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Abstract
This thesis focuses on synthesis, characterization and catalytic applications of
iron-based nanoparticles (NPs) in Suzuki-Miyaura cross-coupling reactions.
Palladium “decorated” Fe@FexOy NPs (Fe@FexOy/Pd NPs) were prepared
making use of established reducing nature and coordinating ability of the
Fe@FexOy NPs. Fe@FexOy/Pd NPs were evaluated and found to exhibit high
catalytic activity in a series of Suzuki-Miyaura cross-coupling reactions in
aqueous solution at room temperature in air. The Fe@FexOy/Pd system was
reused efficiently and only a slight loss of activity was observed after the third
reaction. Furthermore, Fe@FexOy/Pd has special retention ability for Pd species
making leached Pd negligible. The effect of Fe@FexOy on the catalytic activity
for Suzuki coupling was investigated and no visible effect was found.
Three Fe-Pd nanostructures―“nanodendrites” (ND), nanoparticles (NP1 and
NP2) were synthesized by simultaneous thermal decomposition of Fe(CO)5 and
reduction of Pd(acac)2. ND exhibit a dendritic structure with an average diameter
of 51.6 nm, while NP1 and NP2 exhibit a pseudospherical morphology with
average diameters of 12.8 nm and 17.7 nm, respectively. The three nanostructures
all contain crystalline FePd alloy and iron oxides were formed due to exposure to
air. They have high catalytic activities toward Suzuki cross-coupling reactions,
and ND have the highest activity among them. ND were recycled by applying a
magnet and reused three times with some loss of activity which is readily
attributed to material handling limitations.
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Chapter 1: Introduction

Iron is an essential element for life on earth. It is the fourth most abundant
element in the Earth’s crust (i.e., 4.5%) and it is widely used in industry.
Humankind started using metallic iron to fashion tools and weapons in ancient
times (i.e., The Iron Age)1 and now carbon containing iron alloys (steels) and low
carbon iron alloys with other metals (alloy steels) are the most common metal
materials in modern industrial use. This popularity is partly due to the hardness
and strength of these materials. Iron also plays an important role in human
physiology and it is present in many proteins and enzymes, such as hemoglobin,
myoglobin and cytochromes.2 Hemoglobin is the primary protein found in red
blood cells and represents about two thirds of the body’s iron. The vital role of
hemoglobin is transporting oxygen from the lungs to the rest of the body, which is
derived from its unique ability of binding to molecular oxygen via iron. Not
having enough iron can lead to anemia. The most common symptoms of anemia
are weakness and fatigue, which is because cells don’t get enough oxygen. Iron
exists in a wide range of oxidation states,−2 to + 6, of which +2 and +3 are the
most common. Elemental iron reacts with oxygen in the air and water to form
various oxide and hydroxide compounds and the most common are iron (II, III)
oxide (Fe3O4) and iron (III) oxide (Fe2O3).
Over the past two decades, the tremendous developments in nanotechnology
1

are reflected in our expanded ability to design and control nanomaterials, their
size, shape, chemical composition, and assembly that could lead to advanced
applications.3,4 A vast array of nanoscale objects and proto-type devices have
been fabricated, such as nanospheres, nanorods, nanowires, nanorings,
nanosensors and nanomotors.3,4 These advances in nanotechnology have
promoted new research in traditional disciplines involving the incorporation of
nanoscale materials into established processes. Increasing attention has been paid
to nanoscale materials based upon iron because of their unique magnetic and
electronic properties.

Iron and iron oxides can be manipulated by external

magnetic fields and metallic iron has very strong electron-donating (i.e., reducing)
ability. These magnetic nanoaprticles have tremendous advantages for many
applications, including environmental remediation, catalyst support, contrast
agents in magnetic resonance imaging (MRI), targeted drug delivery, biosensing
applications and magnetic storage media.5 This chapter will briefly review
synthetic methods and catalytic applications of iron-containing nanoparticles
(NPs).

1.1 Synthesis of Iron-Containing NPs
1.1.1 Synthesis of Iron and Iron Alloy NPs
The synthesis of iron nanoparticles (NPs) can be achieved via a variety of
mechanical (i.e., “top-down”) and chemical (i.e., “bottom-up”) methods, however
in all cases care must be exercised to ensure the particles do not oxidize. If
oxidation occurs, particle surfaces are often terminated by an ill-defined oxide
layer.
2

Mechanical ball milling has been widely employed by industry to yield
ultrafine powders, metal alloys, paints and pigments. In contrast to chemical
reduction (vide infra), ball milling is relatively straightforward: heavy, inert
milling balls are used to strike and break bulk starting materials. Zhang and
coworkers demonstrated precision ball milling,6 with micro iron powder as the
starting material produced zero valent iron (ZVI) NPs exhibiting specific surface
area and reducing activity similar to those of the NPs synthesized by sodium
borohydride reduction. The milling method is fully scalable and delivers nearly
100% yield of iron using no hazardous materials. However, it is very difficult to
control particle size, and products are highly deformed with irregular shapes and
contain many defects.
Zhang et al. developed a solution based procedure that yields metallic iron NPs
that employs Fe (III) salts as an iron source and sodium borohydride as a
reductant

(Equation

1-1).7,8,9

NPs

generated

using

this

approach

are

pseudospherical and size polydisperse. As a consequence of their inherent
ferromagnetism, the Fe NPs form chain-like aggregates evident in TEM analysis
(Figure 1-1).10 Variations of this procedure employ inverse micelles containing
the iron salt. Subsequent reduction of the salt inside the micelle leads to improved
size control.11,12
4Fe3+ + 3BH4- + 9H2O

4Fe0 + 3H2BO3- + 12H+ + 6H2

Equation 1-1

3

Figure 1-1. TEM images of iron NPs synthesized by
sodium borohydride reduction, reproduced from ref. 10.
Reducing iron oxide NPs to metallic iron by H2 at high temperature is another
common method used by industry. This process begins with the precipitation of
iron hydroxide from hydrolysis of Fe (III) salts that are dehydrated to yield iron
oxide (hematite, α-Fe2O3). The hematite particles are subsequently reduced to the
metallic state by hydrogen gas (Scheme 1-1).13
Fe3+ + 3OH-

Fe(OH)3

-H2O

Fe2O3

H2

Fe

Scheme 1-1. Iron NPs synthesized from iron oxide reduction by H2
Thermal decomposition of iron pentacarbonyl (i.e., Fe(CO)5) also provides
metallic iron nanoparticles. Despite the well-established toxicity of Fe(CO)5 and
the CO by-product of this reaction, this approach provides small (i.e.,
≤ 20 nm)
uniform-sized metallic Fe NPs. Sun and co-workers synthesized amorphous
monodisperse Fe NPs via a facile one-pot thermal decomposition of Fe(CO)5 in
octadecene in the presence of oleylamine.14 TEM imaging (Figure 1-2a) showed
the as-synthesized particles bear a core/shell structure with 8 nm diameter Fe core
and 2.5 nm thick Fe3O4 oxide shell. The Fe3O4 oxide layer is formed as a result of
exposure to air. More recently, the same research group reported the synthesis of
4

15 nm body centered cubic (bcc) Fe NPs via the decomposition of Fe(CO)5 in the
presence of oleylamine, oleic acid, and hexadecylammonium chloride (Figure 12b,c).15 When exposed to ambient environments, the surface layers of the bcc-Fe
were oxidized to crystalline Fe3O4. These bcc-Fe@Fe3O4 NPs exhibit
substantially improved stability and an increased magnetic moment compared to
amorphous Fe@Fe3O4 NPs, and exhibit an enhanced magnetic imaging contrast
effect and have been proposed as robust probes for magnetic resonance imaging
(MRI).
Many factors such as surfactant choice, concentration ratios, reaction times and
temperature have been identified to influence particle size and morphology in the
synthesis of iron NPs using thermal decomposition of Fe(CO)5.16 Our group found
the presence of water increases nucleation events by lowering the activation
energy for Fe(CO)5 decomposition through water-gas-shift chemistry, which
produces smaller particles.17

Figure 1-2. (a) TEM image of 4 nm/2.5 nm (radius) Fe@Fe3O4 NPs, (Inset)
HRTEM image of the Fe@Fe3O4 NPs. (b) TEM image of the 15 nm bcc-Fe@
Fe3O4 NPs. (c) HRTEM image of a single bcc-Fe@Fe3O4 NP revealing the
metallic bcc-Fe core and Fe3O4 shell with Fe (110) and Fe3O4 (222) planes
indicated. Reproduced from refs. 14 and 15.
5

Building on their Fe nanoparticle work, Sun et al. reported the first synthesis of
monodisperse FePt alloy NPs which employed the simultaneous reduction of
platinum acetylacetonate (Pt(acac)2) and thermal decomposition of Fe(CO)5 in a
mixture of oleic acid and oleylamine.18 The size and composition of the resulting
NPs were controlled via rational variation of synthetic parameters such as molar
ratio of stabilizers to metal precursors and the molar ratio of two metal precursors
(Figure 1-3).18,19

Figure 1-3. TEM b righ t field imag es o f (A) 6 nm Fe53Pt47, (B) 9 nm Fe44Pt56.
Reproduced from ref. 19.

