nanoparticles 
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The demonstration of ferromagnetic behavior at room temperature shown in our 

synthesized Ln-doped particles is evidenced by the coercivity values (Hc) of 85.7 

[Sm(III)-doped] and 74.3 Oe [Eu(III)-doped].  Fe3O4 nanoparticles of similar size and 

synthesized using similar procedures   have been shown throughout literature to be 

superparamagnetic, showing no hysteresis, with coercivity values very close to or equal 

to zero at room temperature.
7,14

  The tendency towards superparamagnetism seen in 

Fe3O4 nanoparticles is typically ascribed to the fact that the particle size approaches the 

size of a single magnetic domain.
58

  The deviation from superparamagnetism observed in 

the present case then, may be due to the introduction of lanthanide ions into the Fe3O4 

matrix.  It is then concluded that, despite minimal variation in the crystal structure, the 

incorporation of Sm(III) and Eu(III)  ions into the Fe3O4 matrix increases the magnetic 

anisotropy of the newly created doped materials.  

 

2.5  Summary and Perspectives 

 High-quality Sm(III) and Eu(III)-doped Fe3O4 nanoparticles were successfully 

prepared for the first time by high-temperature decomposition of metal acetylacetonates.  

Synthesized particles were characterized using TEM, XPS, TGA, XRD and VSM.  The 

addition of lanthanide ions resulted in larger particles, compared to undoped Fe3O4 

particles prepared under identical conditions.  Such incorporation of Ln ions was shown 

not to significantly alter the crystal structure of the host matrix (magnetite).  Room 

temperature ferromagnetism exhibited by the lanthanide doped particles is suggested by 

magnetic studies.  This modification of magnetic anisotropy away from the 
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superparamagnetic behavior of undoped Fe3O4 nanoparticles is significant and indicates 

the effect of lanthanide ions on the coercivity of Fe3O4 particles.  More generally, these 

initial efforts serve as a useful platform in the investigation of the effect of incorporating 

lanthanide elements into metal and/or metal-oxide systems. 
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CHAPTER 3 

Ln(III)-DOPED -Fe2O3 NANOPARTICLES 

 

3.1  Introduction 

Iron oxide can exist in a variety of forms with multiple crystal structures and 

oxidation states of iron possible.  For the purpose of magnetic applications however, two 

particular forms of iron oxide have been observed more important than all others: 

magnetite (Fe3O4) and maghemite (-Fe2O3).  Both forms on the nanoscale are attractive 

in the technological and biomedical industries because of the potentially useful magnetic 

properties exhibited by materials made with these nanoparticles.
1-3

 

In the previous chapter, Fe3O4 was used in our initial study as a platform to study 

the effects of lanthanide doping on iron oxide nanoparticles.
4
  It was found that, using 

appropriate synthetic conditions, high quality Sm(III) and Eu(III)-doped nanoparticles 

could be synthesized.  Further, this doping was shown to have essentially no effect on the 

internal structure of the nanoparticles, leaving the characteristic cubic spinel crystal 

structure intact.  However, the resulting magnetic properties of the Ln(III)-doped Fe3O4 

nanoparticles observed in each of the doped systems leaves room for improvement and is 

a motivating factor in the work described in this chapter.  -Fe2O3 was used here in place 

of Fe3O4 as our iron oxide building block towards the goal of producing property 

enhanced lanthanide containing iron oxide nanomaterials. 

As can be seen from the discussion of magnetism and particle size presented in 

Chapter 1, the details involved in describing magnetism at the nanoscale can make 



84 
 

analyses challenging and, to this day, many details are not completely understood.  And 

in addition to the possible effects size can have on the magnetic properties of 

nanoparticles, the chemical identity of a material will also certainly play a role in 

defining the materials magnetic properties. 

In this chapter, the focus is on expanding the range of our study of lanthanide 

doping to a larger series of doped -Fe2O3 nanoparticles in the hopes of elucidating some 

of these issues.  If a relationship between the lanthanide dopant, and observed magnetic 

properties of doped particles could be established, it would represent an important first 

step towards the development of nanoparticles whose magnetic properties could be 

specifically and precisely tuned for given applications.  Additionally, a focus on reducing 

the time of the synthetic methodology is seen as an added benefit. 

Due to the similarities between the two iron oxide species, it is expected that the 

lanthanide doping will similarly have a negligible effect on the crystal structure and it is 

hoped that such a change in platform may result in materials with enhanced magnetic 

properties.   

 Despite the obvious differences in the oxidation states of the iron ions, both Fe3O4 

and -Fe2O3 are useful magnetic materials and also are both shown to exist in a similar 

inverse cubic spinel crystal structure with nearly identical unit cell dimensions
5
.  

However, despite these similarities, one significant difference between the two iron 

oxides can be seen in their electrical conductive properties.  Fe3O4 is a mixed-valence, 

spin-polarized magnetic system with a small electric conductivity (about 0.1% of Cu 

metal at room temperature).   This conductivity, however, is shown to decrease sharply 
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by a factor of ~100 below the metal-insulator phase transition temperature of 120 K.
5
  

This Verwey transition has been described in terms of charge ordering, but today remains 

poorly understood for the most part.
6
  -Fe2O3, on the other hand, is an insulator with an 

approximate optical absorption threshold of 2 eV.
7
   

 Amorphous Fe2O3 has found great utility, particularly as an advanced material in 

the fields of catalysis and in electrochemical settings.  For example, an amorphous Fe2O3 

catalyst produced by using a sonochemical synthetic route was more effective than the 

other crystalline forms of Fe2O3 (hematite and maghemite) for the oxidation of 

cyclohexane, with a significantly higher selectivity for the target products of 

cyclohexanol and cyclohexanone.
8,9

  Also, when patterned as a thin layer prepared by the 

chemical vapor deposition method, amorphous Fe2O3 can be used as a photoelectrode and 

a photocatalyst for splitting of water into H2 and O2.
10

  Additionally in electrochemical 

applications, amorphous Fe2O3 used in a lithium intercalation cathode has been shown to 

improve its properties, including high electrochemical performance and slow capacity 

fading
11

. The excellent sorption properties of amorphous Fe2O3 thin films doped by Au 

were employed for the development of humidity sensors with high sensitivity, linearity, 

and good stability.
12

 

 In the bulk phase it has been well established that -Fe2O3 is an important 

compound used in the production of magnetic materials.  Yet, as the scale of the material 

is reduced, some of the observed magnetic effects become even more pronounced and 

potentially valuable.  One important example of this is the observation of a remarkable 

reduction in the Currie temperature (Tc) of -Fe2O3 nanoparticles with respect to the bulk 
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phase
13

 – providing evidence of yet another critical difference in the study of nano vs. 

bulk materials. 

Due to the many similarities shared by the -Fe2O3 and Fe3O4 forms of iron oxide 

mentioned above, much of the rationale for using it as a starting point in our research is 

similar to what was described in the previous chapter – namely: its superior 

biocompatibility, magnetic properties on the nanoscale, and the relatively well-

established nature of nano level syntheses of iron oxide.  The lanthanide elements again 

are attractive here because of the large unquenched orbital contribution from the large 

numbers of f-electrons and/or unpaired electrons contained in this series which are 

expected to contribute towards a materials magnetic properties. 

However, one major difference in the study of Fe3O4 and -Fe2O3 nanoparticles is 

the complete lack of research in the literature regarding the lanthanide doping of -Fe2O3 

nanoparticles.  To our knowledge, the fundamental studies and details contained in this 

Dissertation on the subject of Ln(III)-doped -Fe2O3 nanoparticles are the first such 

efforts in this field.  On the basis of the work described in Chapter 2 with Fe3O4, it is of 

interest to find out whether lanthanide doping has any effect on the magnetic properties 

of this important form of iron oxide.  This will create not only a system for comparison, 

but more fundamentally, there is little work on the doping of -Fe2O3 system, let alone 

with lanthanide doping.   

Not satisfied with the relatively small hysteresis loops seen in the magnetite 

system, and also in the hopes of developing a somewhat more efficient and less time 

consuming synthesis, a different route was tried which utilizes different precursors and a 



87 
 

completely different synthesis.  Here, we report for the first time a novel synthetic route 

based on the thermal decomposition of iron pentacarbonyl and the addition of appropriate 

Ln(acac)3 precursors capable of efficiently producing high quality Ln(III)-doped -Fe2O3 

nanoparticles [Ln = Sm, Gd Dy or Er]. 

  

 

3.2  Experimental 

 

3.2.1  General considerations 

Reagents were of commercial origin and used as received. Fe(CO)5, 

Ln(acac)3•2H2O, oleic acid, and octyl ether were purchased from Aldrich.  Air sensitive 

reactions were performed using standard Schlenk techniques under dry nitrogen 

atmosphere. 

