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Abstract 

The synthesis and application of iron containing nanoparticles were studied with 

three major research foci. 

The synthesis of FeTi intermetallic nanoparticles was attempted by reduction of 

iron(III) and titanium(IV) chlorides and the thermal decomposition of Fe(CO)s and 

Cp2Ti(CO)2. These syntheses were unsuccessful often producing phase segregated iron 

and titanium materials instead of the desired intermetallic nanoparticles. The phase 

mismatch between the individual metals is indicated as a potential key factor which 

inhibits epitaxial growth and the formation of nanoparticles. 

The size control of iron and iron oxide nanoparticles was studied for the 

decomposition of Fe(CO)5 with the particular interest of achieving particle diameters 

below 4 nm. Surfactant choice alone was found to be inadequate for achieving such sizes 

as the surfactant inhibits particle growth but also prevents particle nucleation. Trace 

water in reaction mixtures was found to influence particle size by promotion the 

decomposition of Fe(CO)5 through water-gas-shift chemistry. Particle size was varied 

from 2.2 nm to 5.6 nm by changing the water concentration. Hot introduction of reagents 

and sonication techniques were also explored and found to be effective for achieving 

particles of sizes below 4 nm. These techniques were limited by safety concerns, 

irreproducibility and/or low yields. 

Iron oxide-capped iron nanoparticles (Fe@FexOy) can be used to sequester trace 

catalytic metals from reaction products in aqueous and polar organic solvents. When 

strongly coordinating ligands are not present, the mechanisms of remediation are both the 



coordination of metal ions and also the reduction of metals onto particle surfaces by the 

iron metal core. A trend between electrochemical potential remediation capacity was 

observed; metal ions with much higher electrochemical potentials than that of iron are 

sequestered more effectively. The presence of coordinating phosphines hinders 

straightforward sequestration of catalytic metals by Fe@FexOy. Sequestration can be 

efficient when it is performed in the presence of 3-mercaptopropionic acid. Under these 

situations, sequestration is dominated by the adsorption mechanism rather than the 

reduction. These techniques were successfully applied to synthetically important 

reactions with catalysts of Ni, Cu, Pd, Rh and Ru. 
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Chapter 1: Introduction 

Since the birth of the iron age nearly four thousand years ago, humans have been 

smelting and hammering iron metal into useful products.1 Nature has been harnessing the 

properties of iron oxides even longer. Pigeons and honey bees biosynthesize magnetic 

iron oxide particles to aid navigation.2 The understanding of the chemical properties of 

iron metal and iron oxides has come much later. The alchemists of the middle ages 

learned much of the reactivity of iron,3 but their interpretations of the experimental 

results were dubious by modern scientific standards. The study of the reactivity of iron in 

a modern context perhaps did not start in earnest until the latter half of the 19th century 

and has intensified in application in the 20th century.4"7 

Iron-containing nanoparticles and colloids, although present in the environment' 

and having long been used as catalysts,9 have undergone extensive exploratory 

development in the last three decades. Research of the 1980s and early 1990s focused on 

the magnetic properties of "ultra-fine" powders10"14 whereas the "nano-revolution" of the 

1990s saw pioneering development of size controlled solution syntheses10' 15' l which 

opened new avenues for research. Despite humanity's millennia of experience with 

manipulating iron,1 our chemical knowledge of iron-containing nanoparticles is still 

relatively uninformed. This thesis will tackle aspects of three under-explored and 

intriguing areas: 

1 



1. How does one control the composition of particles? 

2. What controls the of size of particles? 

3. What are the chemical properties of the particles and how can they be 

exploited? 

In Chapter 2, attempts are made to push the nanoparticle synthetic boundaries and 

prepare FeTi alloy particles for the ultimate goal of hydrogen storage application. 

Chapter 3 is a discussion of experiments with the aim of achieving very small iron oxide 

particles below 4 nm in diameter. This research pushes the understanding of the growth 

and nucleation processes and how they affect particle size in this system. From there, in 

Chapters 4 and 5, the chemical properties of iron particles are applied to problems in 

other fields of chemistry. High surface area iron materials and the electrochemical 

reduction potential of iron are exploited for the sequestration of late transition metals 

from reaction media. 

Within the underlying theme of iron-containing nanoparticles, the chapters within 

this thesis are quite varied in focus. Therefore, instead of a comprehensive literature 

review to the different topics (which will be provided in the individual chapters), this 

introduction will provide a preamble to studying iron, nanoparticles, and brief 

descriptions of some of the characterization techniques used throughout this research. 

1.1 A brief introduction to iron and the relevant oxides 

The chemistry of iron is quite rich as a result of several readily accessible 

oxidation states, the most common being 0, II, and III. More obscure oxidation states 
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have been observed, the most prevalent case being the formal Fe(V) seen in the active 

sites of Cytochrome P450 enzymes which act as powerful biological oxidants. In iron 

oxides, the oxidation states commonly observed are II and III.19 

The most common form of metallic iron, cc-Fe, exhibits a body centered cubic 

crystal structure. At higher temperatures, a face centered cubic phase has also been 

identified.20 There are many oxides and oxide-hydroxides of iron - both synthetic and 

naturally forming;19 however, within this research only crystalline maghemite, y-Fe203 

and/or magnetite, Fe3C>4 were identified. These two oxides have very similar inverse-

spinel structures, with 32 O ' anions cubic close packed in the unit cell. This provides 

tetrahedral and octahedral coordination sites for the iron cations. In magnetite, Fe2+ 

cations occupy tetrahedral sites and Fe3+ cations can be found in both octahedral and 

tetrahedral sites (Figure 1-la). Maghemite has only Fe3+ cations which are found in both 

octahedral and tetrahedral coordination. Additional cation vacancies accommodate for 

this oxidation (Figure 1-lb).19 Because of this structural similarity, the two X-ray 

diffraction patterns are nearly identical21 and should not be used alone for routine 

discrimination of the two oxides. Raman spectroscopy22 or X-ray photoelectron 

spectroscopy23' 4 can be used as additional characterization to identify which oxide is 

present. 

a)Fe304 b)Y-Fe203 

O O2" • Fef* © Fe2*3+ Q 02- © Fe3+ 

Figure 1-1 Crystal structures of a) magnetite and b) maghemite.25 
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In iron metal and the iron oxides, the 0, II and III oxidation states are 

paramagnetic, as a result of unpaired electrons within the d shell. a-Fe is quintessentially 

ferromagnetic; the nuclear spins align in the same direction to give an overall magnetic 

moment.26 However, in other materials alternating alignment of the nuclear spins at the 

crystallographic level can cause a cancellation of the overall magnetic moment. Both 

maghemite and magnetite are ferrimagnetic in which there is some alternating alignment 

of the nuclear spins but they do not completely cancel, resulting in an overall non-zero 

net magnetic moment. 

Since magnetic properties are not a major focus of this report, in the context of 

this research, it suffices to note that the iron and iron oxide particles synthesized here are 

attracted to external magnetic fields from sources such as magnetic stir bars and each 

other. This property also makes them amenable to magnetic filtration for possible 

application. 

1.2 The lure of the nano size regime and the science of small 

Materials with dimensions confined to the nano-size regime (< 100 nm) can have 

fascinating size-dependant characteristics such as opto-electronic,27 magnetic,28 

biological, ' physical, and chemical properties. This report directly and indirectly 

focuses on the latter two. 

Many chemical reactions occur at the surfaces of particles. As particle size 

decreases, the surface area to volume ratio increases in an inverse relationship with 

radius. Consequently, smaller particles have a greater proportion of their atoms on their 

4 



surfaces. For example, a 20 nm iron particle has fewer than 10% of its atoms at the 

surface, yet a 3 nm particle has more than 50%.33 At this size, surface-catalyzed reactions 

are faster and stoichiometric reactions become atom economic. 

There are other, more subtle, size-dependent changes in chemical reactivity. If a 

reaction occurs at the step edges and corners of crystals, a reactant made of smaller 

particles will have increased reactivity as there are more of these present. However, if the 

active site is large and requires several atoms on a surface, very small particles will not 

provide such sites. Consequently, in some catalytic systems optimal particles sizes are 

observed. 

Overall, the provision of high surface area materials are usually advantageous for 

surface-mediated reactions. This concept largely provides the incentive for the study of 

the materials within this thesis. In Chapter 3, FeTi nanoparticles are the goal because 

absorption of H2 gas is slow in the bulk material. The possible synthesis of single walled 

carbon nanotubes from very small iron particles incites the size-controlled synthesis of 

iron and iron oxide nanoparticles in Chapter 3. This concept also underpins the 

exploration of employing iron oxide-capped iron nanoparticles for metal ion remediation 

in Chapters 4 and 5. 

Also of importance to this report, small particles have a depressed melting point 

from their bulk counterparts. Experimentally, the depression in melting point is 

approximately inversely proportional to the radius of the particle.31 More complex 

theoretical relationships have been derived to help explain and describe the deviations 

from this approximate relationship of which there have been many attempts. Some use 

strict thermodynamic arguments, ' while others evoke vibronic arguments. ' ' 

5 



Molecular dynamic calculations are also seen in the literature. ' All cases stem from 

the argument that surface atoms are not as tightly bound as their core neighbours. This 

has been manifested in the different theories as surface tension terms,31 or as bonds more 

easily broken by thermal vibrations.31'35'36 

The degree to which melting point is suppressed varies with material. For 

instance, 2 nm gold particles have over a 1000 °C depression in melting point from the 

bulk. Even 7 nm particles observe over a 200 °C depression in melting point.31 However, 

lead particles only see a ~150 °C depression in melting point for ~4 nm particles. For ~7 

nm tin particles, the depression is only 20 °C. 

In Chapter 2, the synthesis of FeTi nanoparticles is hindered by the inhibition of 

dissolution of one metal into the other. We rely on melting point depression of 

nanoparticles to allow for the formation of the intermetallic (melting point of the bulk 

material is 1317 °C 20) at temperatures readily available to the synthetic chemist in the 

solution phase (< 500 °C). 

1.3 Particle synthesis and nucleation and growth theories 

To begin an exploration of the synthesis of iron-containing nanoparticles, it is 

useful to become familiar with some of the governing theories that dictate particle 

nucleation and growth. These classic theories will be the context in which our 

experimental results will be discussed, especially in Chapter 3. There are three major 

concepts which describe different aspects of particle nucleation and growth: classical 

nucleation theory, the LaMer model of burst nucleation, and Ostwald ripening. They are 
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described here within the relevant frame of reference of the preparation of iron 

nanoparticles. 

Using solution methods, the preparation of high surface area iron materials can be 

described by a general synthesis (Figure 1-2), 

reduction or nucleation ^M 
p i decomposition p * and growth Q Q 

n Q Q 

Figure 1-2 A general and ideal solution synthesis for the formation of iron particles. 

A molecular iron species (FeLn) in solution is transformed, usually through 

decomposition or reduction, to produce solvated iron atoms (Fe*). These species are 

assumed to collide in a sequential binuclear manner to form iron nuclei which grow into 

particles.37 There is some debate whether the species that form particles are actually bare 

iron atoms and not a partially decomposed molecular species.28 However, this 

simplification is advantageous for understanding the theories on nucleation and growth of 

particles under these synthetic conditions. 

1.3.1 Classical Nucleation Theory 

Although the theory has undergone some significant development and expansion 

in recent years, ' ' classical nucleation theory provides a good basis for a qualitative 

discussion on nanoparticle formation in solution. It was initially developed for vapor 

phase condensations, and the theory has since been extended to nuclei formation from 
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solutions. The approach is a thermodynamic one, contrasting the Gibbs free energy for 

creating the volume of a particle (favoured) with the Gibbs free energy of creating a new 

surface (disfavoured). Since the first is dependant on the volume of the nuclei and the 

second on the surface area, the thermodynamic barrier for nucleation, AGN, for spherical 

nuclei can be described as: 

AGN(r) = f m-3AGv + 4jrr2y (1) 

Where AGV is the volume free energy of the nuclei (a negative value), y the surface 

energy between the particle and the solution (positive value), and r the radius (Figure 1-

3). As a result of the two dependencies on r, there is a critical radius r* where the AGN is 

at a maximum: 

This is the minimum radius for nuclei to be thermodynamically stable. Below this radius, 

nuclei lower their free energy by dissolving. Above this radius, the free energy is 

minimized by particle growth (Figure 1-3). 
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r 

Figure 1-3 Classical nucleation theory description of the 
dependence of the thermodynamic barrier for nucleation with 
respect to radius. Adapted from Ref. (41). 

For the present thesis, the key ramification is as such: lowering the surface energy of a 

particle (y) lowers the critical radius causing smaller nuclei to be thermodynamically 

stable to dissolution. Furthermore, a lowering of y causes a general thermodynamic 

stabilization of smaller particles (Figure 1-3). Consequently, lowering the surface energy 

of particles with the use of surface-bonding surfactants is one of the most common 

techniques for obtaining small particles. (Although not a part of "classical nucleation 

theory" it should also be noted that surfactants also cause a kinetic stabilization of small 

particles42 by steric prevention of collisions between the particles and solvated precursors 

- a requirement for growth.) 

Classical nucleation theory also predicts the concentration of nuclei forming. 

Applying a Boltzman distribution and collision theory, the number density of nuclei of a 

given radius, N(r) is given by: 

9 



N(r) = [Fe*] exp 
AG„(r) 

kBT 
(3) 

Where [Fe ] is the number concentration of the precursor for nucleation, kB the Boltzman 

constant and T the temperature.37 A high concentration of Fe* will provide many nuclei 

above the critical radius, and the precursor will be preferentially used for nuclei 

formation rather than growth onto existing particles. This is the second technique for 

obtaining small particles: experimental design to afford a large Fe* concentration through 

rapid decomposition, addition of reagents, etc. 

1.3.2 The LaMer model for burst nucleation 

This particular approach of rapid decomposition has been further expanded on by 

the LaMer model which relates the concentration of the precursor with nucleation and 

growth behaviour. The LaMer model also explains "burst nucleation" where a lag time is 

observed before particles are formed and the produced particles tend to be monodisperse. 

Following a concentration versus time curve (Figure 1-4), the concentration of 

Fe* is increased to supersaturation, Cs, but nuclei do not form until the concentration 

reaches Co, the minimum concentration for nucleation. The concentration continues to 

climb until the maximum concentration for nucleation, CN is reached. At this 

concentration, the rate of nucleation is extremely high and the concentration of Fe* 

decreases from its use in nucleation events. Once the concentration drops below Co, 

nucleation is arrested and the drop in concentration is from growth onto existing nuclei.38 
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This behavior tends to give monodisperse particles because all the nuclei are 

formed within a short time frame, and growth therefore occurs evenly. Often this 

behaviour is discussed as a time separation of nucleation and growth processes to give 

T O 

monodisperse particles. This type of behavior will be seen throughout Chapter 3 when 

near monodisperse particles are synthesized from the decomposition of Fe(CO)s in oleic 

acid and other surfactants. However, if Fe* has very low solubility in the medium and 

there is little concentration difference in Cs and C0, nucleation and growth will happen 

somewhat indiscriminately causing polydispersivity.38 The materials employed in 

Chapters 4 and 5, synthesized from the reduction of iron (III) chloride by sodium 

borohydride in water, result from this type of behavior. 

c 
o 
05 

C 
0 
O 
c 
o 

Time 
Figure 1-4 The LaMer model for burst nucleation. Adapted from Ref. (38) 

As an extension of this, if we compare two reactions with the same amount of iron 

precursor, the one that provides a quick production of Fe* will have much of the iron 
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used up while the concentration is above C0 - namely in nucleation events and less so in 

growth. A slow production of Fe* will allow for less of the total iron involved in 

nucleation events and more in growth. Therefore, providing a rapid increase in the 

concentration of Fe* will allow for smaller particles. 

1.3.3 Ostwald ripening 

Ostwald ripening was first described in 1900. Like nucleation theory and the 

LaMer model, the theory behind this coarsening behaviour has undergone recent 

development in attempts to give quantitative predictions,43"45 yet the qualitative 

description suffices for the purpose of this thesis. 

Small particles are dissolved and reprecipitated onto the larger ones making the 

particle sizes larger and larger. Starting with small monodisperse particles, the Ostwald 

ripening process will produce larger particles and a wider particle size distribution. 

Ostwald ripening can be described as a phenomena driven by the minimization of the 

high energy interfaces between particles and the solution. Ostwald ripening relies on 

Fe* being reversibly soluble in solution and diffusing to larger particles. Therefore, 

Ostwald ripening only occurs when conditions are conducive to the dissolution of small 

particles. 
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1.4 Transmission Electron Microscopy (TEM) 

1.4.1 Imaging and diffraction 

The size of the particles within this study are typically 2-100 nm in diameter and 

therefore imaging them is outside the capabilities of optical microscopy. In 1925, Louis 

de Broglie theorized the wave-like nature of electrons. Their mass and velocities allow 

for very small so-called de Broglie wavelengths, and it is this property which is exploited 

in Transmission Electron Microscopy.46 We use TEM and the associated techniques as 

the workhorse of characterization for Chapters 2 and 3 and briefly in Chapter 4 as it can 

readily be used to determine particle size, crystal morphology and elemental 

identification. 

Electrons are emitted from a source (in this study a LaB6 crystal heated and under 

a 120-200 keV bias) and pass through a series of condenser apertures, magnetic 

stigmators and magnetic lenses to focus the beam onto a sample. The beam passes 

through the sample and the image of the sample is magnified by objective, intermediate, 

and projector lenses and further improved by other stigmators and apertures. At this 

time, the electrons come in contact with a scintillating phosphor such as ZnS, a CCD 

camera or electron sensitive film so that the human eye can observe the image (Figure 1-

5).47 Because this is a transmission technique, the image observed can be thought of as 

two dimensional shadows of the sample.48 The technique is extremely powerful for 

imaging single layers of dispersed nanoparticles of the size regime indicated above. 

13 



D D 

c 
_ D _ 

T 
c 

~> 

D 

T 
z> 

LaB„ crystal 

Wehnelt cup 

1" Condenser lens 

Condenser stigmator 

Condenser aperture 

2r" Condenser lens 

Sample on carbon coated 

copper grid 

Objective lens 

Objective stigmator 

Objective aperture 
Selected area aperture 
Intermediate stigmator 

Intermediate lens 

Projector lens 

Phosphor screen/ camera 

Figure 1-5 Schematic of the 
optics of a Transmission 
Electron Microscope. Based 
loosely on the JEOL 2010 
instrument belonging to the 
University of Alberta 
Department of Physics and the 
primary instrument used for this 
report. 

The limit of resolution of the instrument comes from several sources. Under the 

voltages typically employed in an TEM, the wavelengths of electrons are only several 

picometres and therefore not directly the cause of the limit of resolution. Instead, optical 

phenomena from the lenses limit resolution, dominated by spherical aberration.49 

Spherical aberration is caused by the off-axis electrons being bent by the lenses more 

strongly than those on axis.50 As a result, point objects are imaged as a disk with a finite 

size. 

The theoretical limit of resolution for a TEM can be approximated as 

rmin«0.91(CsA
3)1/4 (4) 
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where rmjn is the theoretical limit of resolution, Cs the spherical aberration constant for a 

given lens (or lens system), and X the wavelength of the electrons. This number is 

typically 0.25-0.3 nm. In practical terms, the magnification may be increased, but no 

additional detail below this size range will be observed.49 In practice, features and details 

of this size are not commonly observed without extensive alignment and correction for 

other optical aberrations and stigmations as well as a minimization of external vibrations 

to the TEM (people walking in the building, etc.). For the smallest particles in this study 

(~2-5 nm), the resolution of the instrument belonging to the University of Alberta Physics 

Department running at 200 keV gave more than sufficient resolution to accurately 

measure size. However, the instrument belonging to Ohio State University (used for parts 

of Chapter 3) running at 120 keV gave images that indicated features of this size; 

however, diameters could not be determined with satisfactory accuracy. Such samples 

were necessarily re-imaged with the instrument running at the higher accelerating 

voltage. 

Two types of contrast are dominant throughout this study. Firstly, Rutherford 

scattering prevents electrons from hitting the screen and provides dark areas on a light 

screen. The scattering is increased by thicker samples and by Z2, where Z is the atomic 

mass of the atoms in the sample.51 For this reason, the carbon film used as a support for 

samples gives very little contrast, yet the particles of iron on the support are easily 

imaged. 

The second important source of contrast is diffraction contrast. Electrons passing 

though a crystalline sample are diffracted according Bragg's Law.52 

rik= 2 d sinB (5) 
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Where n is an integer, X the wavelength of the incident electrons, d is the spacing 

between crystallographic planes, and 9 the acute angle of the diffracted beam with the 

non-diffracted beam. 

Depending on the crystallographic orientation of each crystal to the electron 

beam, different numbers of electrons are diffracted giving differing contrast.52 For the 

crystalline particles seen in Chapter 3, some appear darker than others as a result of 

diffraction contrast. 

For crystalline samples, as stated earlier, the electrons may be diffracted. By 

changing the strength of the intermediate lens, one can choose to image the resulting 

diffraction pattern. A single crystal gives an array of spots corresponding to reflections 

from the different crystallographic planes. Diffraction from many crystals with random 

orientations gives a ring pattern. The ratio of the radii of the rings may be related back to 

Bragg equation and used as a tool for identifying crystallographic phases in a similar 

manner to powder X-ray diffraction.52 This technique is called Selected Area Electron 

Diffraction (SAED). 

One note should be made with regard to the electron microscopes at our disposal. 

Unfortunately, samples could not be introduced into the TEM without exposure to air. 

Even though many of our synthesis predicted the formation of metallic particles, often 

only the oxides resultant from air exposure were observed by TEM. 
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1.5.2 Energy Dispersive Spectroscopy (EDS) 

The bombardment of a sample with a beam of high energy electrons gives rise to 

inelastic scatter some of the electrons and causes corresponding ejection of core electrons 

from the sample. This leaves core vacancies in sample atoms. The collapse of higher 

energy electrons to the core level causes the emission of characteristic X-rays which are 

collected by a detector for Energy Dispersive Spectroscopy (EDS).53 

The principal quantum number of the orbital from which the core electron is 

ejected gives the primary label; in X-ray notation n = 1, 2 and 3 are called K, L and M 

shells, respectively. The subscript identifies the shell from which the higher energy 

electron drops to emit the X-ray; the change in principal quantum number for this drop 

are labeled a, (3, y, etc. for changes of 1, 2 and 3 quantum numbers, respectively.53 

t l L L L L . ILJLLLs, I L L L L , 1LLL.L 

Figure 1-6 The origin of characteristic Ka and Kp X-rays for iron in the electron 
microscope which are collected for EDS. s-s transitions are symmetry forbidden and are 
therefore not commonly observed.5 

EDS is used as a powerful elemental identification technique in electron 

microscopes.53 Although EDS instruments can be quantitative,55 the instrument and 
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software at our disposal was not appropriately standardized. Despite this, for atoms of 

similar size, and when comparing the same line, the sensitivities are similar55 and 

generalizations can be made by examining the peak height. Appropriate statements in 

these cases include, "there is more... than...", "there is less... than...", "there are similar 

amounts of..." For example, in Chapter 2, peak heights of the Ka signals of iron and 

titanium are compared qualitatively to determine approximate compositions in this 

manner. 