1.1.2 Synthesis of Iron Oxide and Ferrite NPs
Among the iron oxides, γ-Fe2O3 (maghemite) and Fe3O4 (magnetite)
nanomaterials have received far more attention than FeO. This is because FeO is
prone to decompose into α-Fe and Fe3O4 via disproportionation or oxidize to form
Fe3O4, γ-Fe2O3, and/or α-Fe2O3. These materials are of interest because of their
magnetic response and intensive studies have been devoted to their colloidal
synthesis. A wide variety of methods including coprecipitation, microemulsion
synthesis, hydrothermal synthesis, and thermal decomposition have been
employed.
6

Coprecipitation is a facile synthetic method that affords iron oxide NPs (i.e.,
Fe3O4 or γ-Fe2O3) from aqueous Fe2+/Fe3+ salt solutions by the addition of a base
(e.g., ammonia) under inert atmosphere at room temperature or at elevated
temperature. The chemical reaction of Fe3O4 formation via coprecipitation is
shown in Equation 1-2. Fe3O4 is transformed to γ-Fe2O3 in the presence of oxygen
as shown in Equation 1-3. The size, shape, and composition of the magnetic NPs
very much depend on the salt anions (e.g., chloride, sulfate, nitrate), the Fe2+/Fe3+
ratio, the nature of the base, reaction temperature, pH, and ionic strength of the
reaction

media. Massart first performed the controlled preparation of Fe3O4

particles, which was precipitated out from a alkaline solution of FeCl3 and
FeCl2.20 When all of parameters mentioned above are modulated, it is possible to
obtain polydisperse particles with a size ranging from 4.2 to 16.6 nm.21 Other
studies demonstrated the modulation of pH and ionic strength enables tailoring of
particle size in the range of 2-15 nm. Recently, advances in preparing
monodisperse magnetite NPs, of different sizes, have been realized by introducing
organic additives such as oleic acid to the reaction mixture as stabilization
agents.22 The advantages of coprecipitation method lie in its simplicity, readily
available cost-effective precursors, the use of aqueous solutions, and high overall
yields. Despite these advantages, challenges associated with controlling particle
size distribution remain.
Fe2+ + 2Fe3+ + 8 OH4Fe3O4 + O2

Fe3O4 + 4H2O
6γ-Fe2O3

Equation 1-2
Equation 1-3
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Given particles obtained from the coprecipitation method exhibit broad size
distributions, alternative methods are being developed in efforts to realize NPs
with more uniform sizes. Microemulsion methods are a promising approach as
they employ aqueous nanodroplets in oil (i.e., inverse micelles) to constrain
particle growth.23 In this approach, aqueous iron salt solutions are encapsulated in
surfactants that partition them from a surrounding organic solution. The size of
the nanodroplet reactors is governed by the molar ratio of water to surfactant. An
emulsion of cyclohexane/Brij-97/aqueous phase was used to form uniform γFe2O3 NPs with size ranging from 2-8 nm by the coprecipitation reaction of
ferrous and ferric salts with the organic base cyclohexylamine.24 NPs of more
complex iron oxides such as the spinel ferrite MnFe2O4 were synthesized using a
similar approach that employed water-in-toluene inverse micelles with sodium
dodecylbenzenesulfonate (NaDBS) surfactant.25 Although particle size and shape
are well controlled using the microemulsion method, this synthetic method suffers
from low yield compared to the coprecipitation method due to low concentration
of aqueous iron salt solution in nanodroplets.
Hydrothermal synthesis is yet another promising alternative that is performed in
aqueous media under high pressure and temperature. Li et al. prepared Fe3O4 and
CoFe2O4 NPs with uniform sizes of about 9 and 12 nm, respectively, by a liquidsolid-solution phase transfer and separation strategy.26 The system consists of
metal linoleate (solid), an ethanol-linoleic acid liquid phase, and a water-ethanol
solution at different reaction temperatures under hydrothermal conditions. A
phase transfer and separation occurs at the interfaces of the liquid, solid, and
8

solution phases present during the synthesis.
Monodisperse magnetic iron oxide NPs of small dimensions (i.e.,
˂ 20 nm)
may be synthesized through the thermal decomposition of a variety of
organometallic precursors (e.g., iron pentacarbonyl, iron acetylacetonate, and iron
N-nitrosophenylhydroxylamine (cupferron) complexes) in high-boiling organic
solvents containing stabilizing surfactants. Alivisatos and co-workers prepared
near-monodispersed γ-Fe2O3 nanocrystals (6-7 nm) through the solution-based
pyrolysis of an iron-cupferron complex in trioctylamine at 200-300°C.27 Similarly,
Sun et al. used the high-temperature reaction of iron(III) acetylacetonate
(Fe(acac)3) with 1,2-hexadecanediol in phenyl ether in the presence of oleic acid
and oleylamine to obtain monodisperse magnetite NPs with sizes variable from 3
to 20 nm in diameter.28 An extension of this approach to the reaction of Fe(acac)3
and Co(acac)2 or Mn(acac)2 with 1,2-hexadecanediol provides monodisperse
CoFe2O4 or MnFe2O4 NPs.29 Particle dimensions may be tuned from 3 to 20 nm
by varying reaction temperatures or by employing seed-mediated growth (Figure
1-4). Hyeon et al. prepared monodisperse γ-Fe2O3 nanocrystals using Fe(CO)5
decomposition in a mixture of octyl ether and oleic acid at 100°C.30 While it is
well established that the decomposition of Fe(CO)5 generates metallic iron NPs,
oxidation with trimethylamine oxide was used to further generate γ-Fe2O3
nanocrystals with trimethylamine as a gas by-product.
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Figure 1-4. TEM images of (A) 14 nm CoFe2O4 and (B) 14 nm MnFe2O4 NPs,
reproduced from ref. 29.

1.2 ZVI NPs for Environmental Remediation
Zero-valent iron nanoparticle technology is becoming a viable alternative for
remediation of hazardous contaminants (e.g., heavy metals and chlorinated
organics) from soil and groundwater. As a result of low cost, large surface-tovolume ratio, and high surface reactivity (i.e., reduction) of ZVI NPs, these
materials are ideal for such applications. Granular ZVI was first employed in
permeable reactive barrier (PRB) systems in early 1990s.31 A PRB is an
engineered zone of reactive material for water flowing-through, extending below
the water table, designed to intercept and treat contaminated groundwater.
Contaminants passing through the PRB are either degraded by and/or retained in
the reactive barrier material. A variety of PRBs have been developed and installed
at contaminated sites to treat a range of inorganic, organic, and radioactive
contaminants.31 However, these systems are costly and often difficult to construct.
Injectable forms of ZVI NPs were developed to mitigate these problems. As a
result of their small dimensions, it is possible to prepare ZVI NP slurries in water
that can be injected under pressure and/or gravity flow into a contaminated
10

aquifer. ZVI NPs remain in suspension and flow with water for extended periods
to establish an in situ treatment zone (Figure 1-5).7

Figure 1-5. ZVI NPs for in situ remediation, reproduced from ref. 7.
ZVI NPs have a core-shell structure with a thin electrically conductive,
passivating oxide shell of ca. 2-3 nm (see Figure 1-6).32,33 The core consists of
metallic iron that provides electrons that are responsible for the reactions that lead
to remediating environmental contaminants. The passivating shell is composed of
iron oxides (i.e., Fe3O4 and Fe2O3) and hydroxide (FeOOH) formed through the
oxidation of metallic iron.32,33 Zhang et al. determined oxide shell thickness of
i
~3 n m by u isng h gh-resolution
i
“freshly prepared” ZVI NPs is typ cally
transmission electron microscopy (TEM), high-resolution X-ray photoelectron
spectroscopy (XPS) and complete oxidation reaction of the ZVI NPs by Cu(II).34
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Figure 1-6. HRTEM images showing two types of Fe NPs with core-shell
structure: (a) faceted core-shell particle; (b) spherical core-shell particle.
Reproduced from ref. 32.
ZVI NPs are effective for the treatment of many pollutants commonly
identified in groundwater, including chlorinated hydrocarbons, such as
perchloroethene (PCE), trichloroethene (TCE) and carbon tetrachloride (CT), and
residual organochlorine pesticides such as lindane and DDT (dichloro-diphenyltrichloroethane), as well as heavy metals (Figure 1-7).7-10, 35-38