 

3.2.2  Synthesis of Ln(III)-doped -Fe2O3 nanoparticles   

To prepare monodispersed Sm(III)-doped -Fe2O3 nanoparticles, Fe(CO)5 (0.39 

mL, 2.9 mmol) was added to a mixture containing octyl ether, (20 mL, 0.145 mmol) of 

Ln(acac)3 [Ln = Gd, Er, La, Sm or Dy] and oleic acid (2.58 g, 9.12 mmol) at 100
o
C under 

nitrogen flow.  The mixture was stirred and heated to 295
o
C and kept at this temperature 

for 1 h.  The orange color of this solution gradually turned black during this process.  The 

solution was then cooled to 200
o
C and sparged with air at 5 psi for 2 h.  The solution was 

then cooled to room temperature by removing the heat source, and ethanol was added to 
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precipitate the nanoparticles which were isolated via centrifugation.  The resulting black 

powder was redispersed in toluene.   

 

 

3.2.3  Characterization of Ln(III)-doped -Fe2O3 nanoparticles 

The size of the nanoparticles was determined using a JEM100CX II transmission 

electron microscope (TEM) (JEOL) with an operating voltage of 60 kV, using 

commercially obtained copper grids (Cu, hexagon, 300-400 mesh). Samples for TEM 

were prepared by making a clear dispersion of the nanoparticles in toluene and drop 

casting them on a carbon coated copper grid. The samples were dried at room 

temperature by natural solvent evaporation.  Vibration sample magnetometric (VSM) 

measurements of the nanoparticles were obtained using a Waker HF 9H electromagnet 

with a Lakeshore 7300 controller and a Lakeshore 668 power supply. Magnetic 

measurements were carried out at room temperature (300 K) with a maximum applied 

magnetic field of 15 kOe and a ramp rate of 33 Oe/s. 

Crystal structures and the phases of the nanoparticles were identified by X-ray 

diffraction (XRD) using a X’pert X-ray diffractometer (PW1827) (Phillips), with a Cu 

radiation source (Kα=1.5418 Å) at 40 kV and 30 mA. The scan angle was varied in 

between 20 and 80 degrees with a scan size of 0.2 degrees and a scan time of 0.5 s per 0.2 

degrees.  Selected Area Electron Diffraction (SAED) was also used to confirm structural 

details.  The surface properties and the particle composition was analyzed by using EDX, 

TGA, and Elemental Analysis (ICP-OES and ICP-MS). 



89 
 

3.3  Results and Discussion 

 

3.3.1 Synthesis 

In the present work, a series of Ln(III)-doped -Fe2O3 nanoparticles were 

synthesized and isolated both as a solid material and dissolved in a toluene solution.  Un-

doped, pure -Fe2O3 nanoparticles were prepared according to the synthesis above 

(adapted from Ref. 14), minus the addition of a Ln(acac)3 precursor.  Oleic acid was 

employed as the surfactant ligand, used for passivation of the nanoparticle surface.  

Analysis of products centered on visual appearance, composition, crystal structure, and 

magnetic properties. 

Though our initial efforts with Ln(III)-doped magnetite nanoparticles could be 

considered successful from the standpoint of developing a novel synthetic methodology 

for the creation of Ln(III)-doped Fe3O4 nanoparticles, a more efficient synthesis would be 

preferred.  As can be inferred from the experimental section in Chapter 2, each synthesis 

of doped Fe3O4 particles takes 22-25 h to complete.  Once conditions have been 

optimized for a given system, this time scale becomes less of an issue.  However, finding 

the exact experimental conditions necessary to create high quality nanoparticles currently 

involves a fair amount of trial and error and usually comes down to performing a great 

deal of reactions.  As this initial research is focused heavily on optimization and requires 

that many reactions be completed and analyzed, it would be advantageous to develop a 

more efficient synthetic methodology in this next system.  This becomes particularly 

important here as our goal will be to synthesize a series of Ln(III)-doped particles -
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Fe2O3 nanoparticles.  Towards the ultimate end goal of making novel, magnetic 

lanthanide containing nanomaterials, developing a synthesis that is as fast, inexpensive 

and straightforward as possible is an important goal. 

In the first step of the synthesis Ln(III)-doped -Fe2O3 nanocrystals, Ln(acac)3 

was added at room temperature to an octyl ether/OA solution; this mixture was then 

heated to 100
o
C to create a homogenous solution.  Fe(CO)5 was then injected and the 

mixture was heated to reflux (~300
o
C).  Following a 1 h reflux, the reaction mixture was 

cooled to 200
o
C and bubbled with air at 5 psi at this temperature for 2 h.  The lack of a 

reducing agent in the experiment and the addition of air is thought to ensure the complete 

oxidation of iron to the Fe(III) oxidation state. 

As with most nanoparticle syntheses, precise control of experimental conditions 

was crucial in the production of high quality particles.  A constant metal 

(Fe+Ln):surfactant ratio of 3:1 was used in each reaction.  The rate of air bubbling, 

heating rate and duration of reaction were also kept constant in each case. 

 From our previous work, a key factor in the synthesis was found to be the Fe:Ln 

ratio used in the synthesis.   -Fe2O3 nanoparticles using 1:1, 3:1, 5:1, 10:1, 15:1, and 

35:1 Fe:Ln (Ln = La, Sm, Gd, Dy, and Er) ratios were also attempted.  It was found that 

the ratio of 20:1 led to the highest- quality Ln(III)-doped particles and therefore used for 

each of the doped systems.  
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3.3.2  TEM 

Shown in Figure 3.1 are the results obtained for a series of Ln(III)-doped -Fe2O3 

nanoparticles synthesized using a 20:1 Fe:Ln ratio.  The particles within each sample 

appear to be monodisperse and of the same morphology.  Quantitative information 

regarding the size of the particles was estimated by analyzing the images using 

appropriate computer software (imageJ®); the results are summarized below in Table 3.1. 

 

Table 3.1.  Observed size of Ln(III)-doped iron oxide nanoparticles. 
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Figure 3.1.  TEM results for -Fe2O3 particles doped with a) Gd, b) Dy, c) Er, d) Sm, e) 

La and f) undoped. 

 

 

If one of the goals of this project is to investigate how the properties of these 

doped nanoparticles are modified upon incorporation of Ln(III) ions, keeping the Fe:Ln 

ratio constant in each case was thought to be important.  Slightly different sized particles 

were obtained using different Ln(III) dopant (Figure 3.1).  Considering the rather similar 

chemical reactivity of these closely related lanthanide ions, these results are somewhat 

surprising, despite the fact that the different sized particles were obtained reproducibly.  

Er(III)-doping consistently resulted in the smallest particles while doping with Dy(III) 

resulted in the largest particles of the series.  

Given the previous discussion of how size can impact nanoparticle properties, this 

variation in particle size will likely make interpretation of magnetic properties strictly on 
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the basis of lanthanide dopant somewhat difficult.  This concern is an inherent issue in 

the present system.  As noted above, a variety of Fe:Ln ratios in each of our doped 

systems was attempted.  And it was observed that although average particle size can be 

somewhat adjusted using this strategy, this synthesis seems to be far more forgiving (in 

terms of particle quality) than the doping of Fe3O4 nanoparticles when decent quality 

particles were invariably obtained regardless of the Fe:Ln ratio.  

 

 

3.3.3  TGA 

 Thermogravimetric analysis for the Sm(III)-doped -Fe2O3 particles, is shown in 

Figure 3.2. 

 

Figure 3.2.  TGA results for Sm(III)-doped -Fe2O3 nanoparticles washed 1 x and 2 x 

with ethanol. 
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Weight loss of the nanoparticles was not observed below 100
o
C.  The slight loss 

in weight (~2%) seen between 140
o
C and 240

o
C is possibly due to water molecules 

physically adsorbed to the surfaces of the particles and/or the surfactants.  The significant 

weight loss seen between 240
o
C and 600

o
C is attributed to the desorption of the surface-

bound passivating ligands, oleic acid and olyelamine.  These observations agree with 

literature reports of TGA curves for similar Fe2O3 nanoparticles
12

 and also are consistent 

with the Ln(III)-doped Fe3O4 particles described in Chapter 2. 

 The processing of each reaction involved precipitation and washing with ethanol.  

It is thought that multiple washings are important for removing excess surfactant and/or 

high boiling point solvents that may be present.  To investigate the importance of the 

washing step, Sm(III)-doped particles precipitated and washed once were compared to a 

sample washed twice.  It can be seen from the TGA curve of these samples that less 

weight was lost as the sample is further purified through washing, indicating that the 

washings step is indeed important in nanoparticle purification. 