1.5 X-Ray Photoelectron Spectroscopy (XPS) 

X-Ray Photoelectron Spectroscopy is an application of Einstein's Nobel Prize-

winning photoelectric effect. It yields information about the elements present as well as 

information about oxidation states or chemical environments of the element.56 XPS is 

used extensively in Chapters 4 and 5 to identify the oxidation state of metals absorbed 

onto iron oxide capped particles and to infer mechanisms of sequestration. 

A sample is illuminated with monochromatic X-rays and electrons are ejected 

with varying kinetic energies (KE) depending on the elements present. The relationship 

between the incident X-rays and the kinetic energy of the photoelectron, in a simplified 

form is: 

KE = hv- BE (6) 

where h is Plank's constant and v is the frequency of the incident X-ray. The Binding 

Energy, BE, is the energy required to ionize an electron.56 The ejected electrons are 

collected and binned according to their kinetic energy to yield a spectrum usually plotted 
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as counts (or intensity) versus energy in electronvolts (eV). Typically, XPS spectra are 

not reported as a function of kinetic energy, which depends on the X-ray source, but 

rather source-independent binding energy. XPS focuses on ionizing core electrons from 

atoms. Since different elements will have different binding energies for their core 

electrons, in its simplest manifestation, XPS can be used as a elemental identification 

technique.56 High resolution spectra give much more detailed chemical information but 

are complicated by subtleties. 

For a given element, the binding energy is perturbed by chemical environment 

and especially oxidation state; an oxidized atom will have a collapse of all the remaining 

electrons toward the nucleus and therefore will have a larger binding energy for the 

ejection of a core electron. Consequently, high resolution XPS, which focuses on a small 

range of binding energy for a single element, can be used to identify oxidation state 

(Figure 1-7) and sometimes chemical environment.5 This is typically done by 

comparison to standards and literature spectra. 

Figure 1-7 An example high 
resolution XPS of a Ni 
containing sample showing two 
spin orbit couples, a satellite 
peak and shifts in binding 
energy due to oxidation state. 
Gaussian-Lorentzian peak 
fitting is highlighted in blue. 
Asymmetric fitting of the zero 
oxidation state is highlighted in 
red. 
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After the ejection of a photoelectron, the remaining unpaired electron can couple 

with the angular momentum of the orbital it is in (except for electrons in the spherical S 

orbitals, which has no angular momentum). The total spin of the system is the angular 

momentum of the orbital plus the spin of the unpaired electron. 

J=l + s (7) 

where j is the total spin, / the angular momentum quantum number of the orbital from 

which the electron is ejected (/ = 0, 1, 2...) and s the spin of the electron( s = Vi, -lA ). 

The two possible spins of the electron results in two observed binding energies called 

spin orbit couples (Figure 1-7). The ratio of the spin degeneracies (2/+1) gives the ratio of 

the peak intensities.57 

The nomenclature for labeling XPS emissions involves the relevant element, 

followed by the principal quantum number and orbital label (i.e., s, p, d...) of the orbital 

from which the electron is ejected. The spin state, j , is then provided in subscript (e.g., Ni 

2p1/2) (Figure 1-7).57 

The phenomenon of lower energy "shake up" satellite peaks is worth mentioning 

as it appears in some of the spectra reported in Chapter 5. Sometimes the incident X-ray 

can cause ejection of the photoelectron and the promotion of one of the valence electrons 

into a higher energy state. The photoelectron will have a correspondingly lower kinetic 

energy giving an additional high binding energy peak (Figure 1-7).58 

In a similar fashion, the ejection of a photoelectron combined with promotion of a 

valence electron affects the peak shape of metallic signals. For metallic materials there is 

a continuum of states into which the valance electron may be promoted. Instead of a 
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discrete satellite, this manifests as the zero oxidation state peak having a asymmetric 

shape with a tail into higher binding energy.58 This is different from the Gaussian-

Lorentzian59 shaped peaks usually fitted (Figure 1-7). 

If an atom has non-zero spin in its valence shell, there will be two non-degenerate 

spin states for the atom after the ejection of the photoelectron; the remaining core 

electron will have spin either parallel or anti-parallel with the spins of the valence 

electrons. (Figure 1-8). The corresponding two binding energies observed are referred to 

as multiplet splitting. The differences in binding energy for multiplet splitting are much 

weaker than those seen for spin-orbit coupling. For the transition metals, multiplet 

splitting greatly complicates peak fitting. 23' 56' 58 For this reason and because simple 

fittings provided the necessary information, assignment of fitted peaks of transmission 

metals in Chapter 5 is very general and non-rigorous. 

Ni [Ar] 4sa3d8 

l l l L L 3 d 1 1 I L L 1 1 I L L 
JU 1 1 

l l l a p H I H I 
V» las / I 1 

I I I , ^ 111 or .HI 
JL 1 1 
l i . 1 1 

Figure 1-8 Source of XPS multiplet splitting in Ni(0). 

It is important to remember that XPS is a surface technique. Much of the signal originates 

from the interactions within the top 10 nm of the material studied.56 Although 
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quantification of elemental composition is possible, the spatial inhomogeneity of the 

samples of this study (i.e., in Chapters 4 and 5, the cores of the 20-80 nm particles are of 

a different composition than the shells) make such analysis inappropriate. 

1.6 Scope of the thesis 

The intermetallic FeTi has been identified as a hydrogen storage material but 

suffers from slow hydrogen absorption and desorption kinetics. We postulate the high 

surface area afforded by Fe-Ti nanoparticles would alleviate this problem. Chapter 2 is a 

series of experiments in the attempt to synthesize Fe-Ti nanoparticles using solution 

techniques already proven successful for other transition metal alloys. 

Chapter 3 is a description of techniques to prepare iron and iron oxide 

nanoparticles of sizes less that 4 nm from the decomposition of Fe(CO)s in solvent and 

surfactant mixtures. Many different factors and techniques are explored, including 

surfactant choice, the role of impurities (especially water), the introduction of reagents 

into hot solvents and sonication techniques. The results are described as manifestations of 

the play off between the inhibition of nucleation and growth. 

From there, our knowledge of iron particles is applied to the difficult problem of 

removing trace metal catalysts from reaction media in Chapter 4. Iron oxide capped iron 

particles are used to adsorb and reduce late transition metal catalysts onto particle 

surfaces. The particles are then removed by filtration yielding reaction products with 

much lowered trace metal concentrations. The technique is expanded on and modified in 

Chapter 5 to work for catalysts that contain coordinating phosphines. To achieve this, 
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small bifunctional molecules are added to the mixture to bind to the catalysts and the 

particle surfaces. Extensive XPS of the particles after sequestration is used to illuminate 

the mechanisms of sequestration under the coordinating and non-coordinating conditions 

is described. 

Chapter 6 provides a summary of the findings of the previous chapters and also 

presents directions for future work. 
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Chapter 2: The Synthesis of FeTi intermetallic 
nanoparticles 

2.1 Introduction 

In the current push towards the development of a hydrogen-based energy 

economy, one of the major hurdles is the development of a means for safe and effective 

storage of hydrogen. In an ideal case, the way in which hydrogen is stored would both 

have high volume density (take up a small space), and a small mass density (still weigh a 

small amount). Although many creative methods have been proposed and studied over 

the last 40 years, ideal materials have yet to be developed and implemented on a grand 

scale. ' 

Several metals and intermetallic materials have been found to reversibly store 

hydrogen with very high volume densities including LaNi5, Pd, Mg, and FeTi.3"5 These 

materials have been studied since the 1970s for this feature.6 Unfortunately, each has its 

own drawbacks including prohibitive cost, high temperatures required for hydrogen 

cycling, and/or slow up-take and release of hydrogen.3'7 

The FeTi intermetallic is of particular interest because of its use of inexpensive 

and relatively light metals.3 These materials have not reached their potential in 

applications primarily because of two factors: first, although the volume density of 

hydrogen stored is acceptable for stationary applications, hydrogen sorption and 
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desorption is prohibitively slow.3'7 Second, the known preparative methods for FeTi are 

inappropriate for cost-effective scale up: namely, high energy ball milling,4'8 or thermal9 

and plasma10 depositions of layers of FeTi onto substrates. 

The problems of slow absorption and desorption kinetics and synthesis techniques 

being incompatible for scale-up can be solved by developing a solution based synthesis 

of nanoparticles of FeTi. Solution syntheses are readily scaleable when compared to the 

physical techniques listed above. Due to the large surface area to volume ratio, 

nanomaterials are predicted to have faster hydrogen sorption and desorption rates.4"6 

Many nanoparticles of metallic alloys and intermetallics grace the literature in 

both mixed and core-shell structures.11 However, to our knowledge, those reported to 

date are only alloys of metals from the latter half of the transitions metals (with a few 

exceptional main group metals).11 The preparation of alloy or intermetallic nanoparticles 

containing an early transition metal, Ti, will be a significant step for the nanoparticle 

community. 

There are several major techniques for the synthesis of alloy and intermetallic 

nanoparticles. This report will focus on the chemical co-reduction of precursors, " and 

solution phase thermal decomposition of low valent organometallic precursors.17' 18 

Alloys and intermetallics have also been prepared by the synthesis of core-shell 

nanoparticles followed by annealing.11'16 

The two known intermetallics of iron and titanium are FeTi and Fe2Ti (Figure 2-

1). This study focuses on the formation of FeTi, for its aforementioned advantages, which 

has a CsCl crystal structure. The room-temperature phase of the individual elements is 

body centered cubic (bcc) for a-Fe and hexagonally close packed (hep) for cc-Ti.19 This 
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structural mismatch between the two elements indicates the pure phases may not readily 

nucleate onto seeds of one another, i.e., epitaxial growth will not be facile Although a 

daunting prospect, many late transition metal alloys and intermetallics have been 

prepared where there is a structural mismatch between the two elemental structures.11 
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Figure 2-1 The binary phase diagram for iron and titanium. Highlighted areas are 
the melting point of FeTi and the minimum temperature for the formation of P-Ti. 

a) hep b) bec c) CsCI 

a-Ti 

Figure 2-2 Relevant crystallographic structures a) hexagonally close packed 
(expanded vertically for visualization) b) body centred cubic c) CsCI. 21'22 
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The CsCl structure of FeTi7 resembles bcc but with the atom at the body centre 

replaced by the heteroatom. Therefore, the FeTi structure more closely resembles bcc o> 

Fe than the hep a-Ti (Figure 2-1). It is a bit of a surprise therefore that the formation of 

FeTi has been shown to involve the diffusion of Fe into Ti.23 At a few % Fe (temperature 

dependant), Ti is converted to the bcc form, (3-Ti. This is followed by increased 

dissolution of Fe to form the intermetallic (Figure 2-2). ''23 

Therefore, to form the CsCl structure, the most promising approach is to attempt a 

co-deposition of iron and titanium. Failing that, the preferential formation will be an iron 

core and a titanium shell to take advantage of the Kirkendall Effect 20' 24 and the 

preferential diffusion of iron into titanium.23 As well, high temperatures will promote the 

formation of |3-Ti21 presumably aiding the formation of FeTi. We will also attempt 

syntheses at elevated temperatures. Although 568 °C (Figure 2-1) cannot be readily 

reached in solution chemistry, the depressed melting points seen for nanoparticles25 may 

make this "ideal" temperature lower. 

2.2 Experimental Procedures 

2.2.1 Instrumentation and reagents 

Transmission Electron Microscopy (TEM) samples were prepared by suspending 

particles in THF and drop-coating the solution onto carbon coated, 200 mesh Cu grid 

(SPI Supplies). Samples were evaluated using a JEOL 2010 Transmission Electron 

Microscope (TEM) at 200 keV accelerating voltage and a LaB6 filament. This instrument 
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was also fitted with Energy Dispersive X-Ray Spectroscopy (EDS) detector for elemental 

analysis. 

Naphthalene was purchased from Fisher Scientific, potassium from Anachemia 

and titanium clusters from Strem. All other chemicals were purchased from Aldrich and 

used without purification unless otherwise noted. Pentane, 1,2-dimethoxyethane (DME) 

and tetrahydrofuran (THF) were dried and distilled from Na/benzophenone and methanol 

from magnesium turnings. Standard Schlenk techniques were used in all cases. 

"Sonication" in this chapter refers to a standard laboratory ultrasonic bath. Yields of 

nanoparticle products are not reported as the presence of surfactant hinders the 

acquisition of a meaningful number. 

Preparation of TiCld(THF); 

TiCl4(THF)2 was prepared according to a modified literature procedure.26 TiCl4 (5.80 mL, 

52 mmol) was dissolved in 80 mL of pentane under argon. THF (18 mL, 200 mmol) was 

added slowly and a yellow precipitate formed. The solution was cooled to -20 °C for 40 

minutes. The excess solvent was removed and the remaining precipitate dried in vacuo. 

TiCl4(THF)2 (17 g, 97% yield, mp 122-128 °C) 

2.2.2 Co-reductions of metal chlorides at room temperature 

(1) Example of co-reduction with lithium naphthalide. 

Naphthalene (1.03 g, 8.07 mmol) was dissolved in 20 mL of DME under argon. Lithium 

wire (0.60 g, 8.6 mmol) was added and the contents were sonicated for 20 minutes 
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giving a dark solution. In a separate flask, TiCl4(THF)2 (0.33 g, 1.0 mmol), FeCl3 (0.17 

g, 1.1 mmol) and trioctylphosphine oxide (0.538 g 1.39 mmol) were dissolved in 20 mL 

of DME. While under sonication, the reductive solution was canulated in. This yielded a 

grey precipitate and a black supernatant. The supernatant was removed and the remaining 

solvent removed in vacuo. The remaining solid was placed in an 80 °C water bath in 

vacuo to sublime the remaining naphthalene, yielding a black oil. 

(2) Example of co-reduction by potassium triethylborohydride 

TiCl4(THF)2 (0.96 g, 2.9 mmol), FeCl3 (0.47, 3.0 mmol), trioctylphosphine oxide (0.58 g, 

1.5 mmol) were dissolved in 25 mL of DME. While stirring, 22 mL of K[BEt3H] solution 

(1.0 M in THF) was added. A gas was released and the orange solution turned black. 

Stirring was continued for four hours. The mixture was allowed to settle giving a grey 

precipitate. The black supernatant was canulated to a new flask. The solvent was 

removed in vacuo and the remaining solid dissolved in 5 mL of DME and 80 mL of 

pentane. The supernatant was collected and the solvent removed in vacuo. 

2.2.3 Co-reduction of metal chlorides by alkali metals at high temperature 

(3) High temperature reduction by lithium (270 °Q 

FeCl3 (0.49 g, 3.0 mmol) and TiCl4(THF)2 (0.995 g, 3.0 mmol) were dissolved in 10 mL 

of tetraglyme and 1 mL of oleylamine. A piece of Li wire was added (0.11 g). The 

solution was heated to -180 °C upon which time the Li wire melted and the solution 

turned black. Heating was continued to 270 °C for 18 h. LiCl was removed as a solid by 

adding pentane and centrifuging. 
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(4) High temperature reduction by lithium (500 °C) 

FeCl3 (0.49 g, 3.0 mmol) and TiCl4(THF)2 (1.0 g, 3.0 mmol) and hexatriacontane (~3 g) 

were heated to reflux (-500 °C) under argon atmosphere. Lithium wire was added (-0.15 

g) and reflux was continued for 1 h. After cooling to room temperature, particles were 

isolated by dissolution in pentane and the addition of water. A black film formed at the 

solvent interface which was separated and dissolved in THF. 

2.2.4 Thermal decomposition of organometallic precursors 

(5) Thermal decomposition of Ti CVD precursor and Fe(CO)s 

Bis(cyclopenadienyl)dicarbonyl titanium(II) (2.4 g, 10 mmol) was dissolved in 120 mL 

of benzyl ether, 30 mL of oleylamine and 30 mL of oleic acid. The solution was heated 

to 140 °C for 1.5 h. The solution was allowed to cool to 80 °C. Fe(CO)5 (1.5 mL, 11 

mmol) was added. The solution was headed to 250 °C for 16 h. Particles were isolated by 

precipitation and washing with methanol. 

2.2.5 Compromise between thermal decomposition and reduction 

(6) Thermal decomposition of Fe(CO>s on Ti clusters formed in situ 

A flask was charged with naphthalene (0.81, 6.3 mmol), sodium chunk (excess), 

trioctylphosphine (2 mL) and 5 mL of DME. The mixture was sonicated for 1 h giving a 

dark green solution. The solution was canulated into a solution of TiCL; (0.41 g, 1.2 

mmol) in 11 mL of DME yielding a black solution. The DME was removed in vacuo. 
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Benzyl ether (15 mL) was dried over Na and bubbled with argon for 1 h and then 

canulated into the titanium containing flask. Fe(CO)5 (1.6 mL, 12 mmol) was added and 

the mixture heated to 240 °C for 20 min. After cooling to room temperature, the particles 

were isolated by repetitive precipitations with methanol and suspensions in pentane. 

(7) Thermal decomposition of Fe(CO)s on commercial Ti clusters 

Ti clusters (125 mg, -0.84 mmol) and Fe(CO)s (0.30 mL, 2.3 mmol) were dissolved in 1 

mL of trioctylphosphine and 20 mL benzyl ether. The solution was heated to 185 °C for 

16 h. The particles were isolated by repetitive precipitations with methanol and 

suspensions in diethyl ether. 

2.3 Results and Discussion 

2.3.1 The Measurement of synthetic success 

98 • 

Titanium species tend to be very oxophillic thus making the preparation and 

characterization of nanoparticles difficult. Also, as will be seen in Chapter 3, iron 

particles below ~8 nm completely oxidize to form iron oxide nanoparticles under ambient 

conditions. The facile oxidation of these metals as nanoparticles makes characterization 

challenging. 

Although air-excluding capillary X-ray diffraction (XRD) can be performed on-

site, many of the syntheses produce salts as a by-product (e.g., KC1) which in XRD and 

Selected Area Electron Diffraction (SAED) produce very strong reflections. These 
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reflections from salt impurities in the isolated product often dominate the weak, broad 

reflections expected for nanoparticles. Also, under the copper X-ray source in the XRD 

at our disposal, iron fluoresces producing a large background signal which also hinders 

the identification of nano-crystalline phases. 

Instead, we use Transmission Electron Microscopy (TEM) and the associated 

techniques for primary characterization. The TEM at our disposal did not allow for the 

introduction of samples without exposure to air, so the identification of FeTi directly in 

the electron microscope by SAED was unlikely. Instead, there were several indicators, 

listed below, by which we decided to judge as indirect confirmation of the preparation of 

FeTi either as an alloy or core-shell nanoparticles. 

1) the presence of both iron and titanium by Energy Dispersive X-Ray 

Spectroscopy (EDS) 

2) the presence of individual particles and only one type of particles by TEM 

3) SAED or XRD confirmation of FeTiC>3 (ilmenite) crystalline phase or other 

iron-titanium oxides31'32 

4) the presence of core shell nanoparticles to indicate the seeded growth of one 

metal onto another 

2.3.2 Co-reductions of metal chlorides at room temperature (1 and 2) 

The Kroll process is an industrial method for the formation of Ti metal from 

TiCL,. In essence, TiCL,, which can be purified by distillation, is reduced by sodium 

metal.28 Although co-reductions of FeCl3 and TiCl4(THF)2 in solution by Na, Li, and K 
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were attempted, the reactions proved to be prohibitively slow at room temperature. In 

solution and below the melting points of the alkali metal, it was more convenient to use 

solvated alkali as a naphthalide complex. Much more reactive solutions were prepared of 

sodium naphthalide, lithium naphthalide or potassium naphthalide. The naphthalides have 

the advantage over trialkyl borohydride reducing agents (vide infra) that the byproduct of 

the reduction - naphthalene - is readily sublimed from then reaction products under 

vacuum while heating. Co-reductions were attempted using these reducing agents. 

DME was chosen as a solvent as it is sufficiently polar to dissolve the metal 

chlorides and was known to allow the facile synthesis of alkali naphthalides.27 THF was 

abandoned as a solvent as it was found to ring-open polymerize from the high 

concentration of the Lewis-acidic titanium tetrachloride.33'34 

Both of the two known solution syntheses of titanium nanoparticles involve 

reduction by triethylborohydride salts (e.g., K[BEt3H]).29' 35 '36 We also attempted co-

reductions of iron and titanium chlorides by potassium triethylborohydride. The common 

reducing agent NaBH4 does not form Ti metal. Instead, Ti(BH4)3(DME) forms, which 

can decompose to give TiB2.37 

Many iterations of these reductions were attempted using different surfactants 

(oleylamine, oleic acid, cetyltrimethylammonium bromide, trioctylphosphine oxide, 

trioctylphosphine, and combinations thereof) and changing the order that the iron and 

titanium precursors were reduced. Low temperature co-reductions of iron and titanium 

salts, regardless of reductant or surfactant choice, gave solids that did not appear to be 

isolated nanoparticles by TEM. EDS indicated the presence of both iron and titanium, yet 
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the ratio was inconsistent between samples (Appendix A). SAED produced reflections 

characteristic of the salt byproduct such as KC1, NaCl or LiCl (Figure 2-3b). 

Figure 2-3 a) Representative TEM of the product of a co-reduction of 
iron(III) and titanium(IV) chlorides b) Example SAED of the product 
indexed to reflections characteristic of KC1.38 

2.3.3 Co-reduction of metal chlorides at high temperature (3 and 4) 

Alloying of the iron and titanium afforded by reduction was attempted by using a 

high boiling solvent, tetraglyme. Li wire was added at room temperature but does not 

melt until 180 °C, delaying reduction until that temperature. The solution-borne particles 

were annealed at reflux (280 °C) for 18 h. Reduction was also attempted at -500 °C using 

a hexatriacontane as a solvent. At reflux, Li wire was added and the mixture was allowed 

to reflux for 1 h. 

Particles were isolated from these reactions (Figure 2-4a), but the EDS indicated 

only the presence of iron (Appendix A). Titanium was not observed. The particles 

showed weak SAED reflections characteristic of Fe3(VY-Fe203 (Figure 2-4b). It is likely 

the titanium precursor was lost as volatile TiCLt and is therefore missing from the 

product. 
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Figure 2-4 a) TEM of particles isolated from the high temperature 
reduction of iron and titanium chlorides, b) SAED indexed to y-Fe203 
(may also be Fe3()4) 

2.3.4 Thermal decomposition of organometallic precursors (5) 

One of the most notable synthesis of intermetallic nanoparticles employed 

organometallic precursors that were thermally decomposed to yield monodisperse FePt 

particles.18 A thermal decomposition was also desired as it would provide a relatively 

clean synthesis; the products would not be contaminated with salts which had previously 

hampered characterization. Fe(CO)5 is a well established (however incompletely 

understood, see Chapter 3) thermal precursor for forming iron nanoparticles.39'40 We 

sought organometallic Ti(0) species which could thermally decompose to yield titanium 

metal. Very few Ti(0) species grace the literature,41"44 and some of those require 

unrealistic synthetic procedures for a large synthesis.44'45 Instead, the reported Chemical 

Vapour Deposition (CVD) precursor for Ti(0) films, bis(cyclopenadienyl)dicarbonyl 

titanium(II) (Cp2Ti(CO)2), was employed. Unfortunately, the temperature for complete 

decomposition of this precursor is greater than 1000 °C.46 Since the presence of another 
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metal, iron, left the possibility for catalyzed decomposition, thermal decompositions at 

300 °C were attempted. 