Figure 1-7. The model of ZVI NPs for pollutant treatment, reproduced from ref.
35.
The chemical principles underlying the transformation of halogenated
hydrocarbons have been well investigated given their prevalence in soil and
groundwater. ZVI NPs are an electron donor and participate in redox reactions
that degrade certain contaminants (for example see Equation 1-4).
Fe0
3Fe0 + 4H2O
C2Cl4 + 4H+ + 8e-

Fe2+ + 2e- E0 = -0.44 V
Fe3O4 + 8H+ + 8e-

Equation 1-4

C2H4 + 4Cl-

As indicated by these half-cell reactions, ZVI NPs can be oxidized to ferrous
iron or to Fe3O4, and the latter is more thermodynamically favoured above pH 6.1.
As the reaction proceeds, ZVI NPs can become coated with a shell of oxidized
12

iron that renders them inactive.
The addition of catalytic transition metals suitable for promoting hydrogenation
reactions enhances the rate and efficiency of remediation process. ZVI NPs
decorated with palladium (ZVI/Pd NPs) are prepared by dispersing freshly
prepared ZVI NPs in aqueous palladium nitrate. The Pd2+ is initially coordinated
to particle surface through hydroxyl groups and subsequently reduced to Pd0 by
electrons supplied by metallic Fe core. Pd decorated ZVI NPs generally exhibit
greater reactivity in the reduction of chlorinated hydrocarbons than their nondecorated counterparts. Under environmental conditions, reactions of chlorinated
organic compounds (e.g., TCE) with ZVI/Pd NPs yield more saturated products
(e.g., C2H6) and generate fewer toxic intermediates, such as dichloroethenes and
vinyl chloride. These results are consistent with known palladium metal catalytic
chemistry. Palladium metal is a well-known heterogeneous catalyst for gas-phase
dehalogenation and hydrogenation reactions. Mechanistic studies of the
degradation of simple aliphatic chlorinated compounds in water suggest the iron
component of the ZVI NPs provides electrons to water to form hydrogen and the
palladium decoration facilitates activation of chlorinated compounds and
formation of atomic hydrogen that act as the reducing agent responsible for
dechlorination and hydrogenation reactions.39
In addition to the remediation of chlorinated organics from the environment, a
range of iron-based technologies have been developed to address the problems of
heavy metal contamination (e.g., arsenic, chromium and lead) in drinking water.
This remediation process also relies on the reductive capabilities of the metallic
13

Fe core and coordinative abilities of Fe-OH surface moieties of the ZVI NPs
responsible for the Pd deposition process described above.

1.3 Iron-Containing NPs as Catalyst Supports and
Catalysts
Advances in our understanding and ability to prepare materials at the nanoscale
have facilitated rational design and control of catalysts and catalytic processes.40
A key goal in designing a useful catalyst is the realization of satisfactory activity
and reaction selectivity. Two broad classes of catalysts are often identified,
homogeneous and heterogeneous. Homogeneous catalysts possess the distinct
advantages of being well-defined and readily dissolved in the reaction medium in
question. Therefore, catalytic sites are readily accessible to reactants and reaction
mechanisms are generally well understood. As a result, many homogeneous
catalysts show high activity and selectivity.41-44 Unfortunately, some of the
advantages of homogeneous catalytic systems are also their shortcomings. In light
of their solubility, removal of expensive catalysts from reaction products is far
from trivial leading to contamination and loss of expensive noble metals.45,46 To
overcome these problems, many different approaches have been used to generate
effective and recyclable catalysts.47,48 Nanoscale metal-based catalysts and
supports can improve catalyst recovery while retaining the high activity of
homogeneous catalysts. Unlike conventional micrometer-sized supports, NPs may
be readily dispersed in solvents to yield non-opalescent solution-like suspensions.
In this regard NP catalysts may be viewed as pseudo-homogeneous systems.
Moreover if the nanoscale support is magnetic (e.g., Fe3O4 NPs), effective
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separation may be achieved upon exposure to a magnetic field. As a result, the
design and application of catalysts supported on magnetic nanoscale supports has
been the subject of substantial research.49,50
Catalytic species can be immobilized onto magnetic NP surfaces by a variety of
methods, such as direct deposition or immobilization through surface bonded
chelating moieties. However, magnetic NPs (MNPs) tend to aggregate in solution
to form clusters when treated without any protection agents, thus negating their
unique properties derived from their small size.51,52 Therefore, maintaining the
stability of these particles for a long time without aggregation and acid erosion is
an important issue that must be addressed in the material design. In the case of
iron oxide NPs, surface coatings of organic stabilizers (e.g., surfactants and
polymers) or silica, carbon or metal oxides are employed.53-62 These surface
treatments not only stabilize the MNPs, but also allow further modification of the
surface with other functional groups. Among MNPs, magnetite (Fe3O4) and
maghemite (γ-Fe2O3) are commonly used as catalyst supports.

1.3.1 Heterogenization of Homogeneous Catalysts Using MNPs
Heterogenization (i.e., rendering a well-defined homogeneous catalyst less
compatible with reaction media) of the efficient homogeneous catalysts by
tethering them to magnetic nanoscale supports has received considerable interest
because the resulting catalytic systems can be efficiently reused whilst keeping
the inherent activity of the original catalytic center.54,55,59,60 Generally, these
catalytic systems can be well dispersed in the reaction media to retain the original
catalytic activity. Magnetic and chemically innocent supports have been
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frequently prepared by coating MNPs with a layer of silica.63-65 This approach
affords a platform for effective particle surface functionalization while
maintaining the favourable magnetic properties. Some relevant examples are
discussed below.
Gao and co-workers immobilized palladium complex with N-heterocyclic
carbene ligand (Pd-NHC complex) onto the surface of polymer coated γ-Fe2O3
NPs.66 1-Methylimidazole was first tethered to poly(4-vinylbenzyl chloride)
terminated surface of γ-Fe2O3 NPs, and a subsequent deprotonation of the
imidazolium group in the presence of Na2CO3 generated the NHC ligand that
form strong complex with Pd(OAc)2 to give the desired catalyst (Scheme 1-2).
These heterogenized palladium catalyst exhibited superior activity (70-89%) to
the Suzuki cross-coupling of aryl bromides and iodides with arylboronic acids,
and could be recycled by magnetic decantation and used for five consecutive
times without significant loss in activity.

Scheme 1-2. Synthesis of iron oxide NP-supported Pd-NHC complex, reproduced
from ref. 66.
Jin et al. demonstrated Fe3O4 NP-supported (methyl)(triphenylphosphine)(4amino-3-pentene-2-one)palladium complex is an efficient catalyst for coupling
reactions of aryl chlorides in aqueous conditions.67 In their report, commercially
available Fe3O4 NPs with an average diameter of 20 nm were coated with a thin
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layer of silica using a sol-gel process to give silica-coated Fe3O4. Surface
hydroxyl groups were subsequently reacted to tether triethoxysilyl-functionalized
(methyl)(triphenylphosphine)(4-amino-3-pentene-2-one)palladium complex onto
the surface of the silica (Scheme 1-3).

Scheme 1-3. Synthesis of Fe3O4 NP-supported (methyl)(triphenylphosphine)(4amino-3-pentene-2-one)palladium complex 4. a) NH2(CH2)3Si(OEt)3, microwave
heating; b) EtOTl, [Pd2(µ-Cl)2Me2(PPh3)2], THF, RT; c) tetraethyl orthosilicate; d)
2, toluene, 100 oC, 12 h. Reproduced from ref. 67.
The resulting catalyst was highly active in the Suzuki, Sonogashira, and Stille
reactions when employing “unreactive” aryl chlorides under relatively mild
conditions, and yields range from 71% to 96% with 0.5 mol% of catalyst relative
to aryl chlorides. In addition, catalyst recovery was achieved by straightforward
decanting while catalyst particles were retained using a magnet. The catalyst
performance remained constant over ten reaction cycles. The analysis of Pd in
supernatant indicated less than 0.06% of the starting catalyst leached out.
Similarly, Zhu et al. anchored a second-generation Hoveyda-Grubbs catalyst
onto surface modified MNPs (Fe3O4 NPs) (Scheme 1-4).68 In their procedure,
commercially available starch functionalized MNPs were first coated with orthoisopropoxystyrene ligands by covalent bonds. Subsequent reaction of the
supported ligands with the second-generation Grubbs catalyst produced the MNP
17

supported Hoveyda-Grubbs catalyst, which displayed high activity for both selfand cross-metathesis of methyl oleate. In addition, the catalyst can be easily
separated by using a magnet and reused several times with sustained activity.