   

 

3.3.4  Energy Dispersive X-Ray Spectroscopy (EDX) 

EDX confirms the presence of lanthanide in each of our samples.  Shown in 

Figure3.3 is the EDX spectrum for the Sm(III)-doped particles. 
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Figure 3.3.  EDX results for Sm(III)-doped -Fe2O3 nanoparticles. 

 

 

 

3.3.5  Diffraction (SAED, XRD) 

3.3.5.A  XRD 

X-ray diffraction data for the un-doped -Fe2O3 particles show the characteristic 

peaks for crystalline -Fe2O3.  This pattern, and thus the cubic spinel crystal structure of 

the particles, is undisturbed by the presence of various lanthanides, as evidenced by the 

nearly identical diffraction spectra of the Ln(III)-doped samples shown in Figure 3.4.   
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Figure 3.4.  XRD results for Ln-doped iron oxide nanoparticles. 

 

 

 

3.3.5.B  Electron diffraction 

The major peaks labeled in the XRD spectra correspond to a series of concentric 

rings, each with varying radii, in the electron diffraction pattern.  Shown in Figure 3.5 is 

the electron diffraction data for the undoped -Fe2O3 nanoparticles, as well as for each of 

the samples doped with lanthanide.   
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Figure 3.5.  Electron diffraction patterns for -Fe2O3 particles doped with a) undoped, b) 

Gd, c) Dy, d) Er, e) Sm, f) La. 

 

 

 

The distances between rings can also be used to calculate d-spacings from the 

experimental data.  These numerical values are then compared to known reference values 

for the purpose of identifying the exact crystal structure.  Both electron and X-ray 

diffraction confirm that our sample is -Fe2O3.   

As also shown in XRD, electron diffraction data suggests that each sample of the 

Ln(III)-doped nanoparticles maintains the crystal structure of the original, undoped 

sample of crystalline -Fe2O3.  The consistency observed between the data of all the 
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samples in both diffraction experiments is also a further indication of the reproducibility 

inherent in the synthetic process used to create these systems. 

 

 

3.3.6  Magnetic Studies 

Doping by lanthanides of -Fe2O3 nanoparticles is observed to have the effect of 

both increasing the magnetic saturation while at the same, decreasing the coercivity of the 

particles to almost zero, indicating nearly true superparamagnetic behavior.  

Figure 3.6.  Hysteresis curves for Ln(III)-doped -Fe2O3 nanoparticles. 
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Establishing a clear correlation between lanthanide dopant and observed magnetic 

properties is challenging in this system.  Table 2 summarizes some of the important 

considerations in making this comparison: 

 

 

Table 3.2.  Ln(III) dopant, magnetic/physical properties comparison. 

 

  

It is clear from this analysis that the differences between doped and undoped -

Fe2O3 in magnetic properties can be attributed to the chemical differences between 

Ln(III) dopants and Fe(III).  However, between each of the doped particles, clear 

correlation does not exist.  A linear relationship between number of unpaired or f 

electrons and resulting magnetic properties also was not observed.  There is also no 

evidence to suggest that atomic/ionic radius of lanthanide dopants is directly related to 

magnetic properties. 

 The situation is complicated here in that, not only are different lanthanides 

present, but particles are also of different sizes.  Both are expected to possibly have 

significant impact on the observed magnetic properties of the particles.  The case of the 

La(III)-doped particles is particularly surprising.  Here, there are no f- or unpaired 

electrons, and these doped particles are similar in size to the undoped -Fe2O3particles.  

Yet, the observed coercivity of these La(III)-doped particles is nearly 5 times less than 

observed for the undoped particles and the magnetic saturation is more than doubled. 

Ln dopant # f -electrons # unpaired e Ionic Radius (pm) Atomic Radius (pm) Size of particle (nm) Coercivity (Oe) M s (emu/g)

La 0 0 117.2 195 (187) 12.411 +/- .823 0.9017 39.4

Sm 5 5 95.8 (109.8) 185 (180) 16.427 +/- 1.090 0.2156 40.2

Gd 7 7 93.8 (107.8) 180 19.917 +/- 1.357 2.9930 45

Dy 9 5 91.2 (105.2) 175 (178) 21.252 +/- 2 1.3680 36.4

Er 11 3 89 (103) 175 (176) 9.930 +/- .974 0.1625 33

Undoped n/a n/a 83.5 126 12.338 +/- .914 4.4030 18.1
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 It would be ideal, for the purpose of comparisons, if all particles could be made 

exactly the same size and using the exact same Fe:Ln ratio.  Unfortunately, as mentioned, 

this was not possible.   However, given the interesting case of the La(III)-doped particles, 

it is quite possible that even if that were able to be accomplished, a distinct linear 

correlation between Ln dopant and magnetic properties might remain unobserved.   

 

 

3.4.  Summary, comparison and perspectives 

 High-quality -Fe2O3 nanocrystals doped with a variety of Ln(III) ions were 

synthesized here for the first time by decomposing  Fe(CO)5 and an appropriate Ln(acac)3 

followed by complete oxidation of Fe at elevated temperatures via air bubbling of the 

reaction mixture.  Products were analyzed using TEM, XRD, SAED, TGA, EDX, ICP-

MS, and VSM.  Variation in Fe:Ln ratio was found to have less of an effect on the size 

and quality of doped particles than was previously observed for the Ln(III)-doped Fe3O4 

system described in Chapter 2.  Incorporation of Ln(III) ions into -Fe2O3 was found to 

have little effect on the crystal structure of -Fe2O3, as expected based on previous 

results.  The magnetic properties observed indicate that Ln(III)-doping has the general 

effect of decreasing the measured coercivity while simultaneously increasing the 

magnetic saturation.  Table 3.3 shows a comparison between the two Ln(III)-doped iron 

oxide systems that have been investigated. 
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Table 3.3  Comparison between Fe3O4 and -Fe2O3 nanoparticles doped with Ln(III). 

 

 

 

The size and quality of the particles in each system were similar.  However, both 

the concentration of Ln(III) ions used in the synthesis and the particular form of iron 

oxide used differed between the two systems, making direct comparisons difficult.   

 Although not necessarily as profound as hoped for, and despite a complete 

theoretical explanation, the modifications observed in the magnetic properties of both 

iron oxide systems doped with Ln(III) ions are certainly evident.  Fe3O4 nanoparticles 

were shown to exhibit weakly ferromagnetic behavior through lanthanide doping, while 

the -Fe2O3 particles showed an increase in magnetic saturation compared to undoped, 

pure iron oxide nanoparticles.  
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CHAPTER 4 

UPCONVERTING MAGNETIC NANOPARTICLES FOR BIOMEDICAL 

APPLICATION 

 

 

4.1  Introduction 

Our previous efforts utilizing lanthanide dopants within the matrix of iron oxide 

nanoparticles, described in Chapters 2 and 3, were successful from a synthetic standpoint, 

yet seemed to reveal a lack of profound magnetic contribution.  However, the lanthanide 

elements, while perhaps less useful as dopants towards improving the magnetic properties 

of nanoparticles, have also been thought important for their electric/optical properties. 

Electronic processes involving lanthanides have traditionally relied primarily on 

two key optical features: narrow emission bands that are relatively insensitive to chemical 

environment and long lived luminescence.
1
  Additionally, the optical phenomenon of 

upconversion luminescence is observed in certain lanthanide containing systems.   

Based upon the work described in Chapters 2 and 3, our goal moving forward was 

to utilize the inherent magnetic properties of iron oxide while taking advantage of the 

optical properties of the lanthanide series.  The lanthanide elements were utilized in the 

current project as a shell encapsulating the magnetic iron oxide core, as opposed to within 

the iron oxide matrix to realize their potential optical benefits.  Such a shell was 

hypothesized to allow our magnetic particles to be optically active, displaying a 

phenomenon known as upconversion.  This process of upconversion has shown great 
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promise in nanoscale studies, evidenced by the creation of nanoparticle systems that can 

give a visible signal from infrared excitation. 