TEM combined with EDS indicated an amorphous titanium-containing material 

and sintered iron enriched nanocubes of -20-70 nm were present (Figure 2-5a) 

(Appendix A). The nanocubes were highly crystalline and gave reflections characteristic 

of Fe304/y-Fe203 (Figure 2-5b). This indicates the titanium precursor likely did not 

decompose under these experimental conditions, and the titanium areas in the TEM are a 

result of ambient oxidation of the molecular species to amorphous titania (Ti02). 

Figure 2-5 a) TEM of the material formed from the thermal decomposition 
of Fe(CO)5 and Cp2Ti(CO)2 b) SAED of the cube structures and indexed to y-
Fe2C>3 (may also be Fe304) 

2.3.5 Compromise between thermal decomposition and reduction (6 and 7) 

Since the titanium precursor was the Achilles' heel of the thermal decomposition 

route, a compromise was reached. Ti clusters were prepared in situ by reduction of 

TiCl4(THF)2 followed by the addition of Fe(CO)5 and a thermal decomposition step. This 

compromise was also attempted by the thermal decomposition of Fe(CO)s in the presence 
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of commercially available titanium clusters. In this way, we hoped to observe isolated 

core-shell particles. 

When Fe(CO)5 was decomposed in the presence of titanium clusters formed in 

situ or commercial titanium clusters, dark particles on a lighter support were observed by 

TEM (Figure 2-6a). EDS indicated both the presence of iron and titanium (Appendix A). 

SAED indicated the presence of F3(VY-Fe203 crystalline phase (Figure 2-6b). From this 

we infer the material formed after ambient oxidation is amorphous titania with iron oxide 

nanoparticles. This indicates the iron did not nucleate onto existing titanium clusters. 

Figure 2-6 a) TEM of materials formed by the thermal decomposition of 
Fe(CO)5 in the presence of titanium clusters b) SAED indexed to y-Fe203 
(may also be Fe3C>4). 

2.3.6 A global discussion and future possibilities 

In almost all samples, there was observed spatial separation of titanium and iron 

containing materials on the TEM grid. We did not observe spatially separated 

nanoparticles that were one phase or core-shell. The ilmenite crystal phase or other iron 
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titanium oxides were not observed for any synthesis, however Fe3(VY-Fe203 was 

observed for high temperature reductions and thermal decompositions. By the nature of 

indirect indicators of success, there are several explanations for these results. One must 

concede the possibility of the successful syntheses of FeTi nanoparticles, but the 

oxidation of the materials caused phase separation and sintering. However, given the 

evidence, this is not thought to be likely. Instead, these results are indicative of iron and 

titanium species that form as separate phases in the reaction, instead of the desired FeTi 

nanoparticles. 

The general lack of success provides an interesting point of discussion. As stated 

earlier, these experimental procedures are logical extensions of successful synthetic 

techniques for late transition and main group metal alloy and intermetallic 

nanoparticles.11 The key difference is that titanium is an early transition metal. 

Phase diagrams indicate phases present often after the cooling of a melt.19 Since 

FeTi is an intermetallic, it consequently represents a local thermodynamic minimum. In 

fact, FeTi has the strongest interatomic bond strength of all of the intermetallics with the 

CsCl structure. However, phase diagrams do not indicate activation energies for the 

formation of such phases. A phase that forms from the melt at 1316 °C (Figure 2-1) may 

have an activation energy for formation requiring temperatures well above those readily 

available to a solution chemist. Beyond activation energies, the phases achieved though 

the cooling of a melt, are not necessarily the phases achievable through chemical 

processes with additional complicating factors such as solvent, differing reaction rates, 

solution solubility of precursors, increased surface energy, etc. 
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It is likely the crystal structure mismatch between a-Fe (bcc) and a-Ti (hep) 

prevents epitaxial growth of one metal onto another; it reasonable there is a 

thermodynamic or kinetic advantage to forming two phases under these conditions. Since 

similar problems have been overcome in other alloy systems, this barrier to seeded 

growth must be particularly large in this system. 

The promotion of the formation of bcc titanium is likely key to the future success 

of forming the CsCl structured FeTi nanoparticle intermetallic. Although reductions of 

salts at 500 °C were attempted to achieve the high temperature phase, the titanium 

precursor was lost through evaporation. A different, less-volatile precursor may yet prove 

this strategy successful. 

To avoid the high temperatures required for prodding titanium to adopt its (3 form, 

the synthesis of ternary alloys may be advantageous. For example, at only a few weight 

percent, ruthenium will cause titanium to become bcc at temperatures lower than 200 

°C.47 Perhaps the addition of trace ruthenium to reaction mixtures will provide a back­

door route to synthesizing FeTi alloy nanoparticles in the future. 
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2.4 Conclusions 

FeTi intermetallic nanoparticles were not achieved through the chemical methods 

employed here. These involved various combinations of reductions of solutions of 

iron(III) and titanium(IV) chlorides and thermal decompositions the precursors Fe(CO)s 

and Cp2Ti(CO)2. These techniques are extensions of some already proven to be 

successful for late transition metal alloys. The structural mismatch between bcc a-Fe and 

hep a-Ti preventing the seeded growth of one metal onto another is indicated as a 

possible reason for the lack of success. 
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Chapter 3: Size control of iron and iron oxide 
nanoparticles from the decomposition of Fe(CO)5 

3.1 Introduction 

Monodisperse iron and iron oxide nanoparticles in the 4-20 nm range have 

undergone a flurry of research in the last 10 years. Although synthesis, size control and 

characterization dominated the first 5 years,1' 2 research is now pushing toward 

application-based research with a predominant focus on biomedical applications. ' 

Iron and iron oxides nanoparticles are of interest to the medical community 

because of their magnetic properties, small size, and low toxicity.5 Below 50 nm, 

particles have long sedimentation rates under physiological conditions and will not be 

easily excreted by the body.5 Their small size allows for facile travel within the body so 

their magnetic properties can be exploited.4 Researchers commonly cap particles with 

silica 6 or polymers4 to make them bio-inert and/or bio-compatible and further modify the 

surfaces with bio-functionality to target particle placement within tissue.3 The bio-

application nearest commercial employment as MRJ contrast agents.4 The magnetic 

Reproduced in part with permission from J. E. Macdonald, C. J. Brooks and J. G. C. 
Veinot, Chemical Communications 2008, 3777 - 3779. Copyright 2008 The Royal 
Society of Chemistry. 
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particles lower Ti relaxation times of nearby protons and therefore aid contrast in the 

nearby tissue.4 

In the size regime of interest, i.e., below 10 nm, iron and iron oxide particles have 

a single magnetic domain and exhibit superparamagnetic behviour. That is to say, they 

have no hysteresis in their magnetization versus applied field curves, and their saturation 

magnetization is very high. However, strongly binding surfactants to the surfaces of 

particles reduce the values of the saturation magnetizations, and for smaller particles with 

a larger surface to volume ratio, this depression in magnetization is even more 

pronounced.2 Therefore, for applications which exploit the superparamagnetic properties 

of iron and iron oxide nanoparticles, such as MRI contrast agents, it is advantageous to 

have particles as large as possible without losing their superparamagnetic properties.6 

This transition typically occurs for iron and iron oxide particles at diameters of-10-20 

nm. 2 '5 It is likely for this reason there has been little drive for particles that push our 

synthetic abilities to the lower size limits. 

Yet there are other applications of monodisperse iron and iron oxide nanoparticles 

that have not been developed to the same extent and do not rely on the magnetic 

properties. Carbon NanoTubes (CNTs) are grown from metal nanoparticles at high 

temperatures under an atmosphere of a carbon source such as methane, acetylene or 

carbon monoxide. CNTs can be grown off catalyst particles of many different elements, 

but give varying yields and qualities.7 Iron and other first row transition metal particles 

give a higher concentration of single walled CNT (SW-CNT) over multiwalled CNT 

(MW-CNT).8' 9 As with all current CNT syntheses, the products are a complicated 

mixture of SW-CNT and MW-CNT, and within those two classifications, mixtures of 
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diameters and different "wrappings" and corresponding chirality. Each of these have 

individual electronic properties ranging from semiconductor to metallic, and therefore, 

the electronic properties of the materials are difficult to study and exploit. 

To study the electronic properties of CNTs effectively and control their 

properties, the first challenge is to develop a preparative method that gives only SW-

CNTs of a single diameter. There is a direct correlation between catalyst particle size and 

the diameter of the CNT; SW-CNT are preferentially grown on smaller particles whereas 

larger particles tend to grow MW-CNT. " Metal particle catalysts for CNT synthesis are 

classically synthesized by the reduction of metal salts onto support materials.9 This type 

of synthesis tends to give very little control over the size and size distribution of metal 

nanoparticles formed. As a result of this polydispersivity, both SW-CNT and MW-CNT 

of varying diameters are yielded. Our collaborators at Honda Research Institute Inc. have 

predicted monodisperse iron particle catalysts of 1.6 nm will give pure SW-CNT11 and a 

reproducible, high yielding synthesis (-0.5 g) of monodisperse iron or iron oxide 

particles of this size will aid CNT research and development. With this goal in mind, we 

embarked on a journey to develop methods for achieving size control of monodisperse 

iron and iron oxide nanoparticles below the common 4 nm diameters already seen in the 

literature.1'2 

The general synthesis for iron and iron oxide nanoparticles involves a chemical 

transformation of a molecular iron source to give a species that will either precipitate out 

as iron or one of the iron oxides. A surfactant is used to inhibit growth of the nuclei of 

solids that form and thereby suppress growth beyond the nano-size regime. The chemical 

transformations oft studied are reduction, hydrolysis and energy induced 
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decomposition of iron precursors.1'l We were drawn to the thermal decomposition of iron 

precursors such as iron acetylacetoneate,3 Fe(N(SiMe3)2)2 U and Fe(CO)s15 because there 

were already examples in the literature of these precursors yielding monodisperse 

particles. Iron pentacarbonyl was particularity attractive as the only predicted by-product 

was CO(g) and had already been shown to give monodisperse particles as small as 3 nm.16 

The size control of near monodisperse iron and iron oxide nanoparticles 

synthesized from thermal decomposition of Fe(CO)5 in high boiling point solvents 

and surfactants is well established, however the associated processes are extremely 

complex. Not only is the decomposition route complicated and ill-understood, ' 

many factors such as solvent and surfactant choice,18'20 concentration ratios,21 

reaction times19'22 and temperature19'23 play important roles, thus making the system 

difficult to study. Recently, several research groups have attempted to separate and 

understand these factors to tailor particle size. Despite many modes of control, most 

studies have achieved sizes in the 3-20 nm range 2' 24 and very few have shown 

particles with average diameters below 4 nm.16'19 The most recent foci for attaining 

size control have been methods for the separation of nucleation events from growth. ' 

'ye 

As described by the LaMer model, growth onto existing particles is 

thermodynamically favourable, yet nucleation is kinetically favoured when the 

concentration of the active species for nucleation is high.26"28 By extension, there are 

two general modes of attack for achieving small particles: namely, increasing the 

number of nucleation events or inhibiting growth of the particles. Herein is a 

description of experiments into achieving particle size control upon these two fronts. 
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3.2 Experimental Procedures 

3.2.1 Reagents 

Triethylamine was purchased from Kodak, aspartic acid from Fischer Scientific and 

phosphoric acid from Mallinckrodt. All other reagents were purchased from Aldrich and 

were used without purification unless otherwise noted. Yields of nanoparticle products 

are not reported as the presence of surfactant hinders the acquisition of a meaningful 

number. 

3.2.2 Control of growth in thermal decompositions ofFe(CO)s 

Synthesis of uncapped nanoparticles 

Benzyl ether (10 mL) was bubbled with argon for 1 h in a dry reflux apparatus. After 

heating to 120 °C, Fe(CO)5 (0.30 mL, 2.3 mmol) was added. The temperature was 

increased to reflux (-300 °C) for 13 h to give a black solution. Particles were isolated by 

the addition of pentane followed by precipitation in methanol and centrifugation. 

Synthesis of olevlamine capped nanoparticles 

Benzyl ether (10 mL) and oleylamine (2.5 mL, 7.6 mol) were bubbled with argon for 1 h 

and heated to 130 °C. Fe(CO)s (0.30 mL, 2.3 mmol) was added and the heat was 

increased to reflux (-300 °C) for 13 h. After cooling to room temperature, the particles 
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were isolated by successive precipitation in methanol, centrifugation, and suspension in 

pentane three times. 

Synthesis of TOPO capped particles 

Trioctylphosphine oxide (99%) (TOPO) (5 g) was placed in a dry, argon filled reflux 

apparatus. Fe(CO)5 (0.30 mL, 2.3 mmol) was added. The mixture was heated to 200 °C 

for 2.5 h upon which the solid had melted and the solution turned black. Cooling to room 

temperature gave a black solid. Excess TOPO was dissolved in acetone and the solution 

centrifuged to give a black precipitate. 

Synthesis of oleic acid capped particles with triethylamine 

Benzyl ether (10 mL) and oleic acid (2 mL, 6.3 mmol) were bubbled with argon for 1.5 h. 

Triethylamine (distilled and stored over KOH) (0.5 mL, 3.6 mmol) and Fe(CO)s (0.30 

mL, 2.3 mmol) were added and the temperature was increased to 190 °C for 16 h. After 

cooling to room temperature, the particles were isolated by successive precipitation in 

methanol and suspension in pentane five times. 

Synthesis of JV-lauroylaspartic acid (6)29'30 

A solution of DL-aspartic acid (4) (0.79 g, 5.9 mmol) and sodium carbonate (2.58 g, 24 

mmol) was prepared in 100 mL of deionized water. A solution of lauroyl chloride (5) (1.4 

mL, 6 mmol) in THF (50 mL) was prepared and added to the aqueous solution. The 
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solution was stirred for 2 h, then acidified with 1 M HC1. The product was extracted 3x 

with ethyl acetate and the solvent removed in vacuo. The product was purified by silica 

column chromatography. The impurities were eluted with 5% dichloromethane in 

hexanes. The major product was then eluted with 5% acetic acid in ethyl acetate. Solvents 

were removed under reduced pressure yielding TV-lauroylaspartic acid (3) (0.95 g, 51% 

yield) *H NMR (300 MHz, DMSO-D6): 6 12.4 (s), 8.07 (1H, d), 4.50 (1H, m), 2.60 (2H, 

m), 2.07 (2H, t), 1.45 (2H, t), 1.20-1.27 (16H, m), 0.85 (3H, t). 

Synthesis of JV-laurolyaspartic acid capped particles 

Benzyl ether (3.3 mL) and JV-lauroyl aspartic acid (0.66 g, 2.1 mmol) were bubbled with 

argon for 1 h. Fe(CO)5 (0.10 mL, 0.77 mmol) was added and the solution heated to 182 

°C for 16 h under argon. After returning the solution to room temperature, particles were 

isolated by several successive precipitations in methanol and suspensions in pentane. 

3.2.3 Synthesis of oleic acid capped particles and promotion ofnucleation by water 

A stock solution of 5:1 (volume) benzyl ether and oleic acid (90%) was prepared. 

Water was added to -60 mL aliquots of this stock solution and the water concentration 

was determined by Karl Fischer titrations. The lowest concentrations of water were 

achieved by drying the aforementioned solvent/surfactant mixture over MgS04 or by 

vacuum distillation of the benzyl ether over Na prior the preparation of the 

solvent/surfactant mixture. In a typical reaction, the surfactant/solvent mixture was 

bubbled for 1 h with argon. Using standard Schlenk techniques, 10 mL of the solution 
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(5.3 mmol oleic acid) was transferred into a dry, argon flushed reflux apparatus. Fe(CO)s 

(0.30 mL, 2.3 mmol) was added. Heat was applied at a controlled rate such that the 

temperature equilibrated at ~200 °C after 1 h (Figure 3-1). 
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Figure 3-1 Example heating curve of sand bath. 

The reaction mixture remained at 192-217 °C for 16 h upon which time the yellow 

solutions had turned black. Multiple experiments were performed for each concentration 

of water. Particles were isolated by repetitive precipitation with methanol and dissolution 

with tetrahydrofuran. 

TEM was performed and the diameters of 85-200 particles were measured per 

sample. For repetitive experiments at identical water concentrations, the data sets were 

treated to ANalysis Of VAriation (ANOVA) (single factor) to confirm differences in the 

populations. Further ANOVA over the different water concentration was performed to 

confirm differences in the populations and a Tukey post test were preformed (see 

Appendix B). 
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3.2.4 Avoiding the slow temperature gradient by hot introduction ofFe(CO)s 

Liquid introduction of Fe(CO>s into hot solvent/surfactant 

A mixture of octyl ether (50 mL) and oleylamine (1.1 mL, 3.3 mmol) were bubbled with 

argon for 2 h in a 500 mL three neck flask affixed with a condenser and then heated to 

-290 °C. Another 10 mL of octylether was bubbled with argon for Vi hour and Fe(CO)5 

(0.30 mL, 2.3 mmol) was added. This solution was taken up in a syringe and added to the 

hot reaction mixture. The solution turned black and was allowed to cool to room 

temperature. The particles were collected by several successive precipitations in 

methanol and suspensions in pentane. 

Gas phase introduction of Fe(CO)s into hot solvent/surfactant 

A two neck flask with a condenser was loaded with ~3 g of TOPO or ~3 mL of octylether 

and heated to 280-300 °C under argon atmosphere. In a separate flask, 0.7-0.9 mL of 

Fe(CO)5 was added and bubbled with argon while in a warm water bath (-60 °C). A 

polytetrafluroethylene (PTFE) canula connected the head space of this flask to below the 

liquid line of the hot TOPO/octylether-filled reflux apparatus. The top of the reflux 

apparatus was opened to the atmosphere by way of a septum and needle. By this method, 

gaseous Fe(CO)5 was introduced into the hot liquid with argon as a carrier gas. The 

solution turned black, the flow of gasses was arrested, and the reaction flask returned to 

room temperature giving a black solid. Particles were isolated by the addition of acetone 

or 95% ethanol respectively and centrifugation to give a black precipitate. 
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3.2.5 Sonochemical decomposition 

Sonication experiments were performed using a Misonix 3000 Sonicator with a sapphire 

tip or titanium micro tip as indicated. 

Sonochemical synthesis with oleic acid 

a) Benzyl ether (50 mL) and oleic acid (6 mL) were mixed and bubbled with argon for 30 

min. Fe(CO)5 (0.70 mL, 5.2 mmol) was added. Under an argon blanket, the solution was 

sonicated with a sapphire tip for 20 min (on time) with 1 s, ~18 W pulses and 1 s rest 

times. The solution was observed to turn black within 20 seconds. Particles were isolated 

by the addition of ethanol followed by centrifugation. 

b) Oleic acid (50 mL) and Fe(CO)s (0.80 mL, 6.1 mmol). Procedure as before. 

Sonochemical synthesis with oleylamine 

Benzyl ether (12 mL) and oleylamine (0.55 mL) were bubbled with argon for 60 min. 

Fe(CO)5 (0.30 mL, 2.3 mmol) was added. Under an argon blanket, the solution was 

sonicated with a sapphire tip for 10 s (on time) with 1 s, ~18 W pulses and 1 s rest times 

giving a black solution. Particles were isolated by the addition of methanol followed by 

centrifugation. 

Sonochemical synthesis with TOPO 

TOPO (80 mg) was dissolved in benzyl ether (12 mL) and bubbled with argon for 30 

min. Fe(CO)5 (0.30 mL, 2.3 mmol) was added and 2.0 mL aliquots taken to ~4 mL vials. 
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Under an argon blanket and using a Ti micro-tip, the solution was sonicated with 1 s 

pulses of ~15 Watts, 3 s rest times. 

a) 20 s (on time) The yellow solution turned dark yellow. Particles were isolated by the 

addition of methanol followed by centrifugation. 

b) 2.5 min (on time) The yellow solution turned much darker, but was not opaque. 

Particle were isolated by the addition of methanol followed by centrifugation. 

3.2.5 Details of instrumentation and characterization 

Gas Chromatography- Mass Spectroscopy (GCMS) was performed on a Waters 7070E 

GC-MS using electron ionization. 1 uL of a dichloromethane solution of the product was 

injected into a Phenomenex ZB-5, 30 m x 0.25 mm column with a 0.35 [xm film. The 

carrier gas was helium at 1 mL/min. The injection port was at 275 °C and a linear 

temperature profile (50-300 °C at 10 °C / minute) was employed. 

Fourier Transform Gas Phase Infra Red Spectroscopy was performed on a Magna System 

750 IR using Omnic 7.1 software. The cell had a 10 cm path length with KBr windows. 

32 scans were performed. The cell was flushed with argon and the area around the cell 

was flushed with N2 gas until the C02 absorbance was at a minimum. This spectrum was 

used as a background. Acquisition of the spectrum of the reaction gases were handled 

similarly; the area around the cell was flushed with N2 gas until the C02 absorbance was 

at a minimum. From this the aforementioned background spectra was subtracted. 
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Transmission Electron Microscopy samples were prepared by suspending particles in 

tetrahydrofuran and drop-coating the solution on carbon coated, 200 mesh Cu grid (SPI 

Supplies) under ambient conditions. Samples were predominately evaluated using a 

JEOL 2010 Transmission Electron Microscope (TEM) at 200 keV accelerating voltage 

and a LaB6 filament. Systematic error in particle size measurements is less than 3%. 

Some samples were imaged using a Tecnai G2 Spirit TEM at 120 keV 

accelerating voltage and a LaB6 filament. Images produced from this instrument are 

noted as (Tecnai TEM) in the figure captions. 

3.3 Results and Discussion 

3.3.1 Studies into suppressing growth of iron nanopartides. 

The use of surfactants is a common technique for inhibiting the growth of 

particles. In principle, the stronger the interaction of the head group with the particle 

surface, the smaller the diameters of the particles synthesized.1' 19, 31 To confirm this 

prediction, studies were performed with surfactants of varying head groups: carboxylic 

acid, amine and phosphine oxide (Scheme 3-1). 