Scheme 1-4. Synthesis of MNP-supported Hoveyda-Grubbs catalyst, reproduced
from ref. 68.
MNPs have also been used as supports to prepare “heterogenized” asymmetric
catalysts that exhibit superior reusability than their homogeneous equivalents. Hu
et al. surface bonded a binaphthyl-based Ru catalyst established by Noyori onto
magnetite

(Fe3O4)

NPs

via

the

phosphonate

functionality.69

[Ru(BINAP−PO3H2)(DPEN)Cl2] was synthesized by treating [Ru(benzene)Cl2]2
with

(R)-2,2'-bis(diphenylphosphino)-1,1'-binaphthyl-4-phosphonic

acid

(BINAP−PO3H2) followed by (R,R)-1,2-diphenylethylenediamine ((R,R)-DPEN)
in

DMF

at

elevated

temperatures.

Then

the

chiral

Ru

catalyst

[Ru(BINAP−PO3H2)(DPEN)Cl2] was immobilized onto magnetite NPs by surface
bonding. The synthesis is summarized in Scheme 1-5.
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Scheme 1-5. Immobilization of chiral Ru catalyst on magnetite NPs.
The Fe3O4 NP-supported chiral catalyst catalyzed asymmetric hydrogenation of
aromatic ketones with remarkably high activity and enantioselectivity. In
particular, the enantiomeric excess values reported (i.e., 77% to 98.0%) are
comparable to those of the parent homogeneous catalyst. The immobilized
catalysts were readily recycled by magnetic decantation and reused for up to 14
times for hydrogenation of 1-acetonaphthone without obvious loss of activity and
enantioselectivity with a total turnover number (TON) of ca. 14,000 (Figure 1-8),
whereas the parent homogeneous catalyst [Ru(BINAP−(PO3H2)2)(DPEN)Cl2] has
a TON of 13,000 under identical conditions.70 Unfortunately catalyst leaching was
not investigated.

Figure 1-8. Asymmetric hydrogenation of aromatic ketones using Fe3O4 NPsupported chiral Ru catalyst and catalyst recycle, reproduced from ref. 69.

1.3.2 Immobilization of Catalytic Metals onto MNPs
Immobilization of catalytic metals onto MNPs is another popular strategy to
render magnetic particles catalytic. A particularly interesting example involved
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formation of palladium particles on dopamine-modified NiFe2O4 NPs (NiFe2O4DA-Pd) by reducing Na2PdCl4 with hydrazine (Scheme 1-6).71,72 The resulting
NiFe2O4-DA-Pd NPs showed high activity toward hydrogenation as well as
Suzuki and Heck coupling reactions. The authors claimed the catalyst was
recoverable by magnetic extraction, and the catalytic activity remained unaltered
after 10 cycles for hydrogenation reactions and 3 cycles for coupling reactions.

Scheme 1-6. Synthesis of NiFe2O4-DA-Pd, reproduced from ref. 71.
Yi et al. employed silica-coated Fe2O3 NPs (SiO2/Fe2O3 NPs) as a catalyst
support.73 The SiO2/Fe2O3 NPs were functionalized with mercapto and amino
groups, which were able to bind strongly with Pd0 nanoclusters (ca. 2-3 nm)
producing Pd/HS-SiO2/Fe2O3 and Pd/H2N-SiO2/Fe2O3 nanocomposite catalysts
(Figure 1-9). These catalysts exhibited higher turnover frequencies (TOFs) than
commercial Pd/C in the catalysis for hydrogenation of nitrobenzene to form
aniline. These magnetic catalysts were easily collected by a magnet for reuse,
which gave 99% yield for 5 consecutive repeat reactions.
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Figure 1-9. TEM images of as-prepared SiO2/Fe2O3 (left inset), Pd/HSSiO2/Fe2O3 (left), and Pd/H2N-SiO2/Fe2O3 (right). Reproduced from ref. 73.
Liu et al.74 reported palladium could be directly deposited onto the surface of
Fe3O4 through chemical reduction of palladium (II) salt by KBH4. The generated
Pd/Fe3O4 catalyst catalyzed the carbonylative Sonogashira coupling reaction of
aryl iodides with terminal alkynes under phosphine-free conditions with yield
from 71% to 95% (Scheme 1-7).
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I

+

R2

Pd/Fe3O4
CO/Et3N

R1

O
C

R2

Scheme 1-7. Sonogashira carbonylative coupling of alkynes and aryl iodides.
The catalyst could be readily separated from the reactant with the simple
application of an external magnetic field, and its catalytic efficiency for coupling
of iodobenzene and phenylacetylene almost remained unaltered even after
recycling seven times (Figure 1-10).

Figur e 1-10. Recycle of the Pd/Fe3O4 catalyst for coupling of iodobenzene and
phenylacetylene. Reproduced from ref. 74.

1.3.3 Iron NPs as Catalysts
Iron NPs themselves also show some catalytic activity in reactions such as
hydrolytic dehydrogenation, alkene and alkyne hydrogenation, and Fischer21

Tropsch synthesis.
A key example of hydrolytic dehydrogenation reactions was reported by Xu et
al. who have developed a straightforward in situ method for preparing amorphous
Fe NPs with high catalytic activity for the hydrolytic dehydrogenation of
ammonia borane (AB) to generate H2.75 The as-prepared Fe catalyst can be readily
recycled by magnetic decantation and reused up to 20 times with no obvious loss
of activity in air. Compared to the pre-synthesized Fe NPs obtained by reduction
of FeSO4 with NaBH4, the catalytic activity of in situ synthesized particles is
approximately 20-times higher (Figure 1-11). X-ray diffraction analysis indicated
pre-synthesized Fe particles were composed of α-Fe crystallites, whereas in situ
prepared Fe existed as an amorphous phase. The authors concluded the
amorphous character is essential to the high activity of Fe NPs for catalytic H2
generation from AB aqueous solution, and that the presence of AB is helpful for
the preparation of amorphous Fe NPs.

Figur e 1-11. Hydrogen generation by hydrolysis of aqueous AB (0.16m, 10 ml)
in the presence of a) the pre-synthesized and b) in situ synthesized Fe catalysts
(Fe/AB = 0.12) at room temperature under argon. Reproduced from ref. 75.
The application of Fe NP catalysts in the hydrogenation of unsaturated C-C
bonds has advantages over other metals more commonly used in hydrogenation
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such as Pd, Pt, Rh or Ir. First, iron is an abundant element and consequently ironcontaining reagents are substantially more cost effective than those of other
transition metals. Second, iron-containing chemicals are usually nontoxic and can
be handled and disposed of with ease. de Vries et al.76,77 found iron NPs prepared
via reduction of FeCl3 with alkyl Grignard and alkyl lithium reagents in THF were
active catalysts in the hydrogenation of a range of alkenes and alkynes under
moderate conditions (Scheme 1-8).

100 %

22 (100) %

100 %

11 (100) %

100 %

6 (100) %

22 %

100 %

Scheme 1-8. Scope of the FeCl3/EtMgCl hydrogenation catalyst (reaction
conditions: 5 mol% Fe, [Alkene] = 0.33 M, THF, 20 bar H2, R.T. except values in
parentheses at 100 °C, 18 h).
The Fischer-Tropsch synthesis (FTS) offers the possibility of converting a
mixture of carbon monoxide and hydrogen (syngas) into a series of hydrocarbons
(Equations 1-5, 6).78,79 Syngas is readily produced from natural gas,80 coal81 and
biomass,82 and its conversion to hydrocarbons is an attractive alternative to
petroleum-derived fuels and chemicals if suitable cost-effective catalysts can be
developed. The historic development in the FTS will be discussed in detail in
Chapter 4.

nCO + (2n + 1) H2
nCO + 2nH2

CnH2n+2 + nH2O

Equation 1-5

CnH2n + nH2O

Equation 1-6
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Iron and cobalt have been used as FTS catalysts in industry for hydrocarbon
synthesis for a long time. Kou et al. prepared Fe NPs by the reduction of iron (II)
chloride with sodium borohydride in ethylene glycol solvent, and found these Fe
NPs catalyzed FTS in polyethylene glycol (PEG) at mild conditions (150 °C, 2.0
MPa H2, 1.0 MPa CO) with an activity as high as 1.5 molCO molFe-1 h-1.83 The iron
NP catalyst was magnetically separable, and the hydrocarbon products were
insoluble in PEG and could be easily separated from the reaction mixture. This
work opens a new window for the applications of Fe NPs as FTS catalysts.