Nanostructured theranostics is the medical application of a nanostructured 

platform for diagnosis, treatment or prevention of diseases.  It involves the creation and 

ultimate application of nanomaterials and devices for personalized therapy.  Our interest 

in developing nanoparticles has led to the work described in this chapter in the making of 

multifunctional core-shell structures for various applications ranging from the medical 

use of nano-platforms as diagnostic agents and therapeutic agents.  The inorganic core 

components are Fe3O4-based magnetic nanoparticles and lanthanide-based luminescent 

nanoshells.  Biocompatibility and water-solubility of the nanoparticles are to be achieved 

by coating the core-shell structure with amine-functionalized silica nanoshell, which is 

then coupled with polypeptide targeting group for specific diseases including melanoma, 

a common cancer found in sunny Arizona.  Our synthetic target is schematically shown 

in Figure 4.1. 
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Step 1: 

 
 

Step 2: 

 

Figure 4.1.  Schematic description of the strategy for the production of 

multifunctional nanoparticle platform; shown in two fundamental steps. 
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Specifically in the above system, diagnosis is to be achieved by using magnetic 

resonance imaging (MRI) and luminescence, while treatment of disease by magnetic fluid 

hyperthermia (MFH), gadolinium neutron capture therapy (GdNCT), and with the 

targeted delivery of polypeptide drugs.  Below, the diagnostic and therapeutic 

mechanisms, unfamiliar to a general audience, are briefly discussed. 

 

 

4.1.1.  Magnetic Resonance Imaging (MRI) 

 Magnetic resonance imaging (MRI) is a diagnostic tool that offers the most 

sensitive non-invasive way of imaging.  In such a modality, the relaxation times of the 

protons of water are measured.  During the relaxation, resonance signals are transmitted 

to and processed digitally by a computer to generate cross-sectional pictures of the site of 

interest.   

Two types of scans are commonly used in clinical diagnosis.  One measures the 

spin-lattice relaxation time (T1-weighted scan) while the other measures spin-spin 

relaxation time (T2-weighted scan).  The former provides information about disease 

activity by highlighting areas of inflammation indicative of a breakdown in the blood-

brain barrier, whereas the latter is useful in offering information about disease burden or 

lesion load.  A complete diagnosis combining both types of scans is most useful for 

evaluation of the state of a possible disease and for facilitating appropriate treatment. 

Superparamagnetic Fe3O4 nanoparticles (SPION) are attractive for MRI due to 

their sensitivity and diverse range of detection and imaging capabilities.  Useful in the 
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nanomolar range, SPION can be employed in much lower concentrations than other 

molecular contrast agents, such as a variety of Gd(III) chelates.  They also can be 

detected with T1, T2, T2*, off resonance and steady state free precession sequences, 

further increasing their utility.
2
 

Although the potential of SPION for the purpose of MRI may not yet have been 

fully realized, the advantages noted above have led to some commercially available 

products that play a major role in the current biomedical landscape.  Feridex® (Advanced 

Magnetics, Cambridge MA) is a first generation magnetic nanoparticle composed of 3-5 

nm Fe3O4 particles coated with dextran currently in use today.   

 

        

4.1.2.  Magnetic Fluid Hyperthermia  (MFH) 

 One of the ways organisms defend themselves against bacterial or viral infection 

is by increasing body temperature.  This phenomenon, known commonly as a fever, is 

useful because various infections are known to proliferate at normal body temperatures 

(37
o
C) while healthy cells can exist and continue to function at slightly elevated 

temperatures (as high as 42
o
C).   

Artificially increasing body temperatures via hyperthermia, both locally and over 

the entire body, can be used to treat cancer using a similar rationale and is currently used 

in conjunction with more traditional cancer treatments such as radio- and chemotherapy.  

Treating specific regions on the body with heat can be done by focusing microwave, laser 
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or ultrasound energy on diseased tissues.  However, such treatments are limited by depth 

of penetration issues as well as potential tissue damage and patient discomfort. 

The premise of MFH is based first on positioning magnetic nanoparticles in the 

vicinity of cancer sites by either direct injection or from surface-bound targeting groups 

attached to the nanoparticles.  An external, oscillating magnetic field is then applied to 

this area, resulting in physical motion of the particles in a similar fashion as a stir plate 

causes rotation of a stir bar.  The heat dissipated by this motion is imparted to the nearby 

diseased cells and the damage caused is the source of the therapeutic benefits of this 

technique.
3
  The established biocompatibility of magnetite makes it a common choice for 

this process. 

Following creation of Fe3O4 nanoparticles, the second step of our described 

synthesis involves the creation of core-shell nanoparticles that are both magnetic and 

optically active.  The lanthanide containing shell encapsulating the magnetic core also 

serves both diagnostic and therapeutic functions.  The NaGdF4:Yb, Er shell employed 

here can be used for both upconversion fluorescence (diagnostic) and (GdNCT). 

 

 

4.1.3.  Upconversion (near infrared to visible) luminescence 

 Luminescent labeling materials currently play a major role in biomedical imaging 

and diagnosis of disease.  Advances in the production of high-efficiency organic dyes and 

biocompatible semiconductor nanocrystals have shown great promise in this area 

recently.  These relatively well-established “down converting” technologies each function 
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using a similar electronic premise: excitation of a given species via higher energy UV 

light leads to a visible signal which can then be used to characterize a biological system.  

Although, many such materials have found utility for bio-imaging, they each tend to 

suffer from three major drawbacks: 

1.  Low penetration depth of UV light – limiting their applicability to studies 

nearer to the surface of organisms. 

2.  Background auto fluorescence of many other species present that may also 

absorb UV radiation – limiting the signal to noise ratio of the analysis. 

3.  The potential tissue damage that may occur when focusing high intensity UV 

light on organic matter. 

 

Upconverting materials address each of these concerns by using less damaging, 

deeper penetrating infrared light as an excitation source that will not be absorbed by other 

species present in most living organisms.   As compared with fluorescence based UV 

excitation, this upconversion (from lower energy NIR to higher energy visible light) 

mechanism has a number of much desired advantages for biomedical applications.  First 

of all, NIR is not nearly as deleterious as UV irradiation. Second, due to its lack of 

interaction with biological molecules (most of them carrying aromatic functional groups), 

NIR light is transparent to these molecules, resulting in deeper penetration into tissues, 

minimal damage to living organisms, and much reduced interfering autofluorescence 

(originated from the aromatics) from cells or tissues, low background light, and 

accompanying high sensitivity for detection. 
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Hexagonal-phase NaYF4 doped with Yb(III) and either Er(III) or Tm(III) have 

been shown to be the ideal matrix for the observation of upconversion due to similarities 

in energy levels of the lanthanide dopants; the following energy level diagram 

summarizes the basic principles of this phenomenon: 

 

 

Figure 4.2.  Yb(III), Er(III)-doped NaYF4 (or NaGdF4) energy level diagram for 

upconversion process displaying the classical energy transfer upconversion (ETU) 

process which relies on two successive energy transfers, both from Yb(III).  The first is 

used to promote the Er(III) to the 
4
F7/2 excited state, via the 

4
I11/2 intermediate state; 

followed by population of the 
4
G11/2 state.  Lattice vibrations (phonons) are responsible 

for dissipating energy lost in non-radiative relaxation from excited 
4
F7/2 and 

4
G11/2 states.  

Major emission bands are shown as solid lines. 
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The sensitized emission like process requires nearly simultaneous absorption of 

two coherent NIR photons to the Yb(III) ion, which is used as the sensitizer.  This energy 

is then transferred, non radiatively, to the Er(III) ion, which acts as the emitter.  By 

carefully matching the energy levels of this matrix, visible emission can be observed via 

IR excitation in this multi photon process.
4
   

Similar systems have been previously reported using NaYF4:Yb, Er coated 

Fe3O4,
4-7

 but not yet with NaGdF4:Yb, Er coated Fe3O4.  The presence of Gd(III) ions on 

the surface of nanoparticles serves to provide the upconverting magnetic nanoparticles 

with additional diagnostic and therapeutic functionalities and substitution of Gd for Y in 

the NaYF4 matrix does not inhibit the upconversion process on the nano level.
8
  In 

addition to further enhancing the MRI diagnostic properties of the core-shell particles by 

possibly allowing them to act as T1 MRI contrasts agent,
9
 the incorporation of Gd(III) 

into the system imparts further therapeutic functionality to the particles via GdNCT. 

 

 

4.1.4.  Gadolinium neutron capture therapy GdNCT 

 Gadolinium neutron capture therapy has been suggested as a potential treatment 

for malignant tumors, although has not yet been fully clinically accepted into practice.  It 

is based on two main steps: (i) a patient is first injected with a 
157

Gd compound capable 

of being specifically targeted to a particular tumor site; (ii) this site is irradiated with 

thermal neutrons.  Many of these neutrons can be captured by Gd, due to its high neutron 

absorption cross section of 254,000 barn (probability of neutron capture event).
10
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Following neutron capture, the 
158

Gd excited nucleus will decay in a highly localized 

nuclear reaction, delivering harmful radiation to the nearby tumor site in the form of 5 

Auger and Coster-Kronig (ACK) electrons. 