57 



Scheme 3-1 Surfactants employed for study of size controlled synthesis of iron/iron 
oxide nanoparticles: oleic acid (1), oleylamine (2), and trioctylphosphine oxide (TOPO) 
(3) 

Without surfactant, the thermal decomposition of Fe(CO)s in benzyl ether gave a 

polydisperse mixture of particles (Figure 3-2a). Particles ranged in diameter from ~2 nm 

up to ~15 nm. The presence of so many ~2 nm particles indicates the decomposition of 

Fe(CO)5 in the absence of surfactant was rapid leading to many nucleation events and 

small particles. The larger particles indicate growth onto existing particles and/or 

Ostwald ripening processes. From this it was inferred both nucleation and growth 

processes are relatively uninhibited when surfactant is not present. 

Since carboxylic acids have very strong affinities for iron and iron oxide surfaces, 

as predicted, the use of oleic acid as a surfactant gave small, monodisperse particles with 

diameters of 5.6 ± 0.5 nm (n = 158) consistent with the literature (Figure 3-2b) 

(Appendix B).1 '18 '31 Since there are no large (i.e., diameters above 8 nm) particles like 

those of the surfactantless system, oleic acid therefore inhibits growth on nucleated 

particles. The use of a more weakly interacting surfactant, oleylamine " yielded 

particles which were larger and more polydisperse with diameters of 8.5 ± 2.0 nm (n = 

76) (Figure 3-2c) (Appendix B). 
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Figure 3-2 Iron oxide nanoparticles from the thermal decomposition of Fe(CO)5 in 
benzyl ether and a) no surfactant b) oleic acid d = 5.6 ± 0.5 nm (n = 158) c) oleylamine 
d = 8.5 ± 2.0 nm (n = 76) 

The decomposition of Fe(CO)s in high boiling solvents is known to give Fe(0) 

nanoparticles,31 however subsequent oxidation in ambient conditions necessary for TEM 

characterization gave crystalline Y-F^Ch nanoparticles (Figure 3-3) under the 

aforementioned conditions. 

Figure 3-3 Representative Selected Area Electron Diffraction (SAED) of particles 
showing characteristic reflections of y-Fe203.19 

However, Selected Area Electron Diffraction (SAED) indicated amorphous 

particles were achieved when the surfactant was changed to trioctylphosphine oxide 

(TOPO). TOPO is expected to have an even weaker interaction with iron surfaces than 
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oleylamine and therefore is predicated to give even larger particles. At first glance, the 

TEM images confirm the size prediction (Figure 3-4); large particles were noted with 

diameters of 11.8 ± 4.4 nm (n = 119) that were large enough to exhibit core-shell 

Fe@FexOy characteristics upon exposure to air (Appendix B). The shells of the core-shell 

particle formed were 3.2 ± 0.6 nm (n = 137) thick. This is consistent with the general 

observation throughout this study that particles below ~ 8 nm (near twice the shell 

thickness) are completely oxidized in air and do not appear to be core-shell by TEM. 

Figure 3-4 Particles formed from the decomposition of Fe(CO)5 in the 
presence of TOPO 

Upon closer inspection of the TEM images, we noted a second, much smaller, set 

of particles with diameters of 3.0 ± 0.6 nm (n = 80) (Appendix B). Two separate size 

distributions have also been observed for Ni particles and rods synthesized from the 

hydrogenation of Ni(COD)2 in the presence of TOPO, by Cordente et al., but an 

explanation was not provided.35 

The observations of two distinct size distributions are not indicative of the 

Ostwald ripening processes (without distinctly time-separated nucleation events, which is 

not the case here).36 Instead, this can be explained by a difference in chemical identity 

between the two particle sizes formed, and may be from the direct formation of metal and 
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metal oxide nanoparticles respectively. The direct formation of two chemically different 

materials will therefore have differing interactions with the surfactant, nucleation and 

growth processes effecting eventual particle size. Trioctylphosphine oxide is known to 

have acid impurities such as H3PO4 which may act as an oxidant for the formation of the 

smaller particles. Indeed, the addition of 5 \xL of phosphoric acid to the reaction gave 

almost exclusively small particles. Cordente, et ah, indicated the concentration of the 

smaller particles increased with higher concentration of TOPO and the 31P{1H} NMR did 

not show any presence of phosphine indicating TOPO itself is not the oxidant. Their 

results are also consistent with the hypothesis of oxidative impurities in the surfactant. 

Having observed the smallest monodisperse particles with oleic acid as a 

surfactant (without the complication of the addition of a direct oxidant such as the 

previous case), attempts were made to increase the strength of the interactions between 

the surfactant acid head groups and the particle surfaces to achieve even smaller particles. 

Triethylamine was added to the reaction mixture to increase the concentration of free 

oleate expecting the oleate to bond more strongly to the particle surfaces. However, this 

yielded larger than expected particles with diameters of 6.5 ± 0.8 nm (n = 164) (Figure 3-

5a). This observation is consistent with a recent study on the use of different oleate 

salts.18 Also, aspartic acid was iV-acylated to give JV-lauroylaspartic acid (3): a surfactant 

with two carboxylic acid head groups (Scheme 3-2). Instead of the expected smaller 

particles, a similar size was seen for those seen when oleic acid is used but with a larger 

polydispersivity: 5.2 ±1.9 nm (n = 112) (Figure 3-lb). Hyeon et ah also noted increasing 

the oleic acid concentration counter-intuitively increases particle growth. They postulated 

that oleic acid ligates the active molecular species for particle formation as iron oleate 

61 



complexes. As a result, the concentration of the active species is lower inhibiting 

nucleation events. The iron oleate decomposes more slowly and provides a source of iron 

for growth on the smaller population of nuclei formed.31 The result is larger particles. 

Scheme 3-2 Synthesis of iV-lauroylaspartic acid (6) 

Figure 3-5 Particles from the decomposition of Fe(CO)s in the presence of a) oleic acid 
and triethylamine 6.5 ± 0.8 nra (n = 164) b) JV-lauroyl aspartic acid 5.2 ± 1.9 run (n = 
112) 

We suggest deprotonation of oleic acid with triethyl amine increased the 

nucleophilic character of the surfactant for the active iron species, and thereby 

decreased the number of nucleation events which dominated over the effect of the 

inhibition of growth. Equally, the use of two carboxyllic acid head groups in N-

lauroyl aspartic acid only provides a chelated, more strongly ligated molecular iron 

species locked-up in surfactant preventing the nucleation of particles. 

Formation of iron oleate has been resoundingly implicated in the literature as 

62 



an inhibitor of nucleation.1 The formation of iron-oleylamine complexes during 

synthesis have also been observed.37 It is proposed that iron-oleate and iron-amine 

complexes are formed in situ and subsequently decomposed at higher temperatures. 

The complete decomposition of Fe(CO)s in solutions containing TOPO can be 

observed to occur at -120 °C within 1/2 hour whereas for the other surfactants, much 

higher temperatures (-170 °C) and longer reaction times (several hours) are required. 

Therefore, TOPO-iron complexes play less of a role in particle nucleation than iron-

acid and iron amine complexes. 

In summary, testing of the prevailing theory that strongly interacting 

surfactants with iron and iron oxide surfaces gives smaller particles- was met with 

varying success. This indicated that the surfactant is involved with other processes in 

particle formation beyond growth inhibition. There are two competing phenomena in 

determining particle size with surfactant. A surfactant with a strong affinity for a 

particle surface will inhibit growth giving smaller particles. However, the formation 

of surfactant-ligated iron species in the process of the decomposition of Fe(CO)s may 

add a layer of complication. If the surfactant also has a strong affinity for the active 

species that forms particles, it will lock up the iron as slow-to-decompose complexes 

and prevent nucleation events. The remaining iron will grow on to few nuclei that do 

form, and yield overall larger particles. The control of growth cannot be entirely 

isolated from that of nucleation by straightforward use of surfactants. Furthermore, 

impurities in the surfactant may produce particles that differ chemically and change 

the observed particle sizes. The role of impurities is often neglected. Indeed, water as 

an ever-present impurity in the decomposition of Fe(CO)s will prove to be 

63 



surprisingly important {vide infra). 

3.3.2 Particle size control through increasing nucleation events 

The second front by which we aimed to achieve small iron or iron oxide 

nanoparticles from the decomposition of Fe(CO)5 was to attempt to increase the number 

of nucleation events. The concentration of the active species for particle formation should 

be high and should be made so over as short a period of time as possible. The LaMer 

model ' ' predicts this will cause the iron precursor to be used predominantly in 

nucleation events rather than in growth yielding overall smaller particles. In essence, 

some way should be developed to achieve very rapid and effective decomposition of 

Fe(CO)5. 

Others have used photonic techniques such as LASER pyrolysis 40"43 to achieve 

the same end; however, solution techniques more readily available to the traditional 

chemist were chosen for this study. Three general methods were examined: addition of 

water as a promoter to lower the activation energy of decomposition, introduction of 

Fe(CO)5 to hot solvents and surfactants, and sonication of Fe(CO)5 containing solutions. 

3.3.3 Promotion of decomposition by water 44 

Catalysis or promotion of the decomposition of Fe(CO)s will provide a more rapid 

formation of the active species for particle formation upon heating. This in turn causes 

more nucleation events and smaller particles. One of the earliest reported syntheses of 
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monodisperse iron/iron oxide nanoparticles by thermal decomposition of Fe(CO)5 used 

polymers as "surfactants" which were shown to catalyze the decomposition. Despite the 

catalysis, the smallest particles reported were 6 nm.20 

In this section, we report evidence that trace water promotes the decomposition of 

Fe(CO)5 to increase nucleation events which leads to decreased particle size down to 2.2 

nm. Water is therefore an important factor in determining the particle size. 

A distinctive trend relating particle size and initial water concentration was 

observed (Figure 3-6, Figure 3-7). AN OVA between the different water concentrations 

indicated the groups are statistically different at more than 99.999% confidence. Tukey's 

test for multiple comparisons over the different water concentrations indicate a 

statistically significant decrease in particle size with water concentration (Appendix B). 

With a water-saturated solution (-1600 ppm), average particle sizes were as low as 2.2 

nm. At much lower concentrations of water (-100 ppm), average particle sizes were as 

large as 5.6 nm using otherwise identical reaction conditions. The standard deviations of 

the particle sizes for each data set were typically below 0.6 nm (see Appendix B). 
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Figure 3-6 Brightfield TEM images of iron oxide nanoparticles synthesized 
from the thermal decomposition of Fe(CO)5 in benzyl ether and oleic acid 
a) 101 ppm H20, particle diameters = 5.6 ± 0.3 nm b) 181 ppm H20, 4.9 ± 
0.3 nm c) 657 ppm H20, 3.5 ± 0.2 nm d) 1590 ppm H20, 2.2 ± 0.1 nm 

Figure 3-7 The affect of 
water concentration on the 
average particle size diameter 
in the thermal decomposition 
of Fe(CO)5 to give iron oxide 
nanoparticles. Error bars are 
the standard error in the mean 
for each particle size 
distribution to highlight the 
differences in samples at the 
same water concentration. 
The curve is presented to 
guide the eye. 
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Several explanations for this trend were dismissed based on the literature 

evidence. It was possible that water was behaving as a base, to deprotonate the oleic acid 

to oleate making it a more strongly binding surfactant. However the addition of other 

bases such as short-chain amines, gave larger particles.18 Equally, the addition of 

oxidants into reaction mixtures, another possible role for the water, have also given larger 

particles.31 Also, two distinct sizes were not observed such as the case observed with 

oxidizing impurities in TOPO stabilized syntheses (Section 3.3.1, Figure 3-4). This 

would have been expected if water was acting as an oxidant and much less than 

stoichiometric amounts of water was present, as is the present case. 

Instead we propose the water becomes intimately involved in the decomposition 

of Fe(CO)5 to afford a more rapid decomposition and thereby increases nucleation events. 

Fe(CO)5 is a well studied model catalyst for the water-gas-shift reaction outlined 

in(l), 

Fe(CO)< 
H 2 0 + CO ~ • H2 + C 0 2 (1) 

The activation energy for the catalyzed reaction in (1) has been measured to 22 kcal/mol 

in water/methanol45 and 19 kcal/mol in the gas phase.46 The rate-determining step is the 

initial addition of water and loss of a proton to form Fe(CO)4COOH".45 Without CO 

overpressure, decarbonylation is rapid and it is not rate determining in the decomposition 

of Fe(CO)5 under water-gas-shift conditions. Indeed, the further loss of CO from the 

catalyst to form polynuclear iron complexes has long been known.47'48 

The rate-determining step for decomposition of Fe(CO)s without water-gas-shift 

conditions is the first decarbonylation. This process has an activation energy near twice 
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that of the water-gas-shift reaction at 40 kcal/mol. Therefore, the presence of water 

lowers the activation energy for the decomposition of Fe(CO)5 by near a factor of 2. 

Since the rate of reaction is exponentially related to the negative of activation energy by 

the Arrhenius equation,49 this lowering of the activation energy markedly increases the 

decomposition rate to afford a higher concentration of the unidentified active species for 

particle formation. This, in turn, leads to more nucleation events and decreased particle 

size. 

A log-log plot of the particle diameters, d, and water concentration gives a linear 

relationship (Figure 3-8) with the line equation of: 

logJ = -0.301og[//2O] + 1.3 

R2= 0.8013 

The R2 of 0.80 indicates a strong correlation between the two variables. The R2 is a result 

of the scatter in the plot (the source of which will be discussed shortly) around an 

underlying linear trend.50 The relationship can be expressed as: 

d = 2l[H20]'030 (3) 

Figure 3-8 Log-log plot of water 
concentration and particle size giving 
a linear trend with the equation: 

logd = -0.301og[H2O]+1.3 

R2 = 0.8013 

1.9 2.1 2.3 2.5 2.7 2.9 3.1 3.3 

log [H20] 

68 



A physical interpretation of this result is not straightforward and requires a 

theoretical relationship between particle volume, diameter and nucleation sites. Since the 

amount of Fe(CO)5 in each reaction is constant, it can be assumed the total amount of 

iron is the same for every sample. Therefore the total volume, Vtot, of iron oxide is 

constant and can be expressed as the sum of all of the particle volumes: 

n=\ 2 V « - 2 H T <4> 

Where n is the number of particles. Assuming our samples are monodisperse and the 

diameters are equal, equation (4) simplifies to: 

<f3 

V„-» f * | - | (5) 

rearrangement gives: 

6 
d = ^—n3 (6) 

Using our hypothesis that water is intimately involved in nucleation and that the 

concentration of water is directly proportional with the number of nuclei formed, a 

relationship is developed which describes the experimental results. Collecting constants 

as k, a theoretical relationship of: 

d = k[H2Op (7) 

results, which is consistent with our experimental exponential dependence of -0.30 

(Equation 3). This further supports our hypothesis that water is involved in nucleation. 

To confirm water-gas-shift processes were indeed occurring, the gases emanating 

from the reaction were collected and analyzed by gas phase Fourier Transform InfraRed 

spectroscopy (FT-IR). The influence of ambient CO2 was minimized and subtracted: the 
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IR cell was flushed with argon and the area around the cell was flushed with N2 gas until 

the CO2 absorbance was a minimum. This spectrum was used as a background. 

Acquisition of the spectrum of the reaction gases was handled similarly; the area around 

the cell was flushed with N2 gas until the CO2 absorbance was at a minimum. From this 

the aforementioned background spectra was subtracted (Figure 3-9). 

H20 

CO 

ftl 
co2 

1 \ 

Fe(CO)5 

H20 

Fe(CO)5 

_^_A_^JL 

4000 3500 3000 2500 2000 1500 1000 500 

Wavenumber (cm'1) 

Figure 3-9 FT-IR of the gas released from the thermal decomposition of Fe(CO)5 in 
benzyl ether and oleic acid. Peaks indicative of Fe(CO)s are off scale to allow for 
visualization of the other components. 

FT-IR analysis confirmed four gasses released from the reaction solution: CO (R 

and S rotational bands at 2170 and 2115 cm"1), Fe(CO)5 (11 bands between 2002-2041, 

644, 619 cm"1), CO2 (R and S rotational bands of the asymmetric stretch at 2360 and 

2339 cm"1) and water vapour (asymmetric stretching modes between 3500-3800 cm"1, 

bending modes between 1500 and 1900 cm"1). 

The presence of CO is consistent with the decomposition of Fe(CO)5 and the 

presence of CO2 confirms water-gas-shift reactions occur despite the acidic conditions.46 

The other expected gas produced by the water-gas-shift reaction is H2, but it could not be 
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identified as it is not IR active. As the reaction temperatures were well above the boiling 

points of Fe(CO)5 (bp. 103 °C)2 and water, the presence of a very strong absorbance from 

Fe(CO)5 and a weaker contribution from H20 are not surprising. However, their presence 

indicates the concentrations of these two species in solution are somewhat variable. For 

this reason, efforts were made to ensure consistent heating rates and identical reaction 

apparatus were employed so that these effects would be systematic. 

Consistent heating rates and resting temperatures were vital to the observation of 

the present trend. Compared to the ~1 h long heating time to reach ~200 °C (Figure 3-7), 

when heating took at least twice as long to reach the resting temperature much larger 

particles were obtained: 4.4 ± 0.5 nm at initially 1073 ppm FfcO and 4.6 ± 0.5 nm for 

initially 1590 ppm H2O. Slower heating allows more substantial evaporation of H2O, 

reducing the promoting effect of water-gas-shift chemistry for Fe(CO)s decomposition. 

This effect of heating rates on the particle diameter is the likely cause of the 

observed scatter in the plot (Figure 3-7). In repeated experiments at the same water 

concentrations and similar heating rates, ANOVA revealed the samples were statistically 

different (Appendix B, visualized as error bars in Figure 3-7). Small variations in heating 

rate resulted in subtle changes in the H2O concentration causing scatter in the plot. 

The reaction products had the distinctive almond-like odour of benzaldehyde. 

Vacuum distillation of a reaction mixture followed by Gas-Chromatography-Mass 

Spectroscopy of the distillate showed evidence of benzaldehyde and toluene. This 

indicates thermal decomposition of the solvents at these temperatures for such extended 

periods of time. Furthermore, under these solvent conditions, a maximum water 
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concentration of-1600 ppm was achieved. The use of more hydrophilic solvents such as 

glymes may provide a further lower limit to particle size observed by this technique. 

These experiments illuminate the influence of water concentration on particles 

size in the decomposition of Fe(CO)s to give near monodisperse nanoparticles of iron 

oxide. Average particle sizes were observed to range from of 5.6 nm down to 2.2 nm by 

simply changing the water concentration. 

3.3.4 Avoiding the slow temperature gradient by hot introduction ofFefCO)^ 

To increase nucleation, a rapid decomposition of Fe(CO)5 is preferable to achieve 

a sudden and high concentration of the active species for nucleation. Previously, Fe(CO)s 

has been added to room temperature or -100 °C solutions before heating to the 

decomposition temperatures (see Section 3.3.1). This slow heating itself may cause fewer 

nucleation events. Therefore, to achieve rapid decomposition the introduction of Fe(CO)5 

directly into solutions above the decomposition temperature was attempted. 

A solution of Fe(CO)5 was prepared and introduced directly into a -290 °C 

mixture of octylether and oleylamine. This synthesis gave core-shell particles23 (8.4 ± 3.1 

nm (n = 35)) that sintered into large agglomerates of several hundred nanometers (Figure 

3-10a and b). Yet at higher concentrations of oleylamine, and a lower temperature of only 

200 °C, much smaller particles were achieved (3.86 ± 0.57 nm (n = 123)) (Figure 3-10c). 

Since surfactant concentration appears to be very important to achieve smaller particles, 

we can infer that under these conditions, growth remains a dominant factor over 

increasing nucleation events. The higher temperature may also be the cause for the large, 
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core-shell particles and is most likely the cause of the sintering. At such high 

temperatures, the surfactant may be more labile from the particle surfaces allowing for 

enhanced growth and the sintering of particles together. 

Figure 3-10. Particles achieved by introduction of liquid phase Fe(CO)s into octylether 
and a) and b) 1.5 eq oleylamine at -290 °C c) 4 eq. oleylamine at 200 °C (Tecnai TEM). 

Immediate decomposition of Fe(CO)5 yields 5 eq. of CO gas (0.3 mL of Fe(CO)5, 

541 mL of CO gas evolved) at 300 °C - a temperature well above the flash point of many 

of the solvents and surfactants employed. This became a safety concern when using 

standard laboratory glassware. Instead, a gas phase introduction method was schemed to 

allow for Fe(CO)5 to be introduced slowly, yet be exposed to the rapid temperature 

change required for rapid decomposition. 

Using argon as a carrier gas, gaseous Fe(CO)s was bubbled into octylether at 

reflux (286 °C). Even with only the use of a very weakly coordinating solvent, octylether, 

small particles of 2.25 ±0.17 nm (n = 149) diameter were produced (Figure 3-1 la) 

indicating the decomposition was indeed rapid and provided many nucleation events. 

However, without a surfactant present, the particles sintered and did not readily disperse 

into individual particles after isolation. A surfactant was necessary to allow for later 

dispersion. 
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Figure 3-11 Iron oxide particle achieved from the bubbling of gaseous Fe(CO)5 into hot 
solvents and surfactants a) octylether at 286 °C (JEOL TEM) b) TOPO at 280 °C c) 
TOPO at 280 °C, cooled, reheated and introduction restarted (Tecnai TEM) 

When Fe(CO)5 was bubbled into TOPO at 280 °C, the particles more readily 

dispersed after isolation. TEM revealed small particles of similar size to those achieved 

without surfactant (2.67 ± 0.27 nm (n = 92)) (Figure 3-1 lb). This preparation should be 

contrasted with the large and polydisperse particles seen from Fe(CO)5 injected into a 

warm solution and slow heating to achieve decomposition (see Section 3.3.1, Figure 3-4). 

From this, it is inferred hot introduction does indeed increase nucleation events to allow 

for smaller particles compared to introduction of the Fe(CO)s into a room temperature 

solution and then heating. 

However, the growth processes are not arrested under these conditions. When the 

addition of Fe(CO)s was arrested, the solution cooled, then reheated, and introduction of 

Fe(CO)5 resumed, both small and larger core-shell particles were observed (Figure 3-

11c). This indicates that growth and/or Ostwald ripening processes are not completely 

inhibited by the TOPO under these conditions and the small particles sizes observed for 

the previous sample were from an increase in nucleation events and not from the 

surfactant inhibiting particle growth. 
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This gas-introduction technique was not optimized as the reaction and flow rates 

were extremely difficult to control. The decomposition of Fe(CO)s to release CO(g) 

increased the pressure in the reaction flask causing the gas introduction canula to arrest or 

even flow backwards. Also, without optimization, the yield of this method is 

unsatisfactory as it only gave several milligrams of product- barely enough to prepare a 

TEM grid. 

The introduction of Fe(CO)s directly into hot solvent and surfactant mixtures as a 

gas or as a solution was observed to yield particles as small as ~3.5 nm. The size of 

particles achieved using oleylamine and TOPO were markedly smaller than those 

achieved through a slow heating of Fe(CO)5/solvent/surfactant solutions (Section 3.3.1). 