1.4 Scope of The Thesis
Clearly the chemistry of iron-based nanostructures and their catalytic activity is
vast and the potential offered by exploring the reactivity of such nanostructures
could lead to substantial advances in catalytic applications. This thesis describes a
series of investigations aimed at interfacing iron-based nanomaterials with various
known catalytic metals and evaluating the catalytic activity of these designer
materials in relevant reactions. Chapter 2 describes the synthesis and
characterization of Pd decorated iron/iron oxide NPs prepared via surface
coordination of Pd ions followed by metallic iron core mediated reduction. These
NPs were characterized by TEM and XPS and their catalytic activities toward
Suzuki cross-coupling reactions of different substrates were evaluated in aqueous
solution under ambient conditions. In addition, the effect of iron/iron oxide NPs
on the activities of Suzuki cross-coupling reactions was also investigated.
In Chapter 3 the scope of the iron-based catalysts is expanded to FePd alloy
NPs that were prepared by concomitant thermal decomposition of Fe(CO)5 and
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reduction of Pd(acac)2 in oleylamine with or without additional reducing agents.
These as-synthesized FePd alloy NPs were characterized by TEM, XPS and XRD,
and they serve as a robust catalyst for Suzuki cross-coupling reactions of
chlorobenzene with phenylboronic acid.
Finally, in Chapter 4 general conclusions and potential opportunities for future
work are discussed. Some preliminary investigations of Fischer-Tropsch synthesis
and hydrogenation of aromatics using various iron-based NP catalysts are
presented and some ongoing studies are outlined.
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Chapter 2:
Synthesis of Pd Decorated
Iron/Iron Oxide NPs and Their Catalytic
Application in Suzuki Cross-Coupling
Reactions*

2.1 Introduction
The 2010 Nobel Prize in Chemistry was awarded to Drs. Richard F. Heck, Eiichi Negishi and Akira Suzuki for the development of palladium-catalyzed
couplings in organic synthesis.1 Palladium-catalyzed coupling reactions, in which
palladium is used to catalyze the formation of carbon-carbon bonds, are widely
used to make complex molecular structures. The discoveries have been used in
academic research and many industrial chemical processes for the synthesis of
functional materials, medicines, and other biologically active compounds.
In 1979, Suzuki and co-workers reported organoboron compounds could be
coupled

with

alkenyl

and

aryl

halides

in

the

presence

of

tetrakis(triphenylphosphine) palladium (Pd(PPh3)4) under basic conditions.2,3 This
reaction has since been extended to include couplings with alkyl groups.4 A
further significant development is aryl boronic acids can participate as coupling
partners. In 1981 the “classic” Suzuki-Miyaura reactions of aryl halides with aryl
boronic acid were reported (Scheme 2-1).5 This chemistry has been greatly

*A part of this chapter has been published in Zhou, S.; Johnson, M.; Veinot, J. G. C. Chem.
Commun. 2010, 46, 2411-2413.
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extended and elaborated over the years.6 Today, the Suzuki coupling reaction is
among the most important methods for synthesizing biaryl derivatives of all kinds,
because the required arylboronic acids or borates are readily synthesized from
trialkylborates with Grignard or organolithium reagents. Furthermore, arylboronic
acids and borates are stable toward air and moisture, tolerate a wide range of
functional groups, and exhibit low toxicity, which make the coupling reaction
very practical. Since biaryls are ubiquitous substructures in natural products,7-9
pharmaceuticals,10,11 agrochemicals,12-14 and new electronic materials,15 it is not
surprising the Suzuki reaction is used not only in academic research but also for
the industrial production of fine chemicals.

X

+ (HO)2B
R2

R1

Pd catalysts
base

R1

R2

X = Br, I

Scheme 2-1. Suzuki-Miyaura reactions of aryl halides with aryl boronic acids.
There are a number of natural product syntheses reported in the literature that
rely on the Suzuki coupling for carbon-carbon bond formation.16 One example is
the efficient synthesis of the antiviral bromoindole alkaloid dragmacidin F. This
synthesis involved two key carbon-carbon bond forming steps using Suzuki
coupling (Figure 2-1).7 Suzuki coupling has been used for a number of industrial
scale syntheses, including the preparation of the fungicide Boscalid developed by
BASF (Figure 2-1).12-14
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Figure 2-1. Suzuki coupling reactions used in the syntheses of dragmacidin F.
and Boscalid.
Homogeneous palladium complexes have been widely explored as catalysts for
Suzuki coupling.17-20 Despite the high activity and selectivity of these systems,
they have limited utility in industrial processes because of challenges associated
with catalyst removal, recovery, and recycling.21 Complicating matters, many
ligands used in catalyst design (e.g., phosphines) are air sensitive, challenging to
prepare and/or costly, limiting suitability of such materials for large-scale
application.21 To overcome these issues, many heterogeneous catalysts have been
developed, such as inorganic solid (e.g., charcoal, zeolites and metal oxides)
supported and polymer-stabilized systems.22,23 However, heterogeneous catalysts
usually have lower activity compared to their homogeneous counterparts because
they have far fewer accessible catalytic sites.
With the development of methods to prepare engineered nanomaterials, a new
class of materials has been fabricated whose members find application as catalysts
or catalyst supports for chemical transformations. Their impact is seen in the
fields including the petrochemical industry,24,25 pollutant removal,26-28 and
production of fine chemicals.29 Generally, engineered nanomaterial catalysts
possess nanoscale active components (typically metals or metal oxides) dispersed
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onto a solid support material. Unlike conventional micrometer-sized supports,
nanomaterials are readily dispersed in reaction media to form suspensions that
approach the homogeneity of solutions. Owing to their nanometer scale sizes,
nanomaterials exhibit very high surface area-to-volume ratios that offer high
loadings of catalytically active sites.26 Recently, transition metals supported on
magnetic nanoparticles (MNPs) have emerged as promising catalysts because of
the combined advantages of high specific surface area and facile magnetic
recovery.30-35 Magnetic separation has the potential of being a straightforward
alternative to filtration or centrifugation as it minimizes loss of catalyst and
increases the reusability for cost-saving.
Catalytic species can be immobilized onto magnetic NP surface by a variety of
methods, such as direct deposition and immobilization through cheating group
coordination. However, examples of catalytic metals being deposited onto
magnetic nanoparticles in the literature require surface modification and addition
of external reducing agents to realize deposition of the metals.32-35 Our group
found iron oxide capped iron nanoparticles (Fe@FexOy NPs) sequestered
transition metal ions from aqueous and organic media, as well as coordinating
environments.36,37 Sequestrations were conducted in basic media. Under these
conditions surface –OH groups are deprotontated making them more suitable for
catalytic metal ion binding. The generally accepted sequestration mechanism
involves coordination of metal ions to the iron oxide surface followed by
reduction of these coordinated ions to their metallic state by the iron core (Scheme
2-2).36-38
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Mn+

OH

O

M0

O
e

Mn+

reduction

coordination
Fe@FexOy

Scheme 2-2. The deposition of metallic domains onto the surface of Fe@FexOy
NPs.
This process gives rise to Fe@FexOy particle surfaces bearing spectroscopically
detectable zero valent metals. Uniquely, our approach does not use any external
reducing reagents or post-synthetic NP surface modification because of the
established reducing nature and coordinating ability of the Fe@FexOy support.
Highlighting the versatility of our method, in principle it is possible to deposit any
metal with a reduction potential more positive than that of iron (e.g., Co, Ni, Cu,
Pd, Ag, Pt, Rh and Ru, Table 2-1).36,37 This straightforward method enables the
preparation of catalytic metal “decorated” Fe@FexOy NPs.
Table 2-1. Sequestration of metal ions in basic aqueous solutions using
Fe@FexOya
Metal

Source

E° (V)

Original
[M] (mM)

Final [M]
(mM)

Sequestered
%

Co

Co(NO3)2•xH2O

-0.28

18

8.01

54.524

Ni

Ni(NO3)2•6H2O

-0.257

19

5.40

71.170

Cu

Cu(NO3)2•xH2O

0.3419

19

0.97

94.991

Pd

Pd(NO3)2•xH2O

0.951

27

0.0005

99.998

Ag

AgNO3

0.7996

20

0.0009

99.996

Pt

PtCl4

0.718

13

0.00095

99.9993

Rh

RhCl3•xH2O

0.758

17

0.000079

99.9995

Ru

RuCl3•xH2O

0.386

26

0.00001

99.99997
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a

Fe@FexOy to solution ratio of 5 mg:1 ml; E° are with respect to standard
hydrogen electrode. Reproduced from ref. 37.
To explore catalytic capabilities of palladium “decorated” Fe@FexOy NPs

(Fe@FexOy/Pd) toward Suzuki-Miyaura cross-coupling reactions, we prepared
Fe@FexOy/Pd via direct reduction of Pd2+ by size polydisperse Fe@FexOy NPs.