 Although the idea of GdNCT was first conceived in the 1930’s
11

, the ability to 

specifically target and place appropriate Gd(III)-containing species in the direct vicinity 

of cancer sites has limited its development.  This is a major hurdle because the rather 

short path length of the electrons emitted from the Auger and in particular ACK 

processes require that the Gd species be extremely close to the cancer site.  The 

development of targeted delivery systems recently, may allow GdNCT to an effective 

technique in the treatment of malignant tumor cells.  In the case of the present work, the 

Gd(III) present in the lanthanide-containing upconverting shell of our particles will be 

directed towards specific sites by targeting groups present on the surface of our 

functionalized outer silica coating. 

 

 

4.1.5.  Multifunctional nanoparticles 

 The third and final aspect of step 1 shown in Figure 4.1 is centered on the silica 

coating and amine functionalization of our core-shell, magnetic-upconverting 

nanoparticles.  Silica is a biocompatible inorganic material. Coating and protection of 

potentially toxic metal-containing components (toxicity due largely to the release of free 

metal ions and their subsequent interaction with biological molecules) using such 

biocompatible materials is thus critical. On the other hand, in order to achieve the 
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targeted delivery of the integrated diagnostic and therapeutic agents, targeting moieties 

should be attached to their surface so that they are not subject only to random 

distribution. One promising approach toward increasing the local accumulation of 

integrated nanoparticles in diseased tissue, known as active targeting or specific 

targeting, is by the conjugation of targeting molecules that possess high affinity toward 

unique molecular signatures found on malignant cells. These receptor-ligand or antigen-

antibody interactions provide an effective strategy to improve the residence time in 

malignant tissues, such as receptors and tumors. Targeting ligands, such as proteins, 

peptides, aptamers and small molecules, have been investigated to increase the site 

specific accumulation of integrated nano-particles. 

The use of short peptides and small molecules as targeting agents also offers the 

advantage of increased binding affinity through multivalent attachment. Another 

advantage of utilizing small molecules as targeting agents is that they are generally more 

robust than proteins or peptides thereby reducing possibility of loss of functionality 

through the synthesis of such integrate nano-particle. 

This will be achieved by coupling selected targeting functions (depending on the 

target of interest) onto the core/shell nanostructure via the surface-bound amine groups 

(Step 2). Of course, other coupling-ready groups such as carboxylate may also be used 

with the judicious choice of silica precursors. 

The central mission of this project is to develop an integrated nanostructured 

platform that can be labeled and activated as needed for the early and accurate diagnosis 

and treatment of various cancers of relevance to the National Cancer Institute.  This 
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platform is composed of three key components, a magnetite nanoparticle core, a shell of 

doped lanthanide fluoride, and an outermost shell of functionalized silica which are able 

to label antigen/antibody or specific ligand target to the receptors etc. These ligands 

labeled nanoparticles will lead the integrated nano-particles to the tumors in the tissue or 

the other part of the body.  Biochemical and physiological changes will be monitored by 

both magnetic resonance imaging and fluorescence spectroscopy. Targeting of diseased 

cells will be achieved by surface-bound targeting groups. Disease treatment, cancer 

therapy in particular, will be achieved using neutron capture therapy and magnetic fluid 

hyperthermia. It is anticipated that this proposed platform will offer the potential of early 

and accurate diagnosis of disease not possible with currently available technologies, and 

more importantly, guided treatment while miniaturizing the bioprobe and therapeutic 

agents. 

The work involves two stages: design, assembly, and characterization of the 

integrated nanostructured platform followed by the labeling of the platform with selected 

targeting groups and in vitro proof-of-concept diagnostic and therapeutic demonstrations 

using melanoma cell as the target. This first stage (Scheme 1) is the research focus 

currently underway in our group, while the second stage (Scheme 2) will be performed 

by our collaborators, lead here at the University of Arizona by Professor Victor Hruby 

and Dr. Minying Cai. 
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4.2  Experimental 

Two methods were investigated towards the goal of creating silica coated, amine-

functionalized upconverting magnetic nanoparticles.  Both are summarized here and 

discussed in the following sections. The initial strategy used is shown in Scheme 4.1. 

 

 

 
 

Scheme 4.1.  Production of silica coated, amine functionalized, upconverting, magnetic 

core-shell nanoparticles utilizing EDTA (Ln shell) and Stöber method (silica coating). 

 

 

 

 

 

 



115 
 

4.2.1  Synthesis of bare Fe3O4 nanoparticles 

Coprecipitation of iron salts at room temperature was employed.  Here, 5.2 g 

FeCl3 and 2.0 g FeCl2 were dissolved in a solution of 0.85 mL of HCl and 25 mL of 

deoxygenated water.  This solution was added dropwise to 250 mL of a 1.5 M NaOH 

solution under constant stirring and inert conditions.  Nanoparticle formation was 

observed as black precipitate, which formed immediately after every drop, and was 

isolated in a magnetic field.  Particles were washed 2 x with a dilute aqueous HCl 

solution and collected via centrifugation. 

 

4.2.2  Synthesis of Fe3O4-NaGdF4:Yb, Er,-core-shell nanoparticles. 

The Fe3O4 nanoparticles prepared above were covered with the upconverting 

lanthanide shell using a coprecipitation method in the presence of EDTA followed by 

heat treatment.  2.1 g NaF (0.05 mol) and 0.100 g superparamagnetic Fe3O4 nanoparticles 

were dispersed in 120 mL of de-ionized water by sonication for 1-12 hours. Another 

solution was prepared by mixing 16 mL of 0.2 M GdCl3, 3.4 mL of 0.2 M YbCl3, 0.6 mL 

of 0.2 M ErCl3 and 20 mL of 0.2 M EDTA stock solutions together to form the Ln(III)–

EDTA complexes. The second solution was then injected into the NaF-containing Fe3O4 

suspension quickly, and the mixture was stirred for 1 hour at room temperature. The 

precipitates from the reaction were separated using a magnet and also by centrifugation.  

Then the magnetic composites were heated to 400
o
C at a rate of 20

o
C per minute, and 

were kept at this temperature for 5 h under an H2/N2 (5:95, v/v) atmosphere.  
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4.2.3  Silica coating and amine functionalization of “core-shell” particles 

The particles prepared above were coated with silica and amine functionalized 

using the Stöber process.
12-14

  30 mg of magnetic nanoparticles were dispersed in 80 mL 

of 3-propanol by sonication for more than 30 minutes.  Then 8.94 mL of 28% ammonia 

(morphological catalyzer), 7.5 mL of de-ionized water (hydrolytic reagent) and 0.1 mL of 

tetraethylortho silicate (TEOS) were added into the mixture. The mixture was then placed 

into a constant-temperature oil bath set at 40
o
C under vigorous stirring.  After 2 h, 0.1 mL 

of 3-aminopropyltrimethoxysilane (APTS) was added into the suspension and the 

reaction continued for one more hour. 

 

The alternative strategy utilized in the creation of our magnetic, upconverting 

silica coated amine functionalized particles is shown in Scheme 4.2. 

 

 
Scheme 4.2.  Production of silica-coated, amine-functionalized, upconverting, magnetic 

core-shell nanoparticles utilizing Ln-TFA (Ln shell) and Brij56/CO-520 method (silica 

coating). 
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4.2.4.  Synthesis of oleic acid capped Fe3O4 nanoparticles 

High-quality oleic acid capped Fe3O4 nanoparticles were prepared by 

decomposing an iron oleate starting material under reflux and inert conditions.  The iron 

oleate starting material was created using the following procedure: 10.8 g iron chloride 

(FeCl3·6H2O, 40 mmol, Aldrich, 98%) and 36.5 g sodium oleate (120 mmol, TCI, 95%) 

was dissolved in a mixture solvent composed of 80 mL of ethanol, 60 mL of distilled 

water and 140 mL of hexane. The resulting solution was heated to 70°C and kept at that 

temperature for four hours. When the reaction was completed, the upper organic layer 

containing the iron–oleate complex was washed three times with 30 mL of distilled water 

in a separatory funnel.  After washing, hexane was evaporated off, resulting in iron oleate 

in a waxy solid form. 

To create Fe3O4 nanoparticles, 3.6 g (4.0 mmol) of the iron oleate synthesized as 

described above and 0.57 g of oleic acid (2.0 mmol, Aldrich, 90%) were dissolved in 20 

mL of 1-octadecene (Aldrich, 90%) at room temperature. The reaction mixture was 

heated to 320°C with a constant heating rate of 3.3°C/min, and then kept at that 

temperature for 30 min. When the reaction temperature reached 320°C, a vigorous 

reaction occurred and the initial transparent solution became turbid and brownish black. 