This strongly suggests that introduction of Fe(CO)s into hot surfactant and solvent 

mixtures increases the number of nucleation events to afford smaller particles. However, 

it was also shown that growth processes were not completely arrested by the presented 

experimental conditions and larger core-shell particles were observed under certain 

situations. This included very high temperatures where the surfactant is more labile from 

particle surfaces and the provision of seeds for growth by two separate decompositions 

steps. 
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3.3.5 Sonochemical decomposition 

Sonochemical decomposition was performed to provide a rapid decomposition of 

Fe(CO)5. Sonication of solutions is known to cause the formation, followed by implosive 

collapse, of micro-bubbles. This behavior provides localized temperatures of 5000 K 

followed by very rapid cooling (s 1010 K/s).51 This technique appears ideal for the 

preparation of small, monodisperse iron nanoparticles; the localized extreme 

temperatures will provide very rapid decomposition. 

Sonochemical decomposition of Fe(CO)5 has previously been reported for iron 

materials.51"56 However, only a few reports describe dispersed particles51' 54 and the 

technique appears to be under-explored. We undertook sonochemical studies on the 

decomposition of Fe(CO)s using different surfactants, and sonochemical reaction 

parameters in order to flesh out this technique for nanoparitlce formation. 

Our initial studies indicated that the sonochemical synthesis produced particles 

larger than those that were observed for thermal decompositions (see Section 3.3.1). For 

example, the sonochemical decomposition of Fe(CO)5 in a solution of benzyl ether and 

oleic acid produced particles that were 6.0 ± 2.0 nm (n = 109) (Figure 3-12a). Many were 

large enough to be core-shell. Changing the reaction conditions to be under neat oleic 

acid produced even larger particles of diameters 9.8 ± 2.7 nm (n = 198) (Figure 3-12b). 

This indicates, again like the thermal decompositions, oleic acid is coordinating the iron 

in a molecular species and preventing nucleation. The larger sizes of the particles indicate 

the problem is more pronounced under sonochemical than thermal conditions. 
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Figure 3-12 Sonochemical decomposition of Fe(CO)s in a) benzyl ether and oleic acid 
6.0 ± 2.0 nm (n = 109) b) neat oleic acid 9.8 ± 2.7 nm (n = 198) c) benzyl ether and 
oleylamine (All images from Tecnai TEM). 

When oleylamine was used as a surfactant, the same approximate sizes of 

particles as the oleic acid samples were produced however, they were sintered together -

even with only a 20 s sonication time (Figure 3-12c). The weaker surfactant becomes 

labile under these conditions and cannot protect the particles from sintering. 

Since oleylamine was also known to inhibit nucleation by ligating the iron, we 

continued experiments with TOPO. Although TOPO is considered an even weaker 

binding ligand than oleylamine, with it comes enhanced steric bulk as it has three carbon 

chains rather than only the one on oleic acid and oleylamine (Scheme 3-1). The added 

steric bulk of the TOPO was predicted to prevent sintering. 

A series of small scale experiments using TOPO as a surfactant were performed 

examining pulse times, resting times, and reaction time. It was found that pulses of 1 s 

followed by a 3 s rest gave the most consistent and desirable results. When the total 

sonication time was 20 s, dispersed particles were observed (3.2 ±1 .0 nm, n = 172) 

(Figure 3-13a). To our knowledge, these are the smallest iron/iron oxide nanoparticles 

achieved by sonochemical synthesis reported in the literature.54 However, after such a 

short reaction time, only a small amount of the Fe(CO)s was observed to be decomposed 
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as evidenced by the yellow colour of the solution. Correspondingly, very little product 

was obtained. Increasing the reaction time in an attempt to increase the yield produced 

particles which where made up of similar sized particles as before but sintered together 

(Figure 3-13b and c). 

Figure 3-13 Sonochemical decomposition of Fe(CO)s in TOPO for a) 20 s, d = 3.2 ±1.0 
nm (n = 172) (JEOL TEM) b and c) 2.5 min (Tecnai TEM). 

Sonication can be used for the synthesis of dispersed iron oxide nanoparticles 

below 4 nm. However, to avoid sintering of the particles, very short reaction times are 

necessary; as a result, the quantity of product obtained was small. Should this technique 

be further developed for bulk synthesis, it is likely a flow through reactor would produce 

the highest quality of dispersed nanoparticle product with a reasonable yield. Surfactant 

choice is very important as surfactants known to ligate iron in the decomposition of 

Fe(CO)5, such as oleic acid and oleylamine, inhibited nucleation and gave larger particles 

than desired. Oleic acid did provide dispersed particles even under extended reaction 

times. 
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3.3.6 Calculation of the number of atoms per particle 

To aid the understanding of the scale of the synthesized particles within this 

chapter, the approximate sizes of the iron particles, before oxidation, and the number of 

atoms in each particle is calculated here. 

Using the literature density for a-Fe (7.87 g/cm3),57 the calculated density for 

maghemite based on the unit cell (5.49 g/cm3),58 and their formula masses, an volume 

expansion for the oxidation of an iron particle can be calculated. 

159.19 g/molFe2Q3 

volFe2Q3_ 5.49 gl cm3 Fe2Q3 ^ \molFe2Q3 _ ^ Q/| 

volFe 55.85 glmolFe ImolFe 
7.S7g/cm3Fe 

The corresponding expansion of the particle diameter, d, is: 

1 \ 1/3 

volFe2Q3 = 1 2 ? 

volFe ) 

Therefore, observed 5.6 nm and 2.2 nm diameter maghemite particles would have 

originated as a 4.4 nm and 1.7 nm iron particles, respectively. 

For the a-Fe, BCC crystal structure, the number of atoms in a particle can be 

approximated by59: 

„ , vol particle . ,, JT 
# of atoms = x atoms per unit cell - — 

volofunitcell 3 

d 
v3 

\aFe, (10) 

where aFe is the lattice parameter of a-Fe (0.287 nm). Therefore, a 4.4 nm 

diameter iron particle has -3800 atoms where as a 1.7 nm diameter particle has only 

-200 atoms. At these sizes these approximations likely hold, yet extension of these 
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calculations into smaller sizes is cautioned. Magic number clusters of iron are predicted 

to occur at -100 and have been observed for fewer atoms of iron.60'61 These clusters are 

predicted to be the result an thermodynamic energy minimum from of the completion of 

icosohedral geometries of the arranged iron atoms in the clusters. These geometries 

therefore deviate from the bulk crystal structure and the spherical shape assumed above. 

In these cases, other methods of determining the number of atoms in the particles will be 

required. 

3.4 Conclusions 

Several techniques were studied to afford monodisperse iron/iron oxide 

nanoparticles below 4 nm from the decomposition of Fe(CO)s. Inhibition of growth and 

increasing (or inhibiting) nucleation events were the two general themes for technique 

development, however it was found that only rarely can the exploration of one be done 

without a discussion of the other. 

Surfactants can inhibit growth but can also prevent nucleation by ligating the iron 

as molecular species. This limits the strict application of different surfactants for 

achieving smaller particles than those already seen in the literature. 

Water as an impurity was shown to act as a promoter for the thermal 

decomposition of Fe(CO)5 through water-gas-shift chemistry. This more ready 

decomposition increases nucleation events and was observed to decrease average particle 

size from 5.6 nm down to 2.2 nm for oleic acid capped particles. 
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Introduction of Fe(CO)s into hot solvent and surfactant mixtures was shown to be 

an effective route for increasing nucleation events and decreasing particles size down to 

2.3 nm. However, safety and low yields were of concern. 

Sonication of Fe(CO)s containing solutions can also be used to yield dispersed 

particles as small as 3.2 nm. A bulky surfactant that would not strongly ligate the iron 

was required to achieve such sizes and impede sintering. However, yields were low 

because of the short reaction times required to prevent sintering. 

The goal of 1.6 nm diamter particles was nearly reached; calculations indicate that 

the 2.2 nm maghemite particles synthesized and observed are a result of the oxidation of 

1.7 nm iron particles. Significant achievements were made into understanding the factors 

influencing particles size. Furthermore, several different techniques were developed for 

achieving particles smaller than 4 nm. 
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Chapter 4: Iron/Iron oxide nanoparticle 
sequestration of catalytic metal 
impurities from aqueous media and organic 
reaction products * 

4.1 Introduction 

Late transition metal homogeneous catalysts are well established as powerful 

tools in organic synthesis. They allow for otherwise difficult syntheses with rapidity, 

selectivity, and high yields.1 Unfortunately, even trace catalyst impurities remaining after 

product purification can interfere with later synthetic steps and eventual material 

application.2'3 Also, application of metal catalysts is often limited for pharmaceutical 

syntheses because metal concentrations in the final product exceed health standards (e.g., 

5 ppm for Pt, Pd, Ru, or Rh; 10 ppm for Ni; 15 ppm for Cu; 20 ppm for Fe).2"4 

To date, techniques for removing transition metal catalysts from organic reaction 

products are often time consuming, taking up to 65 h,3 and employ high surface area 

adsorbents such as carbon black and absorbing polymers. Modern commercial resins, 

fibers, and powders are commonly modified with metal scavenging thiol, carboxylic acid, 

or amine functionalities.2' 3' 5 Each sequestration method has associated benefits and 

limitations. For example, some are metal specific,3'5 others absorb less discriminately, 

* Reproduced with permission from J. E. Macdonald, J. A. Kelly and J. G. C. Veinot, 
Langmuir, 2007, 23, 9543-9545. Copyright 2007 American Chemical Society. 
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sometimes reducing yields;2'5 some achieve only minimum extraction requirements 

prescribed by regulatory bodies, while others are expensive or impractical in many 

laboratory or industrial situations.3 We present a rapid, versatile, inexpensive, and 

straightforward alternative for removing catalytic metal ions from solutions of organic 

reaction products in water-miscible solvents (e.g., THF). Importantly, the present 

approach employs common reagents and is practical for both laboratory and industrial 

application. 

Herein, oxide-capped metallic iron nanoparticles (Fe@FexOy) are used to 

sequester catalytic metal ions from organic reaction products. Similar approaches have 

been applied to the environmental remediation of some metal ions (e.g., Cr(VI), Pb(II), 

Ni(II), Ag(I), Cd(II)),6"1011 however a direct transposition of these methods to organic 

reaction products may be complicated by adverse side reactions, leaching of Fe, etc. (vide 

infra). Furthermore, while comparable iron nanomaterials have effectively lowered some 

metal contaminant concentrations in the environment, it remains unclear if stringent 

pharmaceutical regulatory requirements for standard catalytic metal concentrations in 

organic materials can be met.4 

4.2 Experimental Procedures 

4.2.1 Reagents 

Iron(III) chloride hydrate, copper sulfate and styrene were purchased from Fisher, 

cobalt(II) nitrate from Mallinckrodt, silver nitrate from Englehard, sodium borohydride 
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from EMD Chemicals, sodium nitrate from ACP chemicals, rhodium(IH) chloride 

hydrate from Colonial Metals and potassium nitrate from BDH Chemicals. The 

remaining reagents were purchased from Sigma-Aldrich. All reagents were used as 

received without further purification. Phenyl azide was synthesized using a literature 

procedure.12 Typically, in-house deionized water was employed for the synthesis of iron 

nanoparticles. Sequestration studies were performed using 18.2 MQ-cm water. 

4.2.2 Synthesis and sequestration 

Synthesis of Fe@FeaQ1, 

Fe@FexOy was prepared using a modified literature procedure.9'13 Briefly, FeCl3«6H20 

(5.70 g, 21 mmol) was dissolved in 400 mL of deionized water. A solution of NaBH4 

(2.24 g, 59 mmol) in 30 mL of water was added dropwise while the iron chloride solution 

was stirred vigorously. The orange solution became dark with a black precipitate. The 

precipitate was vacuum filtered and washed with 500 mL of water followed by 50 mL of 

95% ethanol. The resulting black paste was transferred to a round bottom flask and dried 

in vacuo for two days to yield a black powder that was stored in an argon-filled glovebox 

(< 0.1 ppm H20, 0.6 ppm 02). Yield: 1.06 g. 

Sequestration of aqueous metal ions 

Metal salt solutions {i.e., nitrates, chlorides, or acetates) were prepared at metal 

concentrations of ~ 100 ppm in 3 x 106 M KOH solution. Silver nitrate, ruthenium 

chloride and rhodium chloride solutions were prepared in 18.2 M£2cm water. Fe@FexOy 
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were placed in round bottom flasks in an argon-filled glovebox and transferred to a 

Schlenk line. An appropriate metal ion solution was transferred to the flask to achieve a 

ratio of 50 mg of Fe@FexOy for every 10.00 mL of solution. The particle/solution mixture 

was subsequently capped and stirred for 30 min. The mixtures were allowed to settle for 

2 minutes to allow the majority of the Fe@FexOy to collect on the magnetic stir bar. This 

aided the subsequent gravity filtration in which remaining solids were removed. The 

addition of KN03 (0.10 g) and a second filtration was required to remove highly charged, 

dispersed particles. The resulting colorless filtrates were acidified with two drops of 

concentrated nitric acid to facilitate analysis of metal concentrations by Quadropole-

Inductively Coupled Plasma-Mass Spectroscopy (Quad-ICP-MS). 

"Click" Cud) catalyzed cycloaddition to form 1.4-disubstituted 1.2.3 triazole (3) M 

Phenylazide (1) (0.59 g, 5 mmol) and 3-phenyl-l-propyne (2) (0.4 mL, 3 mmol) were 

suspended in 20 ml of a 1:1 mixture of water:butanol. To this suspension, 0.5 mL of a 

freshly prepared 1.0 M sodium ascorbate solution was added followed by copper sulphate 

hydrate (12.5 mg, 0.05 mmol). The reaction mixture was stirred for 16 h, until an off-

white solid formed. The solid was filtered and washed twice with cold deionized water, 

yielding 715 mg (94%) of 1,4-disubstituted 1,2,3 triazole (3). lH NMR (400 MHz, 

CDC13): 6 7.62 (2H, m), 7.53 (1H, s), 7.43 (2H, m), 7.34 (1H, tt), 7.27 (4H, m), 7.20 (1H, 

m), 4.06 (2H, s). The product was also confirmed by Gas Chromatography-Mass 

Spectroscopy (GC-MS) (m/z: 235, 206, 180, 130, 104, 77, 51) 
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Sequestration of Cu impurities from "Click" cycloaddition product 

129.2 mg of the products from the aforementioned "Click" reaction were dissolved in 20 

mL of THF and 0.5 mL of KOH solution (pH 10.3). This was added to 100 mg of 

Fe@FexOy and stirred for 3 h in oxygen free conditions. The mixture was allowed to 

stand for 2 minutes allowing for most of the nanoparticle powder to collect on the 

magnetic stir bar. Remaining solids were removed by gravity filtration and the iron 

nanoparticles were washed three times with THF. Approximately 2/3 of the filtrate was 

added to 50 mg of Fe@FexOy and 0.5 mL of KOH solution (pH 10.3) and stirred for 3 h. 

The mixture was allowed to stand for 2 minutes allowing for most of the nanoparticle 

powder to collect on the magnetic stir bar. Remaining solids were removed by gravity 

filtration and the iron nanoparticles were washed three times with THF. Solvent from the 

two filtrates was removed in vacuo yielding slightly yellow crystals (100% of 

cycloadduct recovered). No additional products were observed by GC-MS. 

Determination of metal concentrations in "Click" cycloaddition product 

The organic product (ca. 50-85 mg) of was placed in a porcelain crucible and heated to 

625 °C overnight in air. The remaining dark solids were dissolved in concentrated nitric 

acid, diluted with 18.2 MQcm water in a 10.00 mL volumetric flask and metal 

concentrations were determined using Quad-ICP-MS. 

Another approach involved dissolving the organic product (ca. 55-185 mg) in 8 M HN03 

(25.00 mL), followed by analysis by Quad-ICP-MS for Cu content. 
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Synthesis of MN-dimethyl-P-alanine hydrochloride 

(3-alanine (3.59 g, 40.3 mmol), formalin (5 mL) and 90% formic acid (25 mL) were 

brought to reflux for 8 h. Concentrated HC1 (5 mL) was added and the solvent was 

removed in vacuo giving a slightly yellow solid. Formic acid (~15 mL) was added and 

the slurry was vacuum filtered and washed with formic acid. White solid 3.1 g, 55% 

yield. *H NMR (500 MHz, CDC13): 6 2.87-2.901 (8H, m), 3.41-3.437 (2H, t). 

Pd catalyzed Heck coupling to form frans-stilbene (6)15 

Bromobenzene (5) (1.05 mL, 10 mmol), styrene (4) (1.75 mL, 15 mmol), palladium 

acetate (16.3 mg, 72.6 fimol), ,/V,yV-dimethyl-|3-alanine hydrochloride (10 mg, 71.6 fxmol), 

potassium carbonate (2.72 g, 20 mmol) and anhydrous dimethyformamide (10 mL) were 

stirred and heated to 130 °C for 16 h leaving a dark solution. The product was extracted 

in diethyl ether and washed with water three times. The ether layer was gravity filtered to 

remove any black precipitate and the solvent was removed in vacuo. Slightly yellow 

crystals, 1.77 g of trans-stiibcne (6). Yield 98% 'H NMR (400 MHz, CDC13): 6 7.50 (4H, 

d), 7.34 (4H, t), 7.24 (2H, t), 7.10 (2H s). The product was further confirmed by GC-MS. 

m/z: 180, 165, 152. (Trace minor products noted 1,1-diphenyl ethene (m/z: 180, 165, 

152) and 1,1,2- tri phenyl ethene (m/z: 256, 239, 176).) 

Sequestration of Pd impurities from Heck coupling product 

7r<ms-stilbene (6) as a product from above (308.7 mg) was dissolved in 15 mL of THF 

and added to 50 mg of Fe@FexOy under argon atmosphere. An additional 0.5 mL of KOH 

solution (pH 10.3) was added. The mixture was stirred for 20 min and then allowed to 
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stand for 2 min to allow the majority of the nanoparticles to collect on the magnetic stir 

bar. The solution was gravity filtered and the nanoparticles washed three times with THF. 

The filtrate solvent was removed in vacuo yielding off white crystals (302.7 mg, 98%). 

No additional products were observed by GC-MS. 

Determination of metal concentrations in Heck coupling product 

Organic products (ca. 115-125 mg) were placed in a sublimation flask and heated to 200 

°C under dynamic vacuum. The residual dark solids remaining in the flask were dissolved 

in warm concentrated nitric acid and diluted with 18.2 M£2cm water in a 10.00 ml 

volumetric flask. Metal concentrations were found with Quad-ICP-MS. 

4.2.3 Material characterization 

Ouadropole Inductively Coupled Plasma- Mass Spectroscopy (Quad ICP-MS) was 

performed on a Perkin Elmer Elan 6000 ICP-MS. Samples were acidified with nitric acid 

to pH <2. The flow rate on the instrument was 1 mL/min and dual detector mode was 

employed. A blank was subtracted after internal standard correction and the values 

reported are an average of three readings (35 sweeps per reading). 

Gas Chromatography- Mass Spectroscopy (GC-MS) was performed on a Waters 7070E 

GC-MS using electron ionization. 1 \iL of a dichloromethane solution of the product was 

injected into a Phenomenex ZB-5, 30 m x 0.25 mm column with a 0.35 pirn film. The 
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carrier gas was helium at 1 mL/min. The injection port was at 275 °C and a linear 

temperature profile (50-300 °C at 10 °C / minute) was employed. 

X-Ray Photoelectron Spectroscopy (XPS) was performed on and AXIS-165 XPS 

spectrometer from Kratos Analytical. The source was monochromatic Al Ka X-rays at a 

power of 210 W. The analyzer was perpendicular to the surface. Base pressure in the 

analytical chamber was 106 - 107 Pa. The area of the sample analyzed was 400 x 700 

|im, with the analyzer normal to the surface. The pass energy for the survey spectra and 

the high-resolution spectra were 160 eV and 20 eV, respectively. The instrument 

resolution is 0.4 eV. Samples were pressed onto carbon tape and spectra were calibrated 

to the C Is peak at 284.8 eV. 

Transmission Electron Microscopy samples were prepared by suspending particles in 

THF and drop-coating the solution on carbon coated, 200 mesh Cu grid (SPI Supplies). 

Samples were evaluated using a JEOL 2010 Transmission Electron Microscope (TEM) at 

200 keV accelerating voltage and a LaB6 filament. This instrument was also fitted with 

Energy Dispersive X-Ray (EDS) detector for elemental analysis. 

4.3 Results and Discussion 

The generally accepted mechanism by which low valent iron nanomaterials 

remove ionic metal species involves the surface adsorption of ions onto the oxide shell. 

Subsequently, ions are reduced to their elemental form by electrons supplied from the 
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iron core. While this process increases the sequestration capacity far beyond what is 

afforded by surface adsorption alone,8'9 it relies heavily upon surface interaction with 

metal ions. In this regard, surface wettability and coordination of organic reagents could 

hinder application of Fe@FexOy in these environments. Furthermore, while the present 

method can conceivably remove any metal ion with a suitable reduction potential, it is 

necessary that we demonstrate that typical catalytic metal concentrations in aqueous 

media can be lowered from typical catalytic to sub-40 ppb levels as a benchmark for the 

present work. These low concentrations are prerequisites to any further extension of this 

approach to organic synthetic applications; ppb metal levels in solution translate to ppm 

concentrations in the organic product upon removal of solvent during work-up. We 

subsequently extend our methodology to two important synthetic reactions for which 

metal toxicity could limit utility: namely, a Cu(I)-catalyzed "Click" reaction14 and a Pd-

catalyzed Heck coupling.15'16 

4.3.1 Fe@FexOyand the sequestration of aqueous ions 

Fe@FexOy were prepared by sodium borohydride reduction of iron(III) chloride in 

aqueous solution.9' 13 Bright field transmission electron micrographs (TEM) show 

particles are pseudospherical, have dimensions of 20-80 nm, and tend to aggregate into 

chains (Figure 4-1) as a result of their magnetic properties.17' 18 Selected area electron 

diffraction (SAED) shows well-defined rings previously indexed to Fe304 (Figure 4-1, 

inset).13 No reflections characteristic of iron metal are observed, suggesting a non-
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crystalline metallic core. Particles can be stored refrigerated in ethanol or dry in inert 

atmosphere. 

Figure 4-1 Brightfield TEM image of Fe@FexOy, bar = 200 nm. 
Inset: SAED showing characteristic reflections indexed to F63(34.13 

Aqueous catalytic metal ion sequestration was achieved by adding basic (pH » 

8.5) solutions of metal salts to Fe@FexOy. At increased pH, surface -OH groups are 

deprotonated thereby facilitating coordination of metal ions.9 Typically, 50 mg of 

Fe@FexOy were used for 10 mL of 100 ppm metal ion solution. After stirring for 30 min, 

gravity filtration afforded clear, colorless solutions with metal concentrations smaller 

than those typically realized using status quo sequestration materials2'3' 9 while also far 

surpassing pharmaceutical standards (Table 4-1).4 We also confirmed iron leaching is 

negligible; no significant increase in iron concentration was noted following 
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sequestration of any metal species; background iron concentration surpassed 

pharmaceutical requirements (Table 4-1).4 X-ray Photoelectron Spectroscopy (XPS) of 

the recovered particles confirmed the presence of the sequestered metals in all cases 

except cobalt. At such low concentrations, the cobalt 2p emission was masked by the 

strong iron LMM Auger peak (788-790 eV), hence the presence of cobalt could not be 

confirmed. Concentrations of the sequestered metals were too low to allow for detailed 

analysis (Appendix C). TEM of the particles after sequestration showed no obvious 

changes. 