2.2 Experimental Section
2.2.1 Chemicals
Iron

(III)

chloride

(FeCl3,

97%),

palladium

(II)

nitrate

hydrate

(Pd(NO3)2·xH2O), sodium borohydride (NaBH4, 99%) and all aryl halides, aryl
boronic acids were purchased from Sigma-Aldrich. K2CO3 was purchased from
Mallinckrodt. KOH and Na2SO4 were obtained from Caledon. All reagents were
used without further purification unless otherwise noted. In-house deionized water
was employed for all syntheses and reactions and 18.2 MΩ·cm-1 Millipore water
was used for ICP-MS studies.

2.2.2 Preparation of Fe@FexOy NPs
Fe@FexOy NPs were prepared using a modified literature procedure.39 Briefly,
FeCl3 (3.41 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
(III) chloride solution was stirred vigorously. The orange solution became dark,
and a black precipitate formed. The precipitate was vacuum-filtered in air and
washed with 500 ml of deionized water followed by 50 ml of 100 % ethanol. The
resulting black paste was transferred to a round-bottom flask and dried in vacuo
for 2 days to yield a dry powder. The Fe@FexOy powder was ground using a
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mortar and pestle to break up large aggregates in an argon-filled glovebox (0.6
ppm H2O, 0.6 ppm O2). Yield: 0.98 g.

2.2.3 Preparation of Fe@FexOy/Pd NPs
0.01 mmol of Pd(NO3)2, 2 mg of Fe@FexOy, and 5 ml of aqueous KOH
solution (pH 10.5) were mixed under argon and sonicated for 20 minutes. The
reaction mixture was subsequently centrifuged, and the black precipitate was
washed with distilled water once and directly used in the Suzuki-Miyaura
coupling reactions under investigation. The Pd loading amount was determined by
inductively coupled plasma mass spectrometry (ICP-MS). After filtering the
reaction mixture (Whatman No. 2 filter paper), the colorless filtrate was acidified
with concentrated nitric acid and analyzed by ICP-MS to determine the amount of
unreacted Pd (metal content in HNO3 was subtracted).

2.2.4 General Procedure for Suzuki Cross-Coupling Reactions
The aryl halide (2.0 mmol) and aryl boronic acid (2.4 mmol) of choice were
dissolved in 5 ml ethanol (Table 2-2). K2CO3 (5 mmol) dissolved in 2 ml of
deionized water was added to the solution. Fe@FexOy/Pd (0.01 mmol Pd, 0.5 mol%
to aryl halide) were sonicated in 3 ml deionized water and added. The reaction
mixture was stirred at room temperature in air for the indicated time (Table 2-2,
except entry 13 at 80 °C). After reaction, the mixture was diluted with H2O (20 ml)
and diethyl ether (20 ml). The catalyst was separated by gravity filtration
(Whatman No. 2 filter paper) or centrifugation (when catalyst was reused), and
the mixture was extracted with diethyl ether (4 × 25 ml). The organic layers were
combined, dried with anhydrous Na2SO4 and the solvent was removed on a rotary
35

evaporator to yield the crude product. If necessary, the crude product was purified
by column chromatography on silica gel to give the desired products. Products
were characterized by GC-MS and 1H and 13C NMR.
R1

B(OH)2

X

0.5 mol% Fe@FexOy/Pd

+
R1

R2

H2O/EtOH, K2CO3, rt, in air
R2

Scheme 2-3. Suzuki cross-coupling reactions
Table 2-2. A summary of Suzuki cross-coupling reactions.
Entry

R1

X

R2

Time (h)

Yield (%)a

1

H

Br

H

4

95

2

4-NO2

Br

H

4

96

3

4-COMe

Br

H

4

96

4

4-OMe

Br

H

4

93

5

2-Me

Br

H

4

86

6

H

Br

2-OMe

4

91

7

H

Br

3-OMe

4

89

8

H

Br

4-OMe

4

94

9

H

I

H

2

98

10

4-NO2

I

H

2

99

11

4-OMe

I

H

2

97

12

2-Me

I

H

2

84

13b

4-NO2

Cl

H

36

24

14c

H

Br

H

4

0

a

Isolated yield. b80 °C. cFe@FexOy without Pd.

2.2.5 Assay of Residual Pd in Crude Products
The reaction procedures are the same as above, except membrane filters
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(Millipore, 0.45 μm) were used to remove the catalyst. The crude product was
heated to 625 °C for several hours to remove organic components. The residues
were dissolved in concentrated nitric acid and analyzed for Pd by ICP-MS.

2.2.6 Characterization Methods
1

H and

13

C NMR spectra were recorded in CDCl3 on a Varian Inova 400

spectrometer at 400 MHz and 100 MHz, respectively. Spectra were referenced to
CHCl3 (7.26 ppm) and CDCl3 (77.06 ppm), respectively. Chemical shifts are
reported in parts per million (ppm, δ).
Gas chromatography-mass spectrometry (GC-MS) was performed using a HP
5890 with a 5970 MSD electron ionization detector, helium carrier gas (1 ml/min).
The injection port was at 280 °C and a linear temperature profile (50 °C - 280 °C
at 10 °C/minute) was employed. 1 μL of an acetone solution of the product was
injected into a DB-5MS column with a 0.25 μm film.
Transmission electron microscopy (TEM) was performed using a JEOL 2010
Transmission Electron Microscope with an accelerating voltage of 200 keV and a
LaB6 thermionic emission filament. The instrument was fitted with an Energy
Dispersive X-Ray (EDX) detector for elemental analysis. TEM samples were
prepared by suspending particles in distilled water by sonication and dropcoating
the solution onto carbon-coated, 200-mesh Cu grids (SPI Supplies).
X-ray photoelectron spectroscopy (XPS) was performed on an AXIS-165 XPS
spectrometer from Kratos Analytical. The base pressure and operating pressure in
the chamber were maintained at ≤ 10 -7 Pa. A monochromatic Al Kα X-ray (λ =
8.34Å) was used to irradiate the samples, and the spectra were obtained with an
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electron takeoff angle of 90°. Samples were pressed into carbon tape. To control
sample charging, the charge neutralizer filament was used during the experiment.
The pass energy for the survey and the high-resolution spectra were 160 and 20
eV, respectively. Spectra were calibrated to the C 1s emission at 284.8 eV using
CasaXPS (VAMAS) software. Following calibration, the background of each
spectrum was subtracted using a Shirley-type background to remove most of the
extrinsic loss structure. Fitting was carried out using 70% Lorentzian/30%
Gaussian line shapes for metal zero-oxidation states, and Gaussian line shapes for
higher oxidation states. Binding Energy values and orbital splitting were
consistent

with

literature

values

obtained

from

the

NIST

database

(http://srdata.nist.gov/xps/).
Inductively coupled plasma mass spectrometry (ICP-MS) was performed on a
Perkin Elmer Elan 6000 ICP-MS. Sample solvents were evaporated and organic
components were removed by heating at 625 °C for several hours. The residues
were dissolved in concentrated nitric acid and analyzed by ICP-MS. 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).