The resulting solution containing the nanocrystals was then cooled to room temperature, 

and 50 mL of ethanol was added to the solution to precipitate the nanocrystals. The 

nanocrystals were separated by centrifugation. 
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Synthesis of lanthanide-coated, core-shell particles 

The Fe3O4 core particles above were coated with an upconverting NaGdF4:Yb 

(20%), Er (2%) shell by addition of appropriate lanthanide- and sodium trifluoroacetate 

precursors.   

 

4.2.5.  Preparation of TFA precursors. 

Solid Ln2O3 [Ln = Gd, Yb or Er] was first added to distilled water and TFA.  The 

corresponding mixture was refluxed, with stirring, at 80
o
C for 12 h or until a clear 

solution was obtained.  Excess HTFA and water were then slowly evaporated, leaving the 

Ln(TFA)3 powder, which was dried overnight under dynamic vacuum at 50
o
C.  NaTFA 

was commercially obtained. 

 

4.2.6.  Synthesis of core-shell particles 

Appropriate amounts of prepared Ln(TFA)3 [Ln = Gd(III), Yb(III) and Er(III)] 

complexes, along with NaTFA were dissolved in a minimal amount of oleic acid and 

octadecene (using heat and sonication to ensure complete solvation) and the solution was 

degassed for 30 minutes.  This solution was transferred to a disposal syringe and injected 

into the reaction flask containing freshly made Fe3O4 core particles at a rate of 3 mL/hr.  

Following addition of Ln(TFA)3 and NaTFA, the reaction mixture was allowed to react at 

310
o
C for 1hr under inert conditions.  The solution was cooled naturally to room 

temperature and the particles were precipitated using ethanol and isolated via 

centrifugation.  Particles were washed twice with ethanol to remove excess solvent and 
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oleic acid and could then be dissolved in cyclohexane, toluene or other nonpolar organic 

solvents. 

 

4.2.7.  Procedures for the creation of silica-coated, amine functionalized 

upconverting, magnetic nanoparticles 

Two microemulsion type methods were investigated for the purpose silica coating 

and amine functionalization: 

 

4.2.7.A.  “CO-520” method 

1.8 mL of CO-520 (Aldrich), 3 mL of hexanol and 20 mL of cyclohexane were 

combined with stirring and then sonicated to form a transparent solution.  5-50 mg of 

oleic acid coated core-shell particles (above) and 200 L of ammonia were then added to 

the solution.  The mixture was again stirred and sonicated.  100 L of TEOS and 25 L 

of APTS were then added to the mixture slowly with stirring.  The reaction mixture was 

allowed to react at room temperature for 48 h with gentle stirring. 

 

4.2.7.B.  “Brij 56” method  

2.3 g Brij 56 (Aldrich) and 10 mL of cyclohexane were combined and 

stirred/sonicated to create a clear solution.  100 L of distilled water is then added to the 

above solution.  5-50 mg oleic acid-coated core-shell particles were then introduced to 

the reaction mixture, which was allowed to stir for 3 h, forming the microemulsion.  200 

L of ammonia was then added, and the mixture was allowed to stir for 30 minutes.  100 
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L of TEOS and 25 L of APTS were then slowly added and the solution was allowed to 

react for 4 h with stirring at 50
o
C. 

 

 

4.3  Results and discussion 

Magnetic nanoparticles possess unique magnetic properties and the ability to 

function at the cellular and molecular level of biological interactions, making them an 

attractive platform as contrast agents for Magnetic Resonance Imaging (MRI) and as 

carriers for drug delivery.  Although our previous efforts towards improving the magnetic 

properties of Fe3O4 nanoparticles via doping with lanthanides has shown minimal 

profound improvement in this area, Fe3O4 itself (without doping) has been shown to be an 

ideal candidate for this purpose and will therefore be used as the system core.    

Towards the goal of creating our target products, two main strategies were 

investigated, referred to as Schemes 4.1 and 4.2 in the experimental section.  

Chronologically, Scheme 4.1 was investigated first and was the strategy outlined in an 

NSF proposal.  Limitations in this process became apparent, and Scheme 4.2 was 

formulated and investigated as an alternative approach.   

 

 

4.3.1.  Discussion of Scheme 4.1 

The first step towards the creation of our target product was the creation of the 

magnetite core.  Coprecipitation of Fe(II) and Fe(III) salts was used here to accomplish 



121 
 

this goal.  The advantage of such a strategy is the straight forward nature of the synthesis.  

Nanoparticles can easily and quickly be created using this methodology; TEM results are 

shown below: 

 

 

Figure 4.3.  TEM results for Fe3O4 nanoparticles using coprecipitation method. 

 

 

As can be observed, Fe3O4 nanoparticles were indeed produced.  These particles 

were highly magnetic and easily removed from solution by magnetic separation.  

However, the quality of the particles, in terms of size and shape distribution, leaves much 

to be desired.  This observation is in line with literature reports – namely, quality of 

particles tends to be sacrificed in favor of ease of synthesis.  One explanation for this lies 

in the surface chemistry of the synthesized particles.  In this system, the nanoparticles 

created are bare, i.e., without surfactant molecules present on the surface of individual 
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particles.  As a result, controlling growth and size distribution utilizing such a 

methodology is quite difficult. 

 The next step is the encapsulation of the above magnetite nanoparticles with a 

NaGdF4:Yb, Er shell.  This was approached by coprecipitation of the lanthanide salts in 

the presence of the chelator EDTA.  Following the reaction, “coated” particles were then 

annealed in a forming gas atmosphere for 5 h at 400
o
C.  At such temperatures, any 

organics were vaporized from the surface of the particles; resulting in, supposedly, “bare” 

core shell nanoparticles.  Dr. Erica Coral’s research group, and in particular graduate 

student Luke Walker, was instrumental in this process as we were allowed to utilize their 

equipment in attempting these reactions.  One TEM from this reaction is shown in Figure 

4.4. 

 

 

Figure 4.4.  TEM results of “coated” particles following heat treatment. 
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 The issues with this synthesis were numerous.  First, very low yields were 

obtained following the wet chemical EDTA reaction.  This in part could be due to the fact 

that it was quite difficult to obtain a reliable solution of Fe3O4, NaF and Ln(III)-EDTA 

complexes.  Mixtures needed to be sonicated for hours, sometimes days to dissolve each 

of the precursors.  And even following sonication, precipitate was observed before 

reactions even started.  In reality, suspension would be a better description than solution.  

The lack of surfactants used in the Fe3O4 nanoparticle synthesis could also be responsible 

here. 

The total amount of product isolated after heat treatment was minimal, although 

consistent with what would be expected as EDTA is removed over the course of the 

heating process.  However, because bare nanoparticles were created in this step as well, 

further solubility issues were to be expected when performing the silica coating reaction 

in the next step. 

The main issue, besides any synthetic considerations, was the question as to 

whether or not our target was even created.  The traditional core-shell dynamic is not 

immediately obvious in our images, although as mentioned previously, this has been 

noted in the literature in similar core shell systems using NaYF4:Yb, Er as the shell.  This 

could be due to the fact that there is not enough of a difference in density between the 

core (magnetite) and shell (NaGdF4:Yb, Er) to see a contrast in a TEM image; or it could 

be that our reaction was simply unsuccessful.  At the time of these reactions, access to a 

coherent 980-nm laser source was unavailable.  This would have been the best way to 

qualitatively check our results.  Instead of spending time waiting, we decided it would be 
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a better use of our time to move forward with the next part of the synthesis.  However, we 

were able to successfully establish a very important collaboration with Dr. Bonner 

Denton at a later date, and we were unable to observe any upconversion from these 

“coated” samples.  The conclusion from this absence of optical activity was that the 

reaction was unsuccessful.  

 The famed microemulsion process, known commonly as the Stöber process, 

towards silica coating of nanoparticles was attempted in the next step of this reaction 

scheme.  Details are described in the experimental section.  The first step in the Stöber 

process, is solvation of particles in a polar media (isopropanol).  Despite difficulties with 

solubility, we were able to observe silica coating, shown in the TEM image in Figure 4.5. 

 

Figure 4.5.  Silica-coated “core-shell” particles using Stöber method. 
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The results shown were obtained after painstakingly optimizing the synthetic 

parameters of this synthesis through many reactions, most notably: reaction time and 

finding proper amounts of precursors to use in the procedure.  Two major issues can be 

immediately observed in the results: (1) multiple particles were coated within single silica 

spheres, and (2) the size of the silica coated, amine functionalized particles were quite 

large and very difficult to control.  Such large particles may limit their applicability in 

biological settings; particularly, ensuring small enough particles that the blood-brain 

barrier could efficiently be crossed is a major concern with particles of the size created 

here (> 200 nm). 