Table 4-1 Sequestration of metal ions from basic aqueous solutions using Fe@FexOy. 

M 

Co 2 + 

Ni2 + 

Cu2 + 

Rux+* , c 

R h x + * , c 

p d 2 + , 

A g + C 

pt4+ 

Fe 

Metal Source 

Co(N03)2xH20 

Ni(N03)2-6H20 

Cu(N03)2-2.5H20 

RuCl3xH20 

RhCl3xH20 

Pd(OAc)2 

AgN03 

PtCl4 

Blank Particles 

Initial [Mx+] 
(ppm)d 

117 

131 

129 

101 

228 

138 

123 

67.3 

Final [Mx+] 
(ppb)d 

16.7 

37.1 

28.7 

4.7 

0.6 

5.8 

0.2 

2.4 

% 
removed 

99.986 

99.97 

99.98 

99.995 

99.9997% 

99.996 

99.9998% 

99.996 

[Fef 
(ppm)" 

0.100 

0.143 

0.0894 

0.869 

0.110 

4 

"CI' interferes with the ICP-MS analysis for [Fe].19 *RuCl3 and RhCl3 are known to produce 
multiple oxidation states in aqueous media.1 c These metals are known to form stable oxides in 
basic conditions.20 As a consequence, analysis was performed in neutral conditions. d 

Concentrations given have < 6% relative standard deviation upon 3 runs by ICP-MS. 

4.3.2 Application to Organic Synthesis 

To highlight the importance of this method, we applied it to a synthetically 

significant, well-established metal catalyzed reactions: Cu(I)-catalyzed "Click" 
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cycloaddition (Scheme 4-1)14 and a Pd-catalyzed Heck coupling (Scheme 4-2).15 An N O 

ligand was chosen for the Heck coupling to minimize the influence of strongly-binding 

phosphines (which will be a focus of Chapter 5). 

Scheme 4-1 Application of Fe@FexOy sequestering to a "Click" copper catalyzed 
cycloaddition.14 Copper concentrations are provided in ppm of the organic product. 

1. Cu(S04) 5H20 
Sodium ascorbate 
Water/ Butanol 

2. THF/ KOHaq 

Fe@FexOy 

67% Yield 
[Cu] = 2026 ppm 

3. THF/ KOHaq 1 oo% 0 f product recovered 
[Cu] = 15.5 ppm F e @ F e x ° y ^ [Cu] = 4.6 ppm 

Scheme 4-2 Application of Fe@FexOy sequestering to a Pd catalyzed Heck coupling.15 

Pd concentrations are provided in ppm of the organic product. 

^ 1. Pd (OAc)2 

DMF 
K2C03 

O 

N-
HO 

98% of product recovered 
[Pd] = 1.2 ppm 

98%Yield 

[Pd] = 19 ppm 

2. THF/ KOHaq 

Fe@FexOy 

Metal ions were then sequestered from THF solutions of crude organic product 

mixtures prior to traditional purification. Cu content in the "Click" reaction product 

mixture was reduced from 2026 to 15.5 ppm upon a first sequestration step. Because this 

concentration exceeded the pharmaceutical standard, a second treatment with Fe@FexOy 
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was employed, further lowering the concentration to 4.6 ppm. For the Heck reaction, Pd 

concentration was reduced from 19 to 1.2 ppm. Importantly, no additional organic 

byproducts were observed by gas chromatography-mass spectroscopy for either reaction, 

confirming Fe@FexOy did not promote adverse side reactions. Additionally, Fe 

concentrations were not significantly above those reported in Table 4-1. 

4.4 Conclusions 

The present method for removing trace catalytic metal ions from organic reaction 

products is easily employed because it requires no complex procedures. Furthermore, 

Fe@FexOy are quantitatively removed by gravity filtration without column 

chromatography. The reagents for preparing Fe@FexOy are common in many synthetic 

laboratories making this technique readily available to the laboratory chemist. 

Advantages at the industrial scale are readily evident; all procedures are readily scalable 

and the magnetic properties of the particles make them amenable to magnetic filtration. 

We have shown the successful sequestration of a host of catalytic metal ions from 

aqueous solutions to levels far below pharmaceutical standards.4 The technique has been 

extended to the sequestering of Cu and Pd from organic reaction media showing it to be 

comparable or better than many scavenging techniques available.2'3 
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Chapter 5: Removal of residual metal catalysts 
with iron/iron oxide nanoparticles from 
coordinating environments* 

5.1 Introduction 

Iron oxide capped iron nanoparticles (Fe@FexOy)
1 are known to sequester metal 

ions from aqueous2"9 and organic media.7 Research to date has primarily focused on 

applications in environmental contaminant remediation and removal of trace catalyst 

impurities from organic reaction products. Catalytic metal impurities remaining after 

synthesis can detrimentally affect later synthetic steps,10"12 alter the properties of end-use 

materials,13 and are a health concern if the end product is a phamaceutical.14 Although the 

use of Fe@FexOy has been briefly described as a technique for removing catalytic late-

transition metal ions from organic reaction media,7 this approach requires a more 

comprehensive study involving more relevant and complex metal homogeneous catalysts. 

Fe@FexOy are effective, straightforward to prepare, inexpensive, and their 

magnetic properties make them amenable to magnetic filtration. It is generally accepted 

Fe@FexOy sequesters metal ions via a two-part mechanism. First, ions are coordinated to 

surface Fe-OH groups on the iron oxide. The iron core can then reduce the metals to their 

metallic state leading to extremely efficient sequestration. Presumably, this process will 

* Reproduced with permission J. E. Macdonald and J. G. C. Veinot, Langmuir, 2008, 24, 
7169-7177. Copyright 2008 American Chemical Society. 
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occur for any ion with a reduction potential more positive than that of iron, and hence 

gives access to many late transition metals and early main group metals.2 Despite these 

favourable characteristics, it is reasonable that complex coordinating environments 

ubiquitous in the environment and reaction media would hinder efficient metal 

sequestration. Environmental aqueous media is often rife with phosphates, carboxylic 

acids and amines;15'16 and homogeneous metal catalysts are often ligated with phosphines 

and amines.11," Matrix effects have been studied for aqueous systems, and although there 

is evidence of matrix components promoting remediation,1618 more frequently 

coordinating species have been shown to hinder remediation of metal ions.9'1821 It has 

been identified that coordinating media could seriously hinder the application of these 

materials in environmental remediation.9' 18 The influences of ligating environments 

commonly found in organic reaction media have not been studied and could also limit 

the application of Fe@FexOy to sequestration of residual catalytic metals. 

In Chapter 4, we showed that Fe@FexOy can be used to effectively sequester 

catalytic late transition metal ions from organic reaction products in organic media. This 

sequestration from reaction products was achieved in situations where catalytic ions were 

not coordinated to strongly binding ligands. However, some of the most powerful and 

useful homogeneous catalysts of Pd, Rh, and Ru (e.g., Grubbs' catalyst (1st generation), 

Wilkinson's catalyst, as well as many palladium systems) employ strongly binding, 

bulky phosphines to prepare the active species,22 tailor reactivity10 and prevent plating out 

of zero oxidation state metal during the catalytic cycle.17 

In this chapter, we present the development of a modification of our previous 

procedure to address the challenges associated with coordinating environments: the 
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addition of small molecules such as 3-mercaptopropionic acid and cysteamine to aid the 

sequestration of phosphine containing catalysts from organic reaction products. We apply 

this technique to nickel,23 rhodium,24 ruthenium, n and palladium 25'26 homogeneous and 

heterogeneous catalyzed reactions. We also present a discussion on the mechanism of 

sequestration under these new conditions. 

5. 2 Experimental Procedures 

5.2.7 Reagents 

Tetrakis(triphenylphosphine) palladium(O) and tris(dibenzylideneacetone)-

dipalladium(O) were purchased from Strem, aspartic acid and glycine from Fisher 

Scientific, potassium carbonate and cobalt(II) nitrate from Mallinckrodt, silver nitrate 

from Englehard, sodium borohydride, potassium hydroxide, ACS grade nitric acid from 

EMD Chemicals, sodium nitrite from ACP chemicals, rhodium(III) chloride hydrate from 

Colonial Metals, and potassium nitrate from BDH chemicals. The remaining reagents 

were purchased from Sigma-Aldrich. Reagents were used without further purification 

unless otherwise noted. Typically, in-house deionized water was employed for syntheses, 

whereas >18 MQ-cra water was used for remediation studies. Sonication in this chapter 

refers to the use of a standard laboratory ultrasonic bath. 
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5.2.2 Synthesis ofFe@FexOy 

Fe@FexOy were prepared using a modified literature procedure.3, 7 Briefly, 

FeCl3-6H20 or FeCl3 (21 mmol) was dissolved in 400 mL of deionized water. A solution 

of NaBH4 (2.24 g, 59 mmol) in 30 mL of water was added dropwise while the iron (III) 

chloride solution was stirred vigorously. The orange solution became dark and a black 

precipitate formed. The precipitate was vacuum filtered and washed with 500 mL of 

deionized water followed by 50 mL of 95% ethanol. The resulting black paste was 

transferred to a round bottom flask and dried in vacuo for two days to yield a black 

powder that was stored in an argon-filled glovebox (< 0.1 ppm H20, 0.6 ppm 02). Yield: 

1.06 g. 

5.2.3 Sequestration of in the absence of coordinating ligands 

Solutions of metal salts, Co(N03)-6H20, Ni(N03)2'6H20, Cu(N03)2-6H20, 

RhCL/xH20, Pd(N03)2'H20, and PtCl4 were prepared at concentrations of ~13-26 rnM of 

metal in 3 x 106 M KOH. Since hydroxide is known to cause the precipitation of the 

silver and ruthenium oxides,27 AgN03 and RuCl3*xH20 solutions were prepared in >18 

MQcm water. The Fe@FexOy powder was ground using a mortar and pestle to break up 

large aggregates and known quantities were placed in round bottom flasks in an argon-

filled glovebox. Flasks were transferred to an argon-filled glovebag or Schlenk line 

where metal ion solutions were added to achieve ratios of 50 mg of Fe@FexOy per 10 mL 
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of solution. The mixtures were capped and stirred. The solutions became colourless after 

several min, however stirring was continued for 40 h to ensure equilibrium conditions. 

Solids were removed by gravity filtration and gave colourless filtrates. The filtrates were 

acidified with nitric acid and analyzed by Quadropole-Inductively Coupled Plasma-Mass 

Spectroscopy (Quad-ICP-MS) for metal concentrations. 

The recovered Fe@FexOy particles were washed with 40 mL of deionized water 

followed by 3 mL of 95% ethanol. For all sequestrations except silver, filter papers 

(Whatman No. 2) were dried in air at 50 °C and the solids collected for X-ray 

Photoelectron Spectroscopy (XPS). To prevent oxidation, particles used for silver 

sequestration were dried and maintained in inert atmosphere prior to analysis. 

5.2.4 Small molecule additive screening 

In a typical experiment, 5.00 mL of a 70-150 ppm (metal concentration) solution 

of the catalyst, 20 mmol of the additive small molecule, 0.5 mL of aqueous KOH solution 

(water, 0.2 mM, 0.4 M or 0.8 M) and 20 mg of Fe@FexOy were sonicated under static 

argon atmosphere for 1 h. Mixtures were subsequently centrifuged, gravity filtered and 

the solids washed 3x with THF. Solvents were evaporated, and 5.00 mL of concentrated 

HN03 was added. Metal concentrations were determined by Quad-ICP-MS. (Appendix 

D) 
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5.2.5 Application to metal catalyzed organic synthesis without ligands 

Hydrogenation of cinnamic acid over Raney nickel 

Cinnamic acid 1.0 g (6.75 mmol) was dissolved in 40 mL of THF and added to 

1.2 g of Raney nickel (washed with THF 3x under argon atmosphere) under argon 

atmosphere. The mixture was stirred vigorously under H2 for 17 h. The solution was 

decanted and filtered through celite. Solvent was removed in vacuo giving a pale yellow 

solid, benzenepropanoic acid 0.8842g, 88% yield. 'H NMR (400 MHz, CDC13): 5 7.17 

(5H, m), 2.88 2H, t), 2.61 (2H, t). 0.1331 g of the product was placed in a crucible and 

heated in air to 625 °C for 16 h. Remaining solids were dissolved in 10.00 mL HN03and 

tested for [Ni] by ICP-MS. [Ni] = 75 ppm with respect to the organic product. 

Sequestration of Ni from benzenepropanoic acid 

The crude product of the hydrogenation of cinnamic acid (256.5 mg), 100 mg of 

Fe@FexOy, 1 mL of 0.2 mM KOH and 13 mL of THF were stirred under argon 

atmosphere for 19 h. The mixture was gravity filtered and the solvent was removed in 

vacuo. 147 mg of the product was placed in a crucible and heated to 625 °C for 16 h. 

Remaining solids were dissolved in 10.00 mL HN03 and analyzed for nickel by Quad-

ICP-MS. [Ni] = 75 ppm with respect to the organic product. 
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5.2.6 Application to metal catalyzed organic synthesis with phosphines present 

Hydrogenation of (-)- Carveol over Wilkinson's Catalyst2428 

(-)-Carveol (mixture of isomers) (1.0 mL, 6.2 mmol) and Wilkinson's Catalyst 

(chlorotris(triphenylphosphine) ruthenium(I)) (156 mg, 2.7 mol%) were dissolved in dry 

toluene in an argon atmosphere. The solution was stirred under H2 (~1 atm) for 3.5 h over 

which time the orange solution turned brown. The solvent was removed in vacuo leaving 

a brown oil. GS-MS indicated a number of components in the reaction mixture identified 

as: 2-methyl-5-isopropylcyclohexanol (8%, m/z: 138, 95, 65), 2-methyl-5-

isopropylcyclohex-2-eneol (two eluted peaks- diastereomers) (57%, m/z: 154, 139, 125, 

111, 93, 82), carveol (10%, m/z: 152, 109, 82, 41), triphenylphosphine oxide (18%, 277, 

210, 199, 71). Signals of the remaining components (7%) were insufficient to identify 

their structure. 

63.1 mg of the products were heated to 200 °C under vacuum to remove most of 

the organic material. The remaining material was dissolved in 5.00 mL of concentrated 

HN03 and analyzed for Rh content. [Rh] = 4.98 x 103 ppm with respect to the organic 

products. 

Heck coupling with Pd(PPha)4 to yield methyl cinnamate25 

Methyl acrylate (1.36 mL, 15 mmol), bromobenzene (1.05 mL, 10 mmol), 

Pd(PPh3)4 (288 mg, 2.5 mol%), potassium carbonate (2.72 g, 20 mmol), and DMF (10 
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mL) were stirred together and heated for 16 h. The solution turned black. The product 

was extracted in diethyl ether and washed with water three times. The remaining organic 

layer was gravity filtered leaving a yellow solution. Solvent was removed in vacuo to 

yield a yellow oil (1.14 g). Products were determined by GC-MS: methyl cinnamate 

(58%, m/z: 162, 131, 102, 77, 51), methyl 3,3-diphenylacrylate (26%, m/z: 238, 207, 

178), triphenylphosphine oxide (16%, m/z: 277, 199, 152, 77). 

73.5 mg of the product mixture was dissolved in 5.00 mL of concentrated HN03 

and analyzed for Pd content by Quad-ICP-MS. [Pd]= 7.34 ppm with respect to the 

organic products. 

Ring closing metathesis using Grubbs' Catalyst 1st Generation (10) to yield 4.4-

dicarbethoxy-1-cyclopentene " 

Diethyl diallylmalonate (240 \xL, 1.00 mmol), Grubbs' Catalyst 1st Generation (40 

mg, 5 mol%), and 100 mL of methylene chloride (distilled over CaH2 and bubbled with 

argon), were stirred under argon for 2 h. Solvents were removed in vacuo leaving a 

brown oil. Quantitative yield of 4,4-dicarbethoxy-l-cyclopentene. 'H NMR (400 MHz, 

CDC13): 8 5.60 (2H, t), 4.19 (4H, q), 3.01 (4H, s), 1.25 (6H, t). 15.3 mg of the product 

was dissolved in 5.00 mL of cone. HN03 and analyzed for Ru content by ICP-MS. [Ru]= 

13.9 x 103 ppm with respect to the product. 
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Suzuki-Miyaura coupling by palladium catalysts to yield 4-nitrobiphenyl 

a) 4-bromonitrobenzene (1.10 g, 5.44 mmol), phenylboronic acid (0.700 g, 1.05 

eq), K2C03 (1.89 g, 2.5 eq), Pd2(dba)3 (10.5 mg, 0.42 mol% Pd) were refluxed in 

degassed acetone 12.5 mL and water 12.5 mL under argon atmosphere for 2 h. The 

product was extracted with diethyl ether 3x and then washed with water 3x. The solution 

was gravity filtered and solvents removed in vacuo. Quantitative yield of 4-nitrobiphenyl. 

'H NMR (400 MHz, CD3OCD3): 6 8.37 (2H, m), 7.99 (2H, m), 7.82 (2H, m), 7.55-7.56 

(3H, m). Purity was confirmed by GC-MS: m/z: 199, 152, 115, 76. 

b) 4-bromonitrobenzene (1.11 g, 5.48 mmol), phenylboronic acid (0.699 g, 1.05 

eq), K2C03 (1.89 g, 2.5 eq), Pd(PPh3)4 (13.2 mg, 0.21 mol% Pd) were refluxed in 

degassed acetone 12.5 mL and water 12.5 mL under argon atmosphere for 12 h. The 

product was extracted with diethyl ether 3x and then washed with water 3x. The solution 

was gravity filtered and solvents removed in vacuo. 42% yield of 4-nitrobiphenyl by GC-

MS. Crude mixture contained 53% p-bromonitrobenzene, 9% phenylboronic acid and 

38% 4-nitrobiphenyl. 

Sequestration of ligated catalytic metal impurities by Fe@Fe.t01, and small molecule 

additives 

In a typical experiment, 80-170 mg of the crude product mixtures from metal 

catalyzed reactions were added to Fe@FexOy (100 mg), 3-mercaptopropionic acid or 

cysteamine (100 mmol), 0.4 M KOH(aq) (2.5 mL) and THF (15-25 mL). The mixtures 
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were stirred under argon for 19-20 h and gravity filtered. The isolated solids were washed 

with THF. If the filtrate was still cloudy, a second filtration was performed. Solvents 

were evaporated and most of the organic components were removed by heating above 

150 °C under vacuum. The remaining solids were dissolved in a known quantity of 

concentrated HN03 with care. Note: N02 gas formed if the organic material was not 

completely removed by sublimation. Metal concentrations were analyzed by Quad-ICP-

MS. 

5.2.7 Characterization 

Ouad-ICP-MS 

Quadropole Inductively Coupled Plasma- Mass Spectroscopy (Quad ICP-MS) 

was performed on a Perkin Elmer Elan 6000 ICP-MS. The flow rate on the instrument 

was 1 mL/min and dual detector mode was employed. A blank was subtracted after an 

internal standard correction and the values reported are an average of three readings (35 

sweeps per reading). Concentrations typically have <6% relative standard deviation. 

X-Ray Photoelectron Spectroscopy 

X-Ray Photoelectron Spectroscopy (XPS) was performed on and AXIS-165 XPS 

spectrometer from Kratos Analytical. The source was either Mg operated at 140 W or 

monochromatic Al Ka X-rays at a power of 210 W. The base pressure in the analytical 
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chamber was 106 - 107 Pa. The sample areas analyzed were 400 x 700 microns, with the 

analyzer normal to the surface. The pass energy for the survey spectra and the high-

resolution spectra were 160 eV and 20 eV respectively. The instrument resolution is 0.4 

eV. Samples were pressed into indium foil or carbon tape to prevent charging. Spectra 

were fitted using CasaXPS (VAMAS) software and were calibrated to the lowest binding 

energy component of the C Is emission at 284.8 eV. Fitted peaks were 30% Lorentzian 

and 70% Gaussian with asymmetric peaks used for the fitted zero oxidation states in the 

metals. Metal zero oxidation state fittings had peak full widths at half maximum ranging 

from 0.8-1.6 eV. S 2p emission was fit using a spin-orbit couple area ratio of 2:1, line 

widths of 1.33-1.35 eV within the strongest peak and 3.3 in the higher binding energy 

peak. The separation between the spin-orbit couples of S 2p emission was set to 1.15 

eV.29 

5.3 Results and Discussion 

5.3.1 Preparation of Fe@FexOy 

Fe@FexOy were prepared by the aqueous sodium borohydride reduction of iron 

(HI) chloride. They can be stored refrigerated in ethanol for extended periods of time or 

dry under inert atmosphere.4 In this study, the Fe@FexOy were stored dry, in argon to 

facilitate quantification. The black, magnetic powder is comprised of multi-layered, 

pseudo-spherical, polydisperse particles with diameters between 20-80 nm.7 Particle 

cores are amorphous iron and the shells have been identified as crystalline Fe304 
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terminated by surface Fe-OH groups.30 Commonly, sequestrations are performed at pH > 

8.5 to deprotonate Fe-OH groups and facilitate ion binding of the Fe@FexOy surface.2"4 

5.3.2 Mechanistic studies in the absence of coordinating ligands 

Fe@FexOy sequester metal ions by coordinating cations to surface Fe-OH groups. 

Remediation is aided, and its capacity increased, by the reduction of these coordinated 

ions to their metallic state by the iron core, but only when the E° of the coordinated 

cations is more positive than iron (vide supra).4 This dual remediation mechanism has 

been shown for many metals of environmental concern.25, 9' 1821 Surprisingly, it was 

recently reported in a study of the environmental remediation of technetium ions that the 

reduction mechanism is not as straightforward as first believed. X-ray Absorption Near 

Edge Spectroscopy (XANES) of supported Fe@FexOy recovered from Tc7+ sequestration 

showed no evidence of Tc(0) even though a comparison of electrochemical potentials 

predicts reduction to the metallic state. Instead evidence of reduction to only Tc4* was 

observed.9 In this context, we present evidence of the reduction of important catalytic 

late transition metals to their zero oxidation state as an antecedent to further investigation 

into the influence of coordinating environments. 

When free metal ions in solutions were sequestered onto Fe@FexOy at 

approximately 5 mmol/g, the XPS clearly showed emissions arising from the presence of 

both the metallic and higher oxidation states (Figure 5-1). 