2.3 Results and Discussion
2.3.1. Fe@FexOy NPs
Fe@FexOy NPs were prepared by sodium borohydride reduction of Fe3+ in
aqueous solution. In this procedure, metallic Fe particles were formed initially
because of the presence of excess sodium borohydride. When the metallic
38

particles were exposed to air during post-synthetic processing an oxide layer
formed on and passivated their surfaces. The resulting iron oxide capped iron
nanoparticles (Fe@FexOy NPs) were stored in an argon-filled glovebox to avoid
loss of the core-shell structure arising from further oxidation. Fe@FexOy NPs
have been well studied by high-resolution TEM (HRTEM) and XPS to exhibit a
core-shell structure with a thin oxide shell of ca.2-3 nm.40-42

Figure 2-2. (A) A bright-field TEM image of a single Fe@FexOy NP, scale bar 20
nm. (B), (C) TEM images of agglomerates of Fe@FexOy NPs, scale bar 100 nm
(D) SAED image showing characteristic reflections indexed to crystalline Fe3O4
(or γ-Fe2O3).
Representative bright-field transmission electron micrographs (TEM) of
Fe@FexOy NPs are shown in Figure 2-2 (A, B, C). Figure 2-2 A shows a single
spherical particle with a diameter of 155 nm. In Figure 2-2 B and C, the particles
are pseudospherical and polydisperse with diameters of 20-150 nm. Of important
note, these NPs tend to agglomerate into chains as a result of their magnetic
properties.39 Selected area electron diffraction (SAED) shows well-defined ring
39

patterns indexed to diffraction of the Fe3O4 (or γ-Fe2O3) crystal planes (Figure 2-2
D).36,40,43 No reflections characteristic of metallic iron are observed, suggesting a
noncrystalline metallic iron core.
XPS was used to confirm the elemental composition and oxidation states of
Fe@FexOy NPs. Figure 2-3 presents the survey XP spectrum of Fe@FexOy NPs.
This low-resolution scan indicates the dominant elements present in the sample.
Figure 2-3 reveals that Fe@FexOy NPs contain only iron and oxygen as indicated
by characteristic Fe and O emissions. The presence of the C 1s emission is
expected because of the ubiquitous nature of this element in all XPS analyses.

Figure 2-3. Survey XP spectrum of Fe@FexOy NPs,
spectrum was calibrated to C 1s emission at 284.8 eV.
XPS in-situ sputtering was used to remove the oxide shell and confirm the
Fe@FexOy structure. Figure 2-4 shows high-resolution Fe 2p region of XP spectra
of Fe@FexOy NPs sputtered for 0 s, 60 s, 180 s, 360 s and 540 s, respectively.
40

Before sputtering (0 s), the emissions with binding energies at ca. 706.9 eV and
720.0 eV correspond to Fe 2p3/2 and 2p1/2 of zero valent iron (Fe(0)), and
emissions with binding energies at ca. 710.2 eV and 723.6 eV correspond to Fe
2p3/2 and 2p1/2 of oxidized iron (Fe(II), Fe(III)).38,39,44-46 Evaluation of the Fe 2p3/2
and O 1s spectral regions indicates the present particles contain Fe, Fe3O4 and
FeOOH.38,39,44-46 Prolonged sputtering of the Fe@FexOy NPs shows a loss of the
oxide features and an increase in the intensity of the emissions arising from
elemental iron. While this may appear to be straightforward evidence of core-shell
structure of Fe@FexOy NPs, prolonged Ar sputtering can result in reduction of
iron oxides to metallic iron state.47

Figure 2-4. Shirley background-subtracted high-resolution Fe 2p region of the XP
spectra of Fe@FexOy sputtered for 0 s, 60 s, 180 s, 360 s, 540 s. All spectra were
calibrated to C 1s emission at 284.8 eV.

2.3.2. Pd “Decorated” Fe@FexOy NPs
The deposition of palladium onto the surfaces of Fe@FexOy NPs was achieved
41

in basic conditions (i.e., pH = 10.5). Under these conditions the surface Fe-OH
groups were deprotonated to maximize surface binding to the Pd ions.36-38 ICPMS was used to analyze Pd content in the deposition reaction filtrate, only 0.05 %
of adding Pd(NO3)2 was detected indicating Pd(NO3)2 is almost completely
deposited on Fe@FexOy. Figure 2-5 (left) shows a representative bright-field
TEM of Fe@FexOy/Pd NPs; particle diameters lie within the range of 3-45 nm.
Individual Pd NPs were not observed during inspection using TEM, although the
presence of Pd was confirmed by energy dispersive X-ray spectroscopy (EDX)
(Figure 2-5, right). This observation is consistent with Pd domains being
exceptionally small (i.e., <1 nm) and undetectable by standard electron
microscopy imaging techniques.34

Figure 2-5. Left: A bright-field TEM image of Fe@FexOy/Pd, scale bar 20 nm.
Right: EDX spectrum of Fe@FexOy/Pd.
X-ray photoelectron spectroscopy (XPS) was used to determine the oxidation
state of surface bonded palladium species. Figure 2-6 shows the Pd 3d region of a
typical Fe@FexOy/Pd XP spectrum. Emissions at 335.4 and 340.7 eV tailing to
higher binding energies are characteristic of metallic Pd0.38,48 XPS analyses of the
Fe 2p3/2 and O 1s regions indicate the particle surface iron consists of mostly
42

Fe3O4 and FeOOH after Pd was deposited (Figure 2-7).38,39,44-46

Figure 2-6. Shirley background-subtracted high-resolution Pd 3d region of the XP
spectrum of Fe@FexOy/Pd (dotted line), fit solid lines indicate metallic Pd (0).
Spectrum was calibrated to C 1s emission at 284.8 eV.

Figure 2-7. Shirley background-subtracted high-resolution Fe 2p3/2 region (left)
and O 1s region (right) of the XP spectra of Fe@FexOy/Pd (dotted lines). All
spectra were calibrated to C 1s emission at 284.8 eV. The fitting (solid lines) in
the Fe 2p3/2 region indicates the presence of mixed oxides Fe3O4 and FeOOH. The
peaks in O 1s region fit to crystalline OH- confirm the presence of FeOOH
alongside Fe3O4.

2.3.3. Catalytic Activity of Pd “Decorated” Fe@FexOy NPs
Reactions of various aryl halides with aryl boronic acids were evaluated using
0.5 mol% Fe@FexOy/Pd (Pd content relative to aryl halides) in a H2O/EtOH
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(volume ratio = 1:1) solvent mixture at room temperature in air (Table 2-3). Aryl
bromides and iodides bearing electron-withdrawing or donating groups afforded
cross-coupling products in high yields (entries 1-5 and 9-12, Table 2-3). As
expected, electron-rich aryl boronic acids furnished coupling products in good
yields (entries 6-8, Table 2-3). Steric hinderance present in the ortho-methylated
aryl bromide and iodide influenced the reactivity resulting in a lower yield
(entries 5 and 12, Table 2-3). No biphenyl was obtained from reaction of aryl
chlorides when the reaction was performed at room temperature, however
activated 4-nitrophenyl chloride provided the coupling product in moderate yield
at 80 °C (entry 13, Table 2-3). The blank reaction of bromobenzene with
phenylboronic acid using Fe@FexOy without Pd resulted in no reaction (entry 14,
Table 2-3). For entry 1, five-fold scale-up of the reaction of bromobenzene with
phenylboronic acid did not compromise yield (i.e., 95%).

0.5 mol% Fe@FexOy/Pd

+
R1

R1

B(OH)2

X

R2

H2O/EtOH, K2CO3, rt, in air
R2

Scheme 2-4. Suzuki-Miyaura cross-coupling reactions
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Table 2-3. A summary of Suzuki-Miyaura cross-coupling reactions.a
Entry

R1

X

R2

Time
(h)

Yield
(%)b

TOF (h-1)

1
2
3
4
5
6
7
8
9
10
11
12
13c
14d

H
4-NO2
4-COMe
4-OMe
2-Me
H
H
H
H
4-NO2
4-OMe
2-Me
4-NO2
H

Br
Br
Br
Br
Br
Br
Br
Br
I
I
I
I
Cl
Br

H
H
H
H
H
2-OMe
3-OMe
4-OMe
H
H
H
H
H
H

4
4
4
4
4
4
4
4
2
2
2
2
36
4

95
96
96
93
86
91
89
94
98
99
97
84
24
0

47.5
48
48
46.5
43
45.5
44.5
47
98
99
97
84
1.33
0

a

Reaction conditions: 2.0 mmol aryl halide, 2.4 mmol aryl boronic acid, 5.0 mmol
K2CO3, 0.5 mol% Fe@FexOy/Pd, H2O/EtOH (1:1), room temperature. bIsolated
yield, average of minimum two independent reactions with deviation ≤ 2%.
c
80 °C, average of two independent reactions with 4% deviation. dFe@FexOy
without Pd.
It is worth mentioning the Fe@FexOy/Pd system shows improved activity over
commercial Pd/C (10 wt. %, Aldrich 205699) when coupling bromobenzene with
phenylboronic acid under identical reaction conditions (Table 2-4).
Table 2-4. Suzuki-Miyaura coupling reactions catalyzed by Pd/C and
Fe@FexOy/Pd.a
Br