 The conclusion reached after some time investigating Scheme 4.1 is that it simply 

is not suitable for our needs.  With primary concerns being: (i) the Fe3O4  core particles 

produced were of relatively poor quality, (ii) upconversion of the “core-shell” particles 

was not observed, and (iii) silica coating (and amine functionalization) using the Stöber 

method with our bare nanoparticles lacked appropriate control to create the high quality 

particles of interest. 

 

 

4.3.2.  Discussion of Scheme 4.2 

To address the above shortcomings, Scheme 4.2 was employed.  First, by creating 

oleic acid coated magnetite particles using the procedure described in the experimental 

section, the size and shape could be controlled with much greater precision.  TEM results 

of our core particles are shown in Figure 4.6. 
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Figure 4.6.  TEM image of OA capped iron oxide “core” particles. 

 

 

Size and shape distribution of the above particles was greatly enhanced, compared 

to the previous methodology, by using the high temperature decomposition of metal-

organic precursors.  This observation also fits nicely with literature observations that 

coprecipitation of metal salts at room temperature is simply an inherently inferior method 

towards the production of high quality nanoparticles.  [A similar type of approach was 

employed in the creation of Fe3O4 particles for previous studies (Chapters 2 and 3) for 

this reason].  Also, by creating nanoparticles passivated with organic ligands, the 

solubility issues mentioned previously could be avoided completely.  The ~6 nm particles 

shown in Figure 4.6 were soluble in many organic solvents, including toluene and 

cyclohexane. 
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 To encapsulate the above prepared oleic acid capped, Fe3O4 nanoparticles with the 

upconverting shell, appropriate metal trifluoroacetate precursors were decomposed on the 

surface of each particle using the thermolysis process noted, adapted from in
15

.  It was 

found that such a process works best in our system if unwashed/unprocessed Fe3O4 

nanoparticles were used.  In other words, this coating step was performed immediately 

following creation of the Fe3O4 core as opposed to first precipitating or washing the 

Fe3O4 nanoparticles and then attempting to use this more pure sample for this next step.  

The rationale here is that the washing step can slightly affect the surface properties of the 

nanoparticles by possibly removing necessary surfactants that could be removed through 

washing.  Additionally, keeping an excess of surfactant is a generally well accepted 

synthetic consideration for most nanoparticle syntheses of these sort. 

 Two methods of coating were investigated; both used un-precipitated iron oxide 

core nanoparticles.  In the first method, the as synthesized iron oxide particles in the 

previous reaction were brought down to room temperature and the Ln(TFA)3 and NaTFA 

were added quickly to the reaction mixture, at room temperature.  The newly formed 

solution was then brought back to reflux (320
o
C) and kept at this temperature for 1 hr.  In 

the second case, the Ln(TFA)3 and NaTFA precursors were added slowly to the Fe3O4 

nanoparticles at near reflux; the temperature of the reaction was never allowed to drop 

below 300
o
C.  TEM results from both reactions are compared below in Figure 4.7. 
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Figure 4.7.  NaGdF4:Yb, Er coated iron oxide particles using (left) hot injection and 

(right) room-temperature mixing. 

 

 

A few observations can be made about this part of the reaction.  First, the size of 

the particles (~20 nm) has grown significantly compared to the Fe3O4  core, indicating 

that in both cases, a shell may have been formed.  Although, an obvious core-shell 

dynamic is not immediately evident (as will be shown in the silica coating portion of this 

reaction) these results are consistent with literature reports showing NaYF4:Yb, Er coated 

Fe3O4 nanoparticles. 

Additionally, the hot injection method is observed to create superior particles, 

judging by the size and shape distribution of synthesized products.  For this reason, hot 

injection is generally preferred in our synthetic methodology and was used to create all 

particles reported in the following sections.  This observation regarding hot injection is 
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consistent throughout the literature reports of those generally attempting to create 

surfactant capped core-shell particles in this way.
16

   

 Both methods were deemed successful, however, in terms of generating 

upconverting magnetic particles, as evidenced by generation of identical upconversion 

fluorescence spectra, shown in Figure 4.8. 

 

 

 

Figure 4.8.  Upconversion luminescence spectrum of core-shell particles using 980-nm 

excitation source. 
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Visible green light could be readily observed from oleic acid capped particles 

dispersed in cyclohexane upon excitation with a 980-nm laser: 

 
 

Figure 4.9.  Visible observation of upconversion of core-shell particles using 980-nm 

laser excitation source. 
 

 

 

 

 

In addition to both methods (hot and room temperature addition of metal 

trifluoroacetate precursors) generating upconverting nanoparticles, magnetic particles 

were also produced in each case; shown qualitatively below by placing a sample of each 

in ethanol and observing their response to an external magnetic field (Figure 4.10). 
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Figure 4.10.  Observation of magnetism of upconverting particles. 

  

 

As a further characterization, XRD measurements were obtained of our 

upconverting magnetic nanoparticles. 
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Figure 4.11.  XRD spectrum of NaGdF4:Yb, Er coated magnetite nanoparticles. 

 

 

 

The diffraction pattern confirms the hexagonal packing structure expected for the 

more studied NaYF4:Yb, Er, and by doing so, also leads to the conclusion that 

substitution of Gd(III) for Y(III) does not significantly alter the crystal structure of the 

material. 

 Silica coating of the as-prepared core-shell particles was approached here in two 

different ways, denoted as the “Brij 56” and “CO-520” methods, in reference to the 

polymer cosurfactant used in each reaction.  Both methods utilize a similar 

microemulsion process whereby silicate precursors are condensed on the surface of the 
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particles in a base catalyzed reaction.  Both methods were also successful in able to 

produce the silica coated amine functionalized target products anticipated. 

 

Figure 4.12.  Silica-coated, amine functionalized core-shell particles using the (left) CO-

520 and (right) Brij 56 methods. 

 

 

The key difference to note between the two methodologies is the time of reaction.  

The experiment utilizing CO-520 was performed at room temperature over the course of 

48 h, while the Brije56 method occurred at 50
o
C and took just 4 h to complete.  Given the 

similarities seen in the TEM of each product, the Brij 56 method was deemed superior 

due to the efficiency of the synthesis. 

 A concern that is evident in both methodologies is the creation of a large amount 

of amine functionalized silica only particles (without the upconverting magnetic core) in 

addition to the particles of interest.  To maximize the utility of this system in biological 

settings, the ideal product would be composed purely of magnetic, upconverting particles 
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coated with silica and functionalized with amine.  It was hoped that by optimizing the 

reaction conditions used, this goal could be accomplished.   

As the silicate particles are thought to result from reaction of silica precursors 

(TEOS and APTS), it was thought that by varying the amounts used of each precursor, 

the number of pure silica particles formed could be controlled/minimized.  Shown in 

Figure 4.13 are TEM images from the Brij56 method, using increasing amounts of 

TEOS/APTS. 

a)  
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b)  

c)  
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d)  

Figure 4.13.  Silica coating reaction using a) 4, b) 8, c) 16 and d) 32 L of TEOS. 

 

 

As can be seen, when not enough TEOS/APTS is used, coating of particles was 

not observed.  Yet, as more silica precursors were used in the synthesis, an excess of 

Silica-only particles also formed.  Literature reports of a variety of metal and metal 

oxide,
17,18

  CdSe
19

 and lanthanide fluoride
20 

 nanoparticles coated with silica do not 

directly address this issue.  The reason for this discrepancy is not completely understood, 

at this time, but differences in particle surfaces may be one possible explanation.  The 

NaGdF4: Yb, Er surface being coated here is quite different from pure Fe3O4 or other 

nanoparticles and surface considerations on the nano-level could be responsible for the 

observed lack of purity of the samples produced here.  The issue could also be a function 

of issues with finding the perfect ratio of TEOS/APTS:core-shell nanoparticles used in 

the synthesis.  However, from our experiments, it seems clear that there simply may not 
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be an ideal set of reaction conditions that produces only our coated particles.  It may be 

the case that the creation of excess silica only particles is an inherent limitation in this 

particular type of reaction.  As a result, post synthetic purification may be necessary. 

An interesting observation about this silica coating reaction was seen as the 

products were allowed to stand at room temperature for a period of more than 48 h: the 

initially cloudy solution settled into two parts, with a white precipitate noticed at the 

bottom of each vial containing our products, leaving a completely clear and colorless 

supernatant liquid.  TEM results of this supernatant layer (Figure 4.14) revealed that the 

liquid was seemingly enriched with our target products and contained slightly less silica 

only particles. 