The previous studies outlined in Chapter 4 were at lower concentrations of metal 

ions and did not provide adequate signal for such identification.7 Even at the higher 

concentrations, we did not observe metallic oxidation states for silver and ruthenium 
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when sequestration was performed in basic conditions (not shown). This may be 

understood considering salts of both of these metals are known to form insoluble oxides 

in the presence of hydroxide.27 Contrary to Li and Zhang's earlier work,4 both the 

metallic and +1 oxidation state for Ag were observed31 when the sequestration was 

performed in neutral conditions. The Ru 3p3/2 emission did not allow confident 

assignment of oxidation states. Its presence, at the very least, is consistent with the 

accepted complexation mechanism. The metallic state was readily confirmed for all other 

metals investigated here. 

It was also noted during these investigations that ion E°Mx+/M plays a significant 

role in the quantity of metal ion sequestered (Table 5-1). Fe@FexOy (5 mg/mL) were 

added to aqueous solutions containing 13-27 mM of metal ion. We noted that initial 

concentrations of ions with E° values close to Fe2+ (e.g., Co2+ and Ni2+) were lowered 

much less than ions with much higher reduction potentials than Fe2+ (e.g., Cu2+, Pd2+, Ag+, 

Pt4*, Rh3+, Ru3+). 

It is difficult to formulate a quantitative relationship between particle 

sequestration capacity and metal ion oxidation potential. Analysis is complicated because 

the exact identities of the solution species are unknown; for example, "RuCl3" is known 

to be a mixture of several ruthenium oxidation states10 and PtCl4 has been proposed to 

form [PtCl4(OH)2]
2" in water.27 Also, surface absorption provides a secondary mode of 

sequestration, which may depend more on hard-soft acid-base interactions32 than E°. 
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Figure 5-1 High resolution XPS of metals on Fe@FexOy after being 
sequestered. Sequestration was of simple metal salts from aqueous solution. 
Only the highest spin state for each appropriate orbital was fitted as indicated. 
The sum of the fittings are highlighted in blue. Of the fittings, the zero 
oxidation state fittings are highlighted in red and peaks labeled Sat. are 
identified as satellites. Special note: g) These particles were handled 
continually under inert atmosphere to present a strong Ag(0) signal. A present, 
but less intense signal was observed for particles handled in air (not shown). 



Table 5-1 Sequestration of metal ions from non-coordinating environmentsa 

Co" 

Ni* 

Cu* 

Pd* 

Agc 

Ptd 

Rh* 

R i / 

-e@F< 

Metal Source 

Co(N03)2- xH20 

Ni(N03)2-6H20 

Cu(N03)2-xH20 

Pd(N03)2-xH20 

AgN03 

PtCl4 

RhCl3xH20 

RuCl3xH20 

2xOv to solution rat 

E° 

(V) 

-0.28 

-0.257 

0.3419 

0.951 

0.7996 

0.718 

0.758 

0.386 

io of 5 mg: 

Original [M] 

(mM) 

18 

19 

19 

27 

20 

13 

17 

26 

1 mL, E° are 

Final [M] 

(mM) 

8.01 

5.40 

0.97 

0.0005 

0.0009 

0.000095 

0.000079 

0.00001 

% 

Sequestered 

54.524 

71.170 

94.991 

99.998 

99.996 

99.9993 

99.9995 

99.99997 

with respect to Standard Hyc 
Electrode, b) M2+ + 2e -* M, E° directly from Ref. (33). c) Ag+ + le" -» Ag E° directly 
from Ref. (33). d) Approximated from the E° of [PtCl6]

2 + 2e -* [PtClJ2 and [PtClJ2 + 
2e -* Pt in Ref. (33). e) Rh3+ + 3e -*• Rh E° directly from Ref.(33). f) Ru approximated 
from the E° of Ru2+ + 2e -»• Ru and Ru3+ + e" -* Ru2+ in Ref. (33). 

In all the presented cases, the sequestered metal ion E°M*+/M is greater than that of 

iron. Qualitatively, one would expect the vast excess of Fe(0) to reduce all of the metal. 

Clearly, this is not the case as a maximum capacity of metal ion that can be sequestered is 

observed. Although affiliated phenomena have been described using a band-bending 

approach,4 in the context of the present discussion an electrochemical explanation6 is 

more appropriate. Iron oxidation is proposed to be limited by ion mobility within the 

surface passivating oxide.34'35 Initially, electrons are free to tunnel to the surface of the 

particle and reduce the surface coordinated ions. As a result of the small dimensions of 

the iron core, every reduction results in a buildup of positive charge within the core, 

which cannot be relieved by the migration of ions. This process results in an additional 

anodic potential, Efldd. The resultant electrochemical cell is described as: 

^ceii = E Mx+/M - EF e3+ / F e - E f i e l d 
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Where Ecell is the effective cell potential, E°M»/M and Ep^^ are the half cell 

potentials of the sequestered metal M, and iron, respectively. Provided the Ecell remains 

positive, metal ion reduction is spontaneous. For a more positive E°M*+/M, the potential of 

Efield is correspondingly larger when Ecell= 0 and reduction of the surface metal is arrested. 

As a result, more electrons have left the core before reduction becomes no longer 

spontaneous. Hence, metals with more positive E°M*+/M (Pt, Pd, Ag), qualitatively, are 

reduced and sequestered more effectively than those with E° closer to that of iron (Co, 

Ni). 

5.3.3 Application to heterogeneous and simple homogeneous catalysts 

Heterogeneous catalysts, in principle, circumvent challenges associated with removing 

dissolved catalysts. Still, some heterogeneous catalysts such as Raney nickel36 and 

palladium on carbon commonly leach metal impurities into solution and, as a result, the 

desired reaction product.17 

Sequestration of leached nickel with Fe@FexOy from the product mixture obtained 

from the hydrogenation of cinnamic acid (1) using Raney nickel was performed. The 

nickel content in the product mixture was reduced from 75 ppm to 15 ppm (Scheme 5-1). 

Unfortunately, high resolution XPS of the recovered Fe@FexOy particles indicated the 

presence of nickel, but the emission intensity was insufficient to assign oxidation states 

(Figure 5-2). 
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Scheme 5-1 Hydrogenation of cinnamic acid (1) over Raney nickel 
followed by the sequestration of leached nickel by Fe@FexOy 

In contrast, we report clear evidence for coordination and reduction mechanisms 

for the sequestration of copper from the product of a "Click" copper(II) sulphate 

catalyzed azide-alkyne [3+2] cycloaddition (as described in Chapter 4). The product was 

contaminated much more so than in the Raney nickel case. The concentration of copper 

in the product was lowered from 2026 ppm to 16 ppm in one step.7 High resolution XPS 

of the recovered particles clearly showed a Cu 2p3/2 emission which was characteristic of 

Cu(0), Cu1+, Cu2+(Figure 5-2). 

880 870 860 850 840 940 938 936 934 932 930 

Binding Energy (eV) Binding Energy (eV) 

Figure 5-2 a) XPS Ni 2p region of Fe@FexOy after sequestering nickel 
leached from a hydrogenation over Raney nickel. Not background 
subtracted, b) XPS Cu 2p region of Fe@FexOy after sequestering copper 
from a "click" cycloaddition. The asymmetric 0 oxidation state fitting 
are highlighted in red and the sum of the fittings are highlighted in blue. 
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5.3.4 Challenges associated with strongly coordinating ligands 

In Chapter 4, we showed that solutions of catalytic metals (100 ppm) could be 

sequestered with Fe@FexOy so that > 99% of the metal ions are removed.7 In contrast, 

and not surprisingly, our experiments indicated that Fe@FexOy alone does not efficiently 

sequester catalytic metals (70-150 ppm in THF) in the presence of coordinating 

phosphines. Here we report sequestration studies of synthetically important 

tetrakistriphenylphosphine palladium(O) (Pd(PPh3)4), Grubbs' Catalyst 1st generation 

(Ru(PCy3)2ClCH2CH3), and Wilkinson's Catalyst (Rh(PPh3)3Cl). In addition, qualitative 

tests indicated the Fe@FexOy sequestration of palladium(H) acetate (Pd(OAc)2) was 

progressively inhibited by increased concentrations of triphenylphosphine and to a lesser 

degree by tributylphosphine oxide (Appendix D). We propose bulky, tightly-binding 

phosphines hinder the necessary intimate contact between the solution-borne catalytic 

metal ions and the Fe@FexOy surface, which is a requirement for both surface 

coordination and reduction mechanisms of the present technique. 

To address this problem, a series of amino acids and other small molecules were 

screened as potential competitive coordinating ligands as additives to the sequestration 

mixture. Candidate ligands were chosen (glycine (2), lysine (3), aspartic acid (4), cysteine 

(5), trithiocyanuric acid (6)) based on their capability to coordinate catalytic metals ions 

through free amine, thiol or carboxylic acid functional moieties and simultaneously 

interact with Fe@FexOy surfaces with free carboxylic acid groups. Trithiocyanuric acid 

was also chosen because of its known affinity to bind palladium yielding an insoluble 
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solid.37 Cysteine consistently proved among the most effective additive for sequestration 

in our initial experiments (Table 5-2). (Appendix D) 

o 

NH3 

OH H2 N 

0 O HS N y S H 

OH ° Y V ^ ° H X J I 
NH2 OH NH2 T 

SH 
3 4 6 

O 
O 

HS' y OH 
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5 

HS ' — OH 

7 

HS 
NH2 

Scheme 5-2 Small molecule additives screened for aiding 
Fe@FexOy sequestration of phosphine containing metal catalysts 

Table 5-2 Sequestration of 40-150 ppm solutions of metal-phosphine catalysts using 
Fe@FexOy and aided by small molecules" 

Small molecule additive 

Fe@FexOy only 

Glycine (2) 

Lysine (3) 

Aspartic acid (4) 

Cysteine (5) 

Trithiocyanuric acid (6) 

3-Mercaptopropionic acid (7) 

Cysteamine (8) 

Grubbs' Catalyst 

% Removed 

35 

46 

46 

26 

64 

17 

98 

96 

Pd(PPh3)4 

% Removed 

12 

35 

82 

22 

99.6 

41 

99.5 

90 

Wilkinson's Catalyst 

% Removed 

43 

54 

54 

31 

91 

38 

77 

32 

" 5 mL of metal-catalyst THF solution, 20 mg of Fe@FexOy, 20 mmol of the small molecule, 
and 0.5 mL of 0.02 mM KOH. 

The apparent efficiency with which the cysteine/Fe@FexOy mixture sequestered 

metals raised questions regarding the interactions between cysteine, catalytic metal ions 

and the Fe@FexOy surfaces. A series of blank experiments and sequestrations using 

structurally similar molecules to cysteine were performed; ligands were chosen to 

interrogate the role of functional groups on cysteine. Each ligand chosen was missing one 
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of the cysteine functional groups: glycine (no thiol), 3-mercaptopropionic acid (7) (no 

amine) and cysteamine (8) (no carboxylic acid). The impact of these additive ligands on 

the ability of the Fe@FexOy to sequester Grubbs' Catalyst, Pd(PPh3)4, and Wilkinson's 

Catalyst are summarized in Table 5-2. Of particular note, and to put the following 

discussion in context, Fe@FexOy alone merely decreases Grubbs' Catalyst, Pd(PPh3)4, 

and Wilkinson's Catalyst concentrations by 35%, 12% and 43%, respectively. 

The glycine/Fe@FexOy combination marginally increased the sequestration 

efficiency of Fe@FexOy alone, however fell short of the thiol-containing systems. These 

observations highlight the importance of the thiol moiety and are consistent with the 

relative thiophilic bonding characteristics of the Ru, Rh, and Pd predicted by Pearson's 

Hard-Soft acid base theory.38 

3-Mercaptopropionic acid and cysteamine used in combination with Fe@FexOy 

met or exceeded the sequestration abilities of cysteine/Fe@FexOy mixtures (Table 5-2). 

Although both were effective, 3-mercaptopropionic acid was consistently more potent in 

facilitating the sequestration of phosphine containing metal catalysts by Fe@FexOy. 

Cysteine, in the ~10:1 THF:water solvent system employed here, did not require 

iron particles to sequester the metal ions as a non-magnetic insoluble material. Typically, 

sequestrations using cysteine alone lowered the concentrations of Grubbs' Catalyst and 

Pd(PPh3)4 by 63% and 99.9%, respectively. This data is comparable to those obtained 

when the Fe@FexOy was present (Table 5-2) and are consistent with patent literature that 

report aqueous solutions of cysteine can extract catalytic metals from hydrophobic 

solutions.37' 39 In these cases, the Fe@FexOy provided no added benefit presumably 
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because the precipitation of the metal ions as a complex with cysteine prevented 

interaction with the Fe@FexOy. 

In contrast to the cysteine case, a strong synergistic effect was observed when 

Fe@FexOy was employed in combination with 3-mercaptopropionic acid and cysteamine. 

Sequestration without Fe@FexOy, and only 3-mercaptopropionic acid or cysteamine 

provided 26% and 84% removal, respectively, for Grubbs' catalyst, and 45 and 85%, 

respectfully, for Pd(PPh3)4, and 21% for both for Wilkinson's catalyst. These results were 

strikingly improved when Fe@FexOy was also present (Table 5-2). Replacing Fe@FexOy 

with and equal mass of a common filtering agent such as celite or carbon black in the 

presence of cysteamine or 3-mercaptopropionic acid provided markedly inferior results 

(Table 5-3), further highlighting the importance of the synergistic influences of 

Fe@FexOy and thiol containing molecules. 

Table 5-3 Percent removal of phosphine-coordinated metals using 
common filtering agents and small molecule additives a 

Grubbs' 
Catalyst 

Pd(PPh3)4 

Celite 

Carbon Black 

Celite 

Carbon Black 

cysteamine 

75% 

77% 

76% 

62% 

3 -mercaptopropionic 
acid 
80% 

77% 

99.93% 

99.95% 

" Experiments were carried out as outlined in Section 5.2.4 Small molecule 
additive screening with 20 mg of filtering agent replacing Fe@FexOy. 

Further investigations indicated the addition of 1-2 equivalents (compared to the 

small molecule additive) of KOH to the reaction mixture increased the sequestration 

efficiency for 3-mercaptopropionic acid and cysteamine (Table 5-4). Usually, 

sequestration of cations by Fe@FexOy are preformed above the zeta potential (~ pHzp > 8) 
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of the particles to induce negatively charged surfaces that have a higher infinity for metal 

cations.40 Here, it has been demonstrated that aqueous sequestration of Ag+ and Ru3+ can 

be performed in neutral conditions (vide infra) and pH dependant sequestration studies in 

aqueous media with simple metal salts have been performed elsewhere.4 For the present 

case, the addition of base may have improved sequestration by deprotonating the small 

molecule thiol moiety, thereby increasing its affinity toward the catalytic metal ions. 

Similar sequestration abilities were not observed for cysteamine and 3-mercaptopropionic 

acid, which would have been consistent with this hypothesis. An alternative explanation 

for the observed improvement in sequestration efficiency lies in the basic media 

deprotonating carboxylic acid, thiol or ammonium cations of the additive molecules. In 

doing so, the affinity of additives to the Fe@FexOy surfaces is increased. In turn, this 

makes the catalyst metals ligated to the additive molecules more amenable to 

immobilization on the Fe@FexOy and increases sequestration efficiency. This hypothesis 

is consistent with the observation of differing sequestration abilities of 3-

mercaptopropionic acid and cysteamine as different moieties have differing bonding 

strengths to iron oxide surfaces.41'42 

Table 5-4 Effect of pH on percent removal of phosphine-coordinated metals 
using Fe@FexOy and small molecule additives. 

[KOH]" 

Water 

0.2 mM 

0.4 M 

0.8 M 

Wilkinson's Catalyst 

3-mercapto-
cysteamine propionic acid 

32% 77% 

53% 90% 

Pd(PPh3)4 

3-mercapto-
cysteamine propionic acid 

90% 99.20% 

91% 99.60% 

92% 99.94% 

92% 99.30% 

Grubbs' Catalyst 

3-mercapto-
Cysteamine propionic acid 

91% 96% 

96% 98% 

98% 

" Experiments were carried out as outlined in Section 5.2.4 Small molecule additive screening.b 

[KOH] is in reference to the concentration in the 0.5 mL water aliquot added to each reaction. 
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5.3.5 Application to homogeneous catalysis 

Having established that 3-mercaptopropionic acid or cysteamine facilitates 

sequestration of catalytic metals in the presence of strongly binding ligands, it was 

important to apply the present methodology to the metals following a catalytic reaction. It 

is known that catalysts may undergo complicated degradation processes22'43 and a mixture 

of unidentified metal species of varying oxidation states is likely. For this reason, our 

approach was applied to the reaction mixtures resulting from synthetically relevant 

reactions including: a Heck coupling catalyzed by Pd(PPh3)4,
25 a ring closing metathesis 

catalyzed by Grubbs' catalyst,11 a hydrogenation catalyzed by Wilkinson's catalyst,24'28 

and Suzuki-Miyaura couplings catalyzed by either 

tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) or Pd(PPh3)4.
26 The sequestration of 

the residual metal impurities from the crude reaction mixtures were performed using a 

10:1 THF to 0.4 M KOH(aq) ratio, and 18 mM in 3-mercaptopropionic acid or cysteamine. 

(-)-Carveol (9) was hydrogenated using Wilkinson's catalyst24'28 and the resulting 

crude product mixture was contaminated with 4.98 x 103 ppm of rhodium. Sequestration 

of rhodium by Fe@FexOy and aided by 3-mercaptopropionic acid (7) provided a 74% 

decrease in the concentration of rhodium. The addition of cysteamine (8) only allowed 

for a 6% decrease in rhodium concentration from the product mixture (Scheme 5-3a). 

This is consistent with the observations seen in the screening tests (vide supra). Prompted 

by the consistently poorer results obtained when adding cysteamine, it was decided to 

focus on the employment of 3-mercaptopropionic acid. 
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a) Rhodium catalyzed hydrogenation 
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b) Ruthenium catalyzed ring closing metathesis 
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c) Palladium catalyzed Heck coupling 
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Scheme 5-3 Phosphine-Metal Catalyst sequestration by Fe@FexOy and 3-
mercaptopropionic acid (7) or cysteamine (8). 
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A ring closing metathesis by Grubbs' catalyst (1st Generation) (10) of diethyl 

diallylmalonate (11) was performed according to a literature procedure11 affording 

product containing 13.8 x 103 ppm of ruthenium. Sequestration of ruthenium from the 

product by Fe@FexOy and 3-mercaptopropionic acid provided a 91% decrease in the 

concentration of ruthenium (Scheme 5-3b). Furthermore, palladium in the product of a 

Heck coupling catalyzed by Pd(PPh3)4
25 was sequestered by similar conditions giving a 

93% decrease in palladium content (Scheme 5-3c). 

Lastly, residual palladium within the product mixture of the Suzuki-Miyaura 

coupling of 4-bromonitrobenzene (12) and phenylboronic acid (13) was sequestered 

(Scheme 5-4). When either Pd2(dba)3 or Pd(PPh3)4 were employed as catalysts, and after 

incidental palladium black was removed by filtration, the resulting products were 

contaminated with 12.8 ppm and 91.2 ppm respectively. Pd2(dba)3 was the more active 

catalyst (as evidenced by a greater yield and shorter reaction times) and also provided 

less palladium contamination in the product. Upon sequestration of the two product 

mixtures by Fe@FexOy, a 55% reduction in palladium concentration was observed for the 

Pd2(dba)3 catalyzed product and 37% reduction for the Pd(PPh3)4 catalyzed product 

mixture. This can be understood by dibenzylideneacetone being a weaker ligand than 

triphenylphosphine in highly ligated palladium26 and therefore is more readily displaced 

by Fe-O functionalities on the iron surface. The product mixture achieved by Pd(PPh3)4 

was also treated with Fe@FexOy and 3-mercaptopropionic acid. In this case, the result 

was excellent: a decrease of palladium concentration by 97%, leaving 2.3 ppm in the 

product mixture (Scheme 5-4). Of particular note, reduction of the product 4-

nitrobiphenyl (14) to 4-aminobiphenyl,44'45 even after 20 h of exposure to the iron, was 

123 



observed by GC-MS to be as low as 3%. Further prevention of the formation of the amine 

is possible by increasing the pH of the solution and by optimizing sequestration times. 

[Pd]= 5.7 ppm 
55% decrease in [Pd] 

02N -<\ h— Br + (HO)2B 

12 13 

Pd2(dba)3, K2C03 

Acetone/ Water 
reflux, 2 h 

Pd(PPh3)4, K2C03 

Acetone/Water 
reflux, 12 h 

Fe@FexOy 

0.4 M KOH(aq) 

THF 

14 

quantitative yield 
[Pd] = 12.8 ppm 

[Pd]= 2.3 ppm 
97% decrease in [Pd] 

7, Fe@FexOy 

0.4 M KOH(aq) 

THF 

«0-Q 
42% yield 

[Pd] = 91.2 ppm 

Fe@FexOy 

0.4 M KOH 
THF 

(aq) 

[Pd] = 57 ppm 
37% decrease in [Pd] 

Scheme 5-4 Application of Fe@FexOy to the sequestration of Pd from Suzuki-Miyaura 
couplings. 
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5.3.6 XPS studies ofFe@FexOy after sequestration ofphosphine coordinated catalysts 

Knowing the presence of 3-mercaptopropionic acid or cysteamine was necessary 

to achieve effective sequestration with Fe@FexOy, it was unknown if the additives 

allowed for reduction of the metals onto the particle surfaces. The bifunctional molecules 

were chosen on the premise that one functionality would bond to the catalytic metal and 

the other to the iron surface (vide supra). The specific role of the small thiol containing 

molecules had yet to be confirmed. 

High resolution XPS spectra of Fe@FexOy following sequestration were obtained 

for the appropriate regions for C, O, P, S, N, Fe and the catalytic metals. Consistent with 

literature reports, the Fe 2p spectra of the particles before sequestration showed evidence 

of Fe(0), Fe2+, and Fe3+; following sequestration, the Fe(0) peak was no longer present or 

greatly reduced in intensity (Figure 5-3). This may result from oxidation by metal cations 

or by extended exposure to air. 4 

3 

V) 

c 
c 

732 722 712 702 
Binding Energy (eV) Binding Energy (eV) 

Figure 5-3 Representative XPS Fe 2p region of Fe@FexOy a) before 
sequestration (with 0 oxidation state fitting highlighted in red) and b) 
after sequestration. 
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High resolution spectra of the P Is region (128 -140 eV) did not give a signal 

above the background, consistent with the complete exchange of phosphine ligands on 

the metal catalysts sequestered. 

Typical O Is spectra of the Fe@FexOy following sequestration present a broad 

peak containing several components (Figure 5-3). The emissions at 530.9 eV and 532.4 

eV can be assigned to O2" from the FexOy and the surface Fe-OH functionalities, 

respectively.46 The highest binding energy at 533.6 eV component is resultant from 

surface-adsorbed carboxylate46 when 3-mercaptopropionic acid was present (Figure 5-4). 

This component is correspondingly absent when cysteamine was employed (Figure 5-4b). 

We did not closely examine the O Is spectra from samples containing Pd as there is 

spectral overlap between the O Is and Pd 3p spectral lines.47 Other unidentified 

components may also be present. From the spectra we can conclude for Fe@FexOy used 

with 3-mercaptopropionic acid, the carboxylate group is bound to the iron surface. 

(0 

(0 c o 

535 533 531 529 
Binding Energy (eV) 

527 535 533 531 529 527 

Binding Energy (eV) 

Figure 5-4 Representative XPS O Is region of Fe@FexOy following 
sequestration of catalytic metals aided by a) 3-mercaptopropionic acid and 
b) cysteamine. The sum of the fittings are highlighted in blue. 
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The N Is emission of the Fe@FexOy following sequestration in the presence of 

cysteamine shows a clear indication of the amine being bonded to the iron oxide surfaces 

under near neutral conditions, but not at higher pH. When sequestration was performed 

close to neutral conditions, two high binding energy peaks were fitted at 400.2 eV and 

401.4 eV (Figure 5-5a). These values are consistent with two different binding modes of 

aliphatic amines with metal/metal oxide surfaces.46 The lowest binding energy component 

at ~398.9 eV under near neutral conditions is also the only component observed when 

sequestration was performed with 1 equivalent of base (Figure 5-5b). This value is ~2 eV 

lower than literature values for protonated amines and ~1 eV lower than alkyl amines 

bonded to a surface.46 This component is most likely caused by free amine with the 

binding energy lowered by induction effects arising from negatively charged thiolate 

nearby on the molecule. This shift to lower binding energy is similar to literature for 

EDTA and its salts.48 The presence of free amine indicates, by deduction, some thiol of 

the cysteamine must be bonded to the surface at low pH and only thiol is bonded to the 

Fe@FexOy surface at high pH. At low pH, there is also some coordination of the amine to 

the Fe@FexOy surfaces. The addition of base deprotonates the thiol (RSH) to yield 

thiolate (RS~) increasing its affinity for the Fe@FexO surfaces (vide infra) at high pH. 
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Figure 5-5 Representative XPS N Is region of Fe@FexOy following 
sequestration of catalytic metals aided by cysteamine at a) near neutral 
conditions b) 1 equivalent added KOH. The sum of the fittings are 
highlighted in blue. 

The S 2p XPS is consistent with the conclusions drawn from the O Is and N Is 

spectra for Fe@FexOy after sequestration with 3-mercaptopropionic acid and cysteamine, 

respectively. The dominant S 2p XPS emission arising from the Fe@FexOy after a 

sequestration of a metal catalyst in the presence of cysteamine or 3-mercaptopropionic 

acid contained two broad peaks and were fit with spin-orbit couples (Figure 5-6). For 

Fe@FexOy used with 3-mercaptopropionic acid for sequestration, four couples were fitted 

(Figure 5-6a). The binding energy of the lowest energy couple (162.0 and 163.2 eV) is 

shifted ~1.7 eV lower than what is reported for free thiol, indicating the presence of 

thiolate (RS ).49 The middle spin orbit couple fitted (163.2 and 164.4 eV) lies between 

free thiol and thiolate49 and we propose is resultant from species bound to the particle 

surfaces or the catalytic metal cations. The emission couple at 163.7 and 164.9 eV agrees 

with literature values for free thiol.49 Often another broad peak was observed at higher 

binding energy (166.7 and 167.80 eV) consistent with oxidation of thiolate to the 

sulfonate anion (RS020).29 '49 'X 
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Figure 5-6 Representative XPS S 2p region of Fe@FexOy following 
sequestration of catalytic metals aided by a) 3-mercaptopropionic acid 
and b) cysteamine. Spin-orbit couples are fitted and indicated by 
matching colour. Sums of the fittings are highlighted in blue. 

The addition of base caused the relative intensities for the S 2p couples to be 

different for the cysteamine and 3-mercaptopropionic acid cases. For Fe@FexOy used 

with cysteamine with 1 equivalent of KOH added, unlike 3-mercaptopropionic acid, the S 

2p spectra did not include the emission couple designated for free thiol (Figure 5-6b). We 

postulate this change is due to the differing effects of the added KOH on cysteamine and 

3-mercaptopropionic acid. (For reference, we note that cysteine has pKa =1.7 (-COOH), 

8.3 (-SH), 10.8 (-NH3
+))51 For 3-mercaptopropionic acid, adding base will deprotonate 

the carboxylic acid before the thiol, leaving some free thiol. For cysteamine, because 

there is no carboxylic acid, the addition of base causes deprotonation of the thiol to 

thiolate. When base was not added, an emission couple for free thiol was observed for 

cysteamine. 

Previously, it has been have shown that iron oxide particles preferentially bind to 

organic acids over thiol groups.41 From this, we can infer the S 2p component of 
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intermediate binding energy is due to the thiol bonded the catalytic metal ions for 3-

mercaptopropionic acid and not to the Fe@FexOy surfaces. For cysteamine, the strong 

relative intensity of the S 2p bonded component compared to the lower binding energy 

free thiolate, indicates the thiol is bonding to the iron surface as well as to the catalytic 

metal cations. This is consistent with the N Is spectra of Fe@FexOy recovered after 

sequestration with cysteamine (vide supra). At low pH, some amine is bonded to the 

Fe@FexOy surface, but at high pH, only free amine is observed. 

From both the S 2p and N Is spectra for cysteamine, we conclude the amine 

functionality is bonded to the particle surfaces at low pH and the thiol is bonded to the 

catalytic metal ions. At higher pH, the thiol may also bond to the iron surface (vide 

supra). These results are consistent with the poorer sequestration obtained when 

cysteamine is used instead of 3-mercaptopropionic acid; the literature has presented 

evidence for carboxylic acids binding more strongly to iron oxides than amines42 and 

thiols.41 This leads us to postulate sequestration is not limited by the replacement of the 

phosphines on the catalytic metals by thiol, but rather by how strongly the other 

functionality of the additive molecule binds to the Fe@FexOy surfaces enabling 

immobilization of the catalytic metal. 

When Wilkinson's catalyst was sequestered by Fe@FexOy a contribution from 

Rh(0) was only seen for samples that were sonicated rather than stirred (Figure 5-7). This 

low binding energy component, if present, was a fraction of the total Rh 3d5/2 signal 

(<10%). This is in stark contrast to the Rh(0) component observed for aqueous 

remediation without coordinating ligands present (~25%) (Figure 5-1). 
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Figure 5-7 Example XPS Rh 3d region of Fe@FexOy after 
sequestration of Wilkinson's catalyst aided by small thiol containing 
molecules a) by sonication b) by stirring. The sum of the fittings are 
in blue and the 0 oxidation sate fitting in a) is highlighted in red. 

Unlike Wilkinson's catalyst, when Pd(PPh3)4 was sequestered by Fe@FexOy and 

one of the thiol containing small molecules, regardless of sample handling, there was no 

evidence of Pd(0) on the iron particles by XPS. Only the higher oxidation states were 

observed (Figure 5-8). These results suggest 3-mercaptopropionic acid and cysteamine, 

like phosphines, prevent intimate contact between the particle surface and catalytic metal, 

thus inhibiting reduction of the catalytic metal by the iron particles. We propose the high 

energies associated with sonication provided sufficient lability of the thiol-Rh bonds for 

the iron oxide surfaces to bind the catalytic metals and allow for reduction. 

Figure 5-8 Example XPS Pd 
3d region of Fe@FexOy after 
sequestration of Pd(PPh3)4 

catalyst aided by small thiol 
containing molecules. The sum 
of the fittings are highlighted 
in blue. 
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5.4 Conclusions 

Coordinating environments for contaminant metals, such as phosphine stabilized 

ruthenium, rhodium, palladium, have a drastic effect on the sequestration capabilities of 

Fe@FexOy. The problem can be overcome by the addition of some thiol-containing small 

molecules such as cysteamine and, more effectively, 3-mercaptopropionic acid. The 

inclusion of a thiol group was imperative to displace the phosphines on the catalyst 

metals and promote sequestration by Fe@FexOy. 

In the sequestration of simple metal salts from aqueous media and organic 

reaction products, some reduction of cobalt, copper, nickel, rhodium, palladium, silver 

and platinum was observed (results were inconclusive for ruthenium). The amount of 

metal sequestered per mass of Fe@FexOy was shown to increase with increasing 

electrochemical half-cell potential of the cation in question. This phenomenon is 

understood by an electrochemical explanation where sequestration is limited by ion 

immobility in the oxide shell and a build up of charge in the iron core. 

However, for systems containing phosphines in the remediation of metals by 

Fe@FexOy and small thiol containing molecules, redox behaviour was less dominant. 

Reduction to the metallic oxidation state was only observed for Wilkinson's catalyst and 

only when the sample was exposed to sonication. In all other similar cases studied, 

inhibition of the reduction mechanism was observed. 

The modified sequestration technique, where Fe@FexOy is added in conjunction 

with 3-mercaptopropionic acid, was applied successfully to the product mixtures of a 

Heck coupling catalyzed by Pd(PPh3)4, ring closing metathesis catalyzed by Grubbs' 
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catalyst (1st generation), hydrogenation catalyzed by Wilkinson's Catalyst, and Suzuki-

Miyaura couplings catalyzed by Pd(PPh3)4 and Pd2(dba)3. 
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Chapter 6: Conclusions and Future Work 

This thesis has covered several diverse areas of research united by the theme of 

synthesis and applications of iron containing nanoparticles. This chapter will present a 

summary of the conclusions and some recommended future work for each research area 

outlined herein. Finally, a broad perspective of how this research ties into the greater 

scientific field of nanoparticle research is presented. 

6.1 Preparation of FeTi nanoparticles (Chapter 2) 

6.1.1 Conclusions 

Using the co-reduction technique, the preparation of FeTi nanoparticles was 

attempted. Solutions of iron(III) and titanium(IV) chlorides were reduced with alkali 

naphthalides and potassium triethylborohydride. An amorphous material was obtained 

that contained both iron and titanium with inconsistent stoichiometric ratios between 

samples. The thermal decomposition of Fe(CO)5 in the presence of either preformed Ti 

clusters or Cp2Ti(CO)2 was also attempted. These reactions also did not give the desired 

FeTi product. Instead, crystalline magnetite/maghemite was identified in a matrix of 

(likely) amorphous titania. 
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In none of the syntheses attempted were separated FeTi particles observed. It is 

likely that the crystal structure mismatch between bcc iron and hep titanium prevents one 

metal from growing epitaxially on the other thus hindering the formation of FeTi 

intermetallic and core-shell nanoparticles. 

6.1.2 Future Work 

Of the alloy particles reported in the literature so far, almost all have one 

constituent of the coinage or noble metals.1 To our knowledge, there are no reported 

solution synthesis of alloys nanoparticles containing the early transition metals. The 

reason for this is unclear. The oxophilicity of early main group metals may make 

characterization difficult but it appears, at least in the current case, the very preparation of 

the alloy as nanoparticles is hampered. This is strange considering intermetallics between 

early and late transition metals tend to be some of the most stable known.2'3 

The question remains, is facile crystal structure matching truly necessary for alloy 

and intermetallic nanoparticle formation? To address this, the synthesis of nanoparticle 

alloys of the early transition metals should be attempted. A wide spanning, detailed and 

systematic exploration of which alloys can be easily formed and which do not, along with 

a detailed examination of their phase diagrams may illuminate determining factors. This 

will require the fearless publication of "failed" experiments. Perhaps the scientific 

community's reluctance to do so to date has hindered progress in this area. 

For titanium alloys and intermetallics specifically, a first step may be to attempt 

the preparation of RuTi nanoparticles. The phase diagram of this system has key 
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similarities to that of FeTi;4 Ru and Ti metals have different crystal structures and there is 

a CsCl structured intermetallic of RuTi. Unlike iron, small amounts of Ru will induce the 

titanium to adopt the bcc structure below 200 °C.5 For iron-titanium, this only happens at 

temperatures above 568 °C (see Figure 2-1).4 Inducing structural changes at temperatures 

relevant to the solution chemist will make the RuTi system easier to study before 

returning to FeTi. 

Should this prove successful, the preparation of ternary alloy particles of RuFeTi 

may prove to provide a back door route to the formation of FeTi nanoparticles. 

6.2 Size control of iron and iron oxide nanoparticles (Chapter 3) 

6.2.1 Conclusions 

The solution decomposition of Fe(CO)s was studied in order to achieve particles 

smaller than the 4 nm particles already observed in the literature. ' The use of 

surfactants was found to inhibit growth and prevent nucleation of particles. Therefore, 

surfactant choice was not found to be an efficient way to achieve very small particles. 

The presence of water was found to increase nucleation events by lowering the 

activation energy for decomposition through water-gas-shift chemistry. The average 

particle size was varied from 5.6 nm down to 2.2 nm by changing the initial water 

concentration in the solution.8 
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Introduction of Fe(CO)s directly into hot solvents and surfactant mixtures also 

saw particle below 4 nm, however safety became a concern in some reaction procedures 

and yields were small for others. 

Decomposition of Fe(CO)s by sonication of solutions also showed promise for 

particles below 4 nm. To avoid surfactant lability and the sintering of particles, very short 

reaction times were required which also greatly reduced the yields. 

Significant headway was made in determining and isolating the factors which 

control particle size. 

6.2.1 Future Work 

Many factors have been identified to influence particle size in the Fe(CO)5 system 

both by our research group and others.8"14 Isolation and control of these factors makes 

experimental reproducibility a major problem. It is likely variable water concentrations 

have been influencing the consistency of results in other laboratories. Water 

concentration should be controlled or monitored and reported in the future if batch-to-

batch reproducibility is to be realized. The use of statistics to prove a trend is 

underemployed in our field and will prove a very useful tool for identifying trends 

between particle size and less obvious factors. 

The best yields and smallest particles were achieved by the highest water 

concentrations in our solutions, which gave particles with an average diameter of 2.2 nm. 

The water concentration was limited by the solubility of water in the reaction mixture. 

The choice of a more hydrophilic solvent and optimization of surfactant concentrations 
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may yield even smaller particles. This may give size control of iron particles of sizes 

below 2.2 nm. 

6.3 The use of Iron oxide capped iron nanoparticles for the removal of catalytic 

metals (Chapters 4 and 5) 

6.3.1 Conclusions 

Iron oxide capped iron nanoparticles (Fe@FexOy) can be used to sequester trace 

catalytic metals from reaction products in aqueous and polar organic solvents.15' 16 In 

cases where there are no strongly coordinating ligands present, the mechanism of 

remediation is two fold. Metal ions are coordinated to surface hydroxyl groups of the iron 

oxide particle surfaces and can also be reduced to the zero oxidation state by the iron 

metal core.15' 16 Since part of the sequestration depends on reduction, there is a trend 

between electrochemical potential of the metal being sequestered and the remediation 

capacity; metal ions with much higher electrochemical potentials than that of iron are 

sequestered more effectively.16 

The presence of coordinating phosphines hinders straightforward sequestration of 

catalytic metals by Fe@FexOy. Sequestration can be efficient when it is performed in the 

presence of 3-mercaptopropionic acid. Spectroscopic analysis indicates the carboxylic 

acid group bonds to the iron surface and the thiol group competitively bonds to the 

catalytic metals. Under these situations, sequestration is dominated by the adsorption 

mechanism rather than the reduction.16 
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These techniques were successfully applied to a hydrogenation over Raney 

nickel,16 a copper catalyzed "click" reaction,15 Heck couplings,15' 16 a Suzuki-Miyaura 

coupling, hydrogenation over Wilkinson's catalyst and a ring closing metathesis by 

Grubbs' Catalyst.16 

6.3.2 Future Work 

Chapters 4 and 5 only scrape the surface of the potential for this technique. The 

use of additives other than 3-mercaptopropionic acid may provide enhanced 

sequestration. For example, dimercaptosuccinic acid has two carboxylic acid groups and 

two thiol groups and is already FDA-approved for heavy metal poisoning.17 Also, the 

addition of an aliphatic chain to the additive may allow for sequestration in non-polar 

solvents. 

In all, the next step for this technique is application-based development. Each 

known sequestration technique and material has advantages and disadvantages which are 

weighted for each individual trace metal problem. ' Further development of this 

technique will be most effective by targeted development to a specific industrial reaction, 

substrate, solvent, etc. 

Examining the situation in another light, very inexpensive and magnetic particles 

have been capped with small amounts of expensive catalytic metals. These provide 

interesting catalytic materials in and of themselves with the potential of very facile 

catalyst recycling due to the magnetic properties of the iron. What chemical 

transformations can be performed? Is the reactivity different than the same catalytic 
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metals on other supports? Can we add two different materials to the surface? How does 

this change the reactivity? Does the presence of the iron core change the reactivity? 

These questions are currently under examination in our laboratory. 

6.4 Answering questions and discovering more questions 

Studies were performed examining three fundamental questions posed in the 

introduction that nag and drive the nanoparticle chemist. These questions apply generally 

to nanoparticles and are being answered by the broader community. We have responded 

to these questions in the context of iron containing nanoparticle systems. 

1) Can we control the composition of these particles? 

In Chapter 2 possible syntheses for FeTi nanoparticles were examined, which 

were ultimately unsuccessful. Indeed the formation of alloy nanoparticles is not 

straightforward and requires much more extensive study to achieve desired compositions. 

In Chapters 4 and 5, Fe@FexOy were used to remove catalytic metals from 

solutions. Although not a direct goal, the surface of these particles were covered with a 

wide variety of different metals and are now providing possibilities as catalytic materials. 
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2) What controls the size of particles? 

In Chapter 3, a detailed exploration of one nanoparticle forming system was 

discussed: the decomposition of Fe(CO)5 in solvent/surfactant systems. It was found that 

the counter-productive balance of nucleation and growth inhibition as controlled by 

surfactants dictated particle sizes. It was also discovered that trace water in the reactions 

decreased particle size by promoting the decomposition of Fe(CO)5. Nanoparticles as 

small as 2.2 nm were achieved and are some of the smallest in the literature. The different 

factors determining particle size have not been identified, and size control below 2.2 nm 

remains a brass ring for which we can reach. 

3) How can the chemical properties of the materials be exploited? 

Chapter 4 and 5 focused on the use of iron oxide capped nanoparticles to remove 

trace catalytic metal impurities from reaction products. This technique is ready for further 

development for a specific industrial problem. 

By no means are our answers to these broad questions complete - even for iron 

specifically. Some of our responses have wide-ranging applicability and others have 

provided surprises and exceptions. Like most science, this exploratory research into iron 

containing nanoparticles has birthed more questions, providing a challenge and a call to 

battle for further experimentation. Iron containing nanoparticles are intriguing materials 

to study and very promising for some areas of application. Their future development will 

be worth following. 
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Appendix A: EDS spectra (Sections 2.3.2-5) 

Figure App. A-l: Example EDS spectrum of a reduction of iron(III) and titanium(IV) 
chlorides* 

3 
05 

V) 

c 

3 4 5 6 7 
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* Si is background from the drifted silicon detector, Cu from the copper TEM grid. The strong C peak is partially a 
result of the carbon coated TEM grid 

Figure App. A-2: Example EDS spectrum of a reduction of iron(III) and titanium(IV) 
chlorides 
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Figure App. A-3: EDS spectrum of particles resultant from the high temperature 
reduction of iron(III) and titanium(IV) chlorides 
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Figure App. A-4: EDS spectrum of amorphous material from the thermal decomposition 
of Fe(CO)5 and Cp2Ti(CO)2 
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Figure App. A-5: EDS spectrum of cube-like structures resultant from the thermal 
decomposition of Fe(CO)5 and Cp2Ti(CO)2 
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Figure App. A-6: EDS spectrum of material resultant from the decomposition of 
Fe(CO)5 in the presence of Ti clusters (formed in situ) 
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Appendix B: Additional statistical details 

Size distributions (section) 3.3.1 
Size distribution of oleic acid capped particles 
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Statistical analysis for the promotion of decomposition by water (Section 3.3.3) 

The Count of the number of particles measured, their Average diameter and their 
Standard Deviations are reported for each sample. ANOVA (single factor) was conducted 
on sets of samples at the same concentration giving an F value. F-critical is the value 
above which the null hypothesis (that the data sets are from the same probability 
distribution) is rejected at a =0.05. 

Table App. B-l: Statistical analysis of particle diameter. 
IH2OI (ppm) 

101 

181 

234 

479 

657 

1073 

1590 

A 

B 
C 
D 

A 

B 

C 
D 

A 

B 

A 

B 

A 

B 

C 

A 

B 

A 

B 

Count 

158 

147 
85 

120 

141 

133 
112 

126 

134 

134 

181 

145 

96 

133 
154 

150 

198 

134 

128 

Average (nm) 

5.58 

5.52 

5.06 

5.59 

4.68 

4.67 

4.92 

4.84 

3.11 

4.54 

4.23 

3.01 

2.54 

2.42 

3.53 

3.47 

2.80 

2.47 

2.20 

St. Dev. (nm) 

0.50 

0.44 

0.46 

0.59 

0.65 

0.59 

0.56 

0.40 

0.51 

0.55 

0.59 

0.42 

0.49 

0.39 

0.43 

0.45 

0.36 

0.40 

0.38 

F 

23.9 

6.2 

490.2 

449.7 

276.0 

242.1 

30.8 

F-critical 

2.6 

2.6 

3.9 

3.9 

3.0 

3.9 

3.9 
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ANOVA was then performed between groups and a Tukey Post Test to examine the 
statistical differences between pairs of groups. Prism 5.0 software was employed. 

Table App. B-2: Analysis between concentration groups 
One Wav ANOVA between groups 

P value < 0.0001 

Are means signif. different {i.e., P < 0.05)? Yes 

Tukev's Multiple Comparison Test 

Water concentration (ppm) 
groups 

101 vs 181 
101 vs 234 

101 vs479 

101 VS657 

101 vs 1073 

101 vs 1590 

181 vs 234 

181 vs 479 

181 vs657 

181 vs 1073 

181 vs 1590 

234 vs 479 

234 vs 657 

234 vs 1073 

234 vs 1590 

479 vs 657 

479 vs 1073 

479 vs 1590 

657 vs 1073 

657 vs 1590 

1073 vs 1590 

Mean 
Difference 

0.66 

1.613 

1.818 

2.608 

2.303 

3.103 

0.9525 

1.158 

1.948 

1.643 

2.443 

0.205 

0.995 

0.69 

1.49 

0.79 

0.485 

1.285 

-0.305 

0.495 

0.8 

Significant? 
i.e., P < 0.05? 

No 
Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

Yes 

Yes 

Yes 

No 

No 

No 

No 

No 

No 

No 
No 

No 

No 



Appendix C: XPS of Fe@ FexOy 

after Sequestration (Section 4.3.1) 
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Appendix D: Small molecule additive 
screening experiments for metal 
sequestration using Fe@FexOy 

(Sections 5.2.4 and 5.3.4) 

Legend 

ASP Aspartic acid 

CYS Cystiene 

CYA Cysteamine 

GLY Glysine 

LYS Lysine 

MEA 3-mercaptopropionic acid 

TUA Trithiocyanuric acid 
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