 

 

Figure 4.14.  TEM results of post synesthetic processing of Silica-coated, amine-

functionalized core-shell particles. 
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Despite the evidently inherent issue with creating silica only particles in the 

reaction, by utilizing appropriate post synthetic conditions, we have shown the ability to 

enrich our sample somewhat towards the goal of a pure solution of silica-coated amine-

functionalized upconverting nanoparticles with a minimal amount of silica only particles. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

5.1 Summary 

 The research described in this Dissertation is concerned generally with the 

exploration of the potential use of lanthanide elements in nanostructured materials for the 

purpose of modification of the magnetic and optical properties.  This is explored through 

a focus on the development of lanthanide containing iron oxide nano systems.  Our 

objectives of producing lanthanide containing nanostructured materials with potentially 

useful optical and magnetic applications has been achieved through the development of 

Ln(III)-doped Fe3O4 and -Fe2O3 nanoparticles, as well as a unique core-shell magnetic-

upconverting nanoparticle system. 

 Although still somewhat an emerging field, the significant contributions made by 

Sun, Hyeon and countless others in the area of iron oxide nanoparticle development have 

laid the groundwork for continued research efforts in this area.  Our earlier work in 

Chapters 2 and 3 aims to build on the high quality iron oxide systems produced 

previously, towards the goal of enhancing the observed magnetic properties by doping 

with Ln(III) ions.   

Nanocrystals composed of lanthanide fluorides
1
, phosphates and, in particular, 

oxides,
2,3

 have been successfully synthesized, yet the incorporation of lanthanides 

directly into the matrix of nanoparticles composed of more traditional transition metals 

and metal oxides has been much less studied.  Synthetic methodologies needed to create 
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high quality particles whose size and morphology can be specifically controlled has been 

a major obstacle in obtaining this goal. 

The relatively understudied topic of Ln(III)-doped iron oxide nanoparticles is 

attractive for two main reasons: (i) iron oxide is known to be a biologically relevant and 

useful material; incorporation of lanthanide elements was thought to have the potential to 

modify the magnetic properties already observed; and (ii), towards the more general 

study of lanthanide containing nanomaterials, the well-established nanoscale study of 

iron oxide is used here as a platform and starting point for achieving this goal.   

The development of novel synthetic methodologies used to create such products 

has yielded high quality lanthanide containing systems and are evidenced by TEM 

images displaying nearly monodisperse samples in each of our efforts.  The modifications 

to the magnetic properties resulting from lanthanide doping include the observation of 

ferromagnetism in the Fe3O4 system and increased magnetic saturation of -Fe2O3 

nanoparticles, and are characterized by VSM and the visual observation of magnetic 

alignment of products.  Our efforts towards developing a novel methodology capable of 

producing high quality Fe3O4 nanoparticles, and subsequent characterization of products, 

were published in the Journal of the American Chemical Society.
4
 

 However, despite success from a synthetic point of view, results from the studies 

in Chapters 2 and 3 show relatively minimal enhancement of magnetic properties and 

lead to the conclusion that perhaps incorporating lanthanide elements within the iron 

oxide matrix of nanoparticles is not the most efficient way to utilize this series of 

elements in our systems of interest.   Based on these results, our focus then shifts from 
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the magnetic enhancement of iron oxide nanoparticles through lanthanide doping to 

utilizing the unique optical properties exhibited by lanthanides towards the creation of a 

multifunctional system for the purpose of cancer treatment.  Chapter 4 focuses on 

retaining the well documented magnetic properties of un-doped iron oxide nanoparticles 

and imparting added functionality to the system through encapsulation by a lanthanide 

containing shell capable of upconversion luminescence.  As employing such a 

multifunctional system in biological settings is the ultimate goal for this project, 

rendering this system water soluble by coating the core-shell particles with silica is also 

achieved.  Amine functionalization of the silica coated surface is envisioned to allow 

further functionality to these particles through the coupling of biochemically relevant 

moieties to the surface of each particle.  This final step is the subject of research efforts 

currently underway being performed by our collaborators Professor Victor Hruby and Dr. 

Minying Cai. 

 As with most research efforts, despite all progress that may have been achieved, 

there is more work required in providing a complete study of each system.  It has been 

shown that doping the core of OA/olyelamine capped iron oxide nanoparticles with 

lanthanides may not result in the profound enhancement of magnetic properties 

anticipated, therefore future efforts regarding these systems should instead be focused on 

widening their potential utility through surface modification.  Because the use of 

nanomaterials in advanced applications relies heavily on their compatibility with the 

surrounding matrix, it would be useful to develop reliable methods capable of 

incorporating initially non-compatible species into a variety of settings.  This is 
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particularly relevant in biological settings.  Rendering hydrophobic nanoparticles soluble 

in aqueous media is an important field of study commonly approached through the 

process of ligand exchange.
5-7

 

 Towards the goal of utilizing Ln(III)-modified iron oxide nanoparticles for 

biological applications, an additional project was investigated and represents our initial 

work in the area of surface modification of nanoparticles.    

 

5.2 PAA coated Ln(III)-doped -Fe2O3 nanoparticles 

 If the organic surfactant molecules (OA, in the present case) passivating the 

surface of the nanoparticles could be exchanged with ligands containing outwardly facing 

polar groups (like carboxylic acids) the particles could, theoretically, be rendered water 

soluble: 

 

 

Figure 5.1.  Strategy for transferring hydrophobic nanoparticles to hydrophilic media. 
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The reaction scheme in Figure 5.1 depicts how polyacrylic acid (PAA) could be 

used in a ligand exchange process towards the goal of making initially hydrophobic 

nanoparticles soluble in water.
8
 

 On paper, this ligand exchange process elegantly addresses the issue in question.  

However, in practice, the surface modification of nanoparticles is shown to be far less 

efficient than hoped.  Reaction between the water-soluble polymeric ligand with the 

organically soluble doped nanoparticles by adopting the literature,
8
 did not result in any 

water soluble Ln(III)-doped -Fe2O3 nanoparticles.  It was thought that the slight 

differences in surface energy between the doped and undoped particles are responsible 

for the observed non-reactivity.  Unfortunately, an initial attempt to reproduce the work 

of the authors, who used standard (undoped) -Fe2O3 particles as starting materials, was 

unsuccessful either.  We are presently repeating these reactions in order to eventually 

produce water-soluble Ln(III)-doped -Fe2O3 nanoparticles and suggest this as a potential 

future direction.  This strategy is also thought to be applicable to the Fe3O4 system. 

More generally, because ligand exchange is thought to be a reasonable approach 

in a variety of settings for the purpose of manipulating the compatibility of nanoparticle 

systems, it also may be of interest to investigate additional polymers, dendrimers or other 

relevant chemical species here. 

 

5.3.  Future directions in multifunctional nanoparticles  

Regarding research described in Chapter 4 pertaining to the development of a 

multifunctional platform for disease treatment, future directions should be focused on 
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optimization and enhanced utility.  Efforts investigating the coating of individual core-

shell nanoparticles with silica towards the production of a completely pure sample (free 

of silica only particles) may focus either on adjusting synthetic parameters or on post 

synthetic processing.   

The methods detailed in Chapter 4 with regard to the silica coating of our core-

shell particles were mostly adapted from literature reports concerned with coating iron 

oxide and gold nanoparticles.
9
  It is possible that differences in the surface properties of 

our lanthanide containing shell compared with those, more traditional nanoparticle 

surfaces, could explain the creation of excess silica-only particles observed in our sample 

that are defined as impurities in the system.  Future efforts may be directed at addressing 

this concern.  

Additionally, functionalizing the surface of these silica coated particles with 

carboxylic acid in addition to amine groups is also of interest for the purpose of 

increasing the variety of potential biochemical molecules that may be attached.  This 

represents an additional future direction of interest. 

 The creation of nanoparticles capable of emitting a variety of colors would also be 

of benefit in medical imaging.  We have shown that the use of Er(III) in the lanthanide 

shell (NaGdF4:Yb, Er) results in visible green emission of particles; but by substituting 

different lanthanide dopants into this matrix (particularly Tm), it is expected that the 

particles may be capable of producing different colors.  Labeling of specific areas of 

interest using different colors is currently an important consideration in biological 
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imaging and could be addressed using our system by adjusting the lanthanide dopant and 

creating particles that differ only in their optical properties. 

The exploratory synthetic approaches, novel materials developed and unique 

applications envisioned in our work with lanthanide containing iron oxide nanoparticles 

demonstrate the feasibility and potential of this relatively unstudied class of materials.  

Characterization of products and discussion of results are intended to provide a useful 

starting point for continued development.  The work described in this Dissertation 

represents a contribution to the science of chemistry, but also to the growing field of 

nanoscience and nanotechnology.  Our investigation into the synthesis of lanthanide 

containing metal oxide nanosystems for various applications has resulted in not only the 

creation of novel materials, but also serves to broaden the current understanding of 

nanomaterials development. 
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