Catalyst
Pd/C
Fe@FexOy/Pd

+

(HO)2B

Time (h)
4
4

Yield (%)b
90
95

a

Reaction conditions: 2.0 mmol bromobenzene, 2.4 mmol phenylboronic acid, 5.0
mmol K2CO3, 0.5 mol % Pd, H2O/EtOH (1:1), room temperature. bIsolated yield.
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One of the motivations of the present study was to employ magnetic separation
to recover the catalyst. While Fe@FexOy/Pd NPs are paramagnetic it is reasonable
to expect they can be separated from the reaction mixture upon exposure to an
external permanent magnet. However, magnetic isolation of the present
Fe@FexOy/Pd NPs is challenging. Before Pd deposition, Fe@FexOy NPs are
readily recovered upon exposing the suspension to an external permanent magnet.
Because Fe@FexOy/Pd NPs are prepared by reducing Pd2+ with the electrons from
the Fe core, positive charge accumulates in the NP core. As a result of
electrostatic interactions, these charged NPs repel each other making
straightforward magnetic isolation difficult. To minimize particle repulsion, a
saturated NaCl solution was added to reaction mixture to increase ionic strength,
which facilitated magnetic separation (Figure 2-8). Due to the limitation of
magnetic separation, we chose to employ gravity filtration (product assay) or
centrifugation (catalyst reuse) for catalyst separation rather than magnetic
attraction unless otherwise noted.

Before

After

Figure 2-8. Magnetic separation of the catalyst from the reaction mixture, NaCl
solution was added before applying the magnet.
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While palladium-catalyzed Suzuki coupling reactions allow for successful
synthesis of numerous compounds including pharmaceutically active ingredients,
palladium is often retained in the isolated products. For pharmaceutical
applications there are typically strict guidelines limiting heavy metal
concentrations. The Pd limit in pharmaceutical substances mandated by European
Agency for the Evaluation of Medicinal Products is 5 ppm.49 For homogeneous
palladium catalyzed reactions all of the palladium commonly remains in the
reaction product after isolation, and it is very challenging and costly to remove.
For heterogeneous catalysts, such as Pd on carbon and Pd bonded to polymer
supports, the Pd content is often greatly reduced in the products, as most of the Pd
remains bound to the support, which is removed by filtration. Unfortunately,
leaching of the Pd from catalyst supports is possible and removal of residual
palladium from products generated via heterogeneous catalysis can still be an
issue. Adding to the appeal of the Fe@FexOy/Pd catalytic system, the residual Pd
content in the crude solid product from the reaction of bromobenzene with
phenylboronic acid is 0.31 ppm, which is far below the limit mandated by the
European Agency for the Evaluation of Medicinal Products (i.e., 5 ppm). It is not
clear how the Fe@FexOy NPs retain Pd, however it is reasonable both surface –
OH groups and Fe core play a role. It is useful to recall the mechanism by which
Pd deposition onto Fe@FexOy NPs occurs. In basic reaction conditions, the
surface –OH groups are deprotonated and have a strong affinity to leached Pd
species. In addition, if metallic Fe cores remain they have a demonstrated ability
to reduce soluble Pd (II) species generated during the reaction. In the present
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context it is useful to view Fe@FexOy NPs as “source” and “sink” for Pd in the
Suzuki coupling reaction.
Catalyst recycling was also performed to evaluate the reusability of
Fe@FexOy/Pd in the Suzuki-Miyaura coupling of bromobenzene with
phenylboronic acid. After each cycle, the catalyst was separated from the reaction
mixture by centrifugation, washed with distilled water and stored in an argon
atmosphere between reactions. As summarized in Table 2-5, we observed only a
slight loss of activity after the third reaction. A total turnover number (TON) of
906 was achieved, which is lower compared to most homogenous Pd catalysts
with TONs of ˃ 10,000.50
Table 2-5. A summary of catalyst reuse for Suzuki-Miyaura coupling reaction of
bromobenzene with phenylboronic acid.a
Run
1
2
3
4
5
a

Time (h)
4
4
4
4
4

Yield (%)b
95
93
94
88
83

Reaction conditions: same as Table 2-1.
independent tests.

b

TOF (h-1)
47.5
46.5
47
44
41.5

Isolated yield, average of two

After 5 consecutive reactions (Table 2-5), the catalyst maintained size and
morphology in TEM however particles appeared to be more agglomerated (Figure
2-9). No composition difference can be detected at the sensitivity of the EDX
technique (Figure 2-10). In addition, the oxidation states of Pd, Fe and O
remained unchanged even after 5 runs as confirmed by XPS (Figures 2-11, 2-12,
2-13). In Figure 2-11, we notice a reduced signal-to-noise ratio in the right
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spectrum, which is caused by reduced sample amount after 5 reactions. In Figure
2-12, we note an increased Fe3+/Fe2+ ratio after 5 reactions which likely arises
from nanoparticle oxidation throughout.

Figure 2-9. Bright-field TEM images of Fe@FexOy/Pd, left: before reaction; right:
after 5 reactions, show no significant change in catalyst size and morphology.
Scale bar: 20 nm.

Figure 2-10. EDX spectra of Fe@FexOy/Pd, left: before reaction; right: after 5
reactions, show no significant change in catalyst composition.

Figure 2-11. Shirley background-subtracted high-resolution Pd 3d region of the
XP spectra of Fe@FexOy/Pd (dotted line), left: before reaction; right: after 5
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reactions. All spectra were calibrated to C 1s emission at 284.8 eV. The fitting
(solid lines) indicates metallic Pd(0). FWHM range from 0.85 to 1.05. Note that
reduced sample amount after reactions leads to reduced signal-to-noise ratio.

Figure 2-12. Shirley background-subtracted high-resolution Fe 2p3/2 region of the
XP spectra of Fe@FexOy/Pd (dotted line), left: before reaction; right: after 5
reactions. All spectra were calibrated to C 1s emission at 284.8 eV. The fitting
(solid lines) indicates the presence of mixed oxides Fe3O4 and FeOOH. A slight
decrease in Fe(II) is observed after 5 reactions.

Figure 2-13. Shirley background-subtracted high-resolution O 1s region of the
XP spectra of Fe@FexOy/Pd (dotted line), left: before reaction; right: after 5
reactions. All spectra were calibrated to C 1s emission at 284.8 eV. Solid lines
show fits. The peak fit to crystalline OH- confirms the presence of FeOOH
alongside Fe3O4.
The mechanism of palladium-catalyzed cross couplings has been studied
intensively. In general, Suzuki cross-coupling reactions catalyzed by Pd catalysts
follow the “classic” mechanism summarized in Scheme 2-5.51,52 It involves a
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postulated molecular, homogeneous palladium species that cycles between Pd(0)
and Pd(II) oxidation states during the course of the catalytic reaction. The reaction
starts with oxidative addition of the aryl halide to Pd(0) to form Ar-Pd(II)-X (X =
halide) complex. Ar-Pd(II)-X reacts with base to give Ar-Pd(II)-OH, followed by
transmetallation of the aryl boron compound onto Pd to form Ar-Pd(II)-Ar' and
B(OH)4- under basic condition. Finally, reductive elimination of the desired
product Ar-Ar' restores the original palladium catalyst. If there are ligands bonded
to the palladium catalyst, they remain coordinated to Pd center throughout the
entire catalytic cycle (ligands are not shown in Scheme 2-5 for clarity).
Ar-Ar'

Pd(0)

ArX

reductive
elimination

oxidative
addition

Ar-Pd(II)-Ar'

Ar-Pd(II)-X

B(OH)4-

NaOH
NaOH

transmetalation
Ar-Pd(II)-OH
NaX

Ar'B(OH)2

X = Cl, Br, I

Scheme 2-5. The generally accepted “classic” mechanism of the Suzuki crosscoupling reaction catalyzed by Pd catalysts.
Recently, Amatore and Jutand reported the existence of an anionic version of
the “classic” mechanism for homogenous palladium-catalyzed Heck and other
coupling reactions.53 The overall cycle is similar to the standard cycle discussed
above however an anionic, penta-coordinated species ([ArPdX(PPh3)2(OAc)]-) is
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proposed to be the active Pd(II) intermediates.
The mechanism for reactions catalyzed by heterogeneous palladium is the
subject of much scientific interest and the exact identity of the active species
remains unclear (i.e., heterogeneous vs. quasi-homogeneous). It has been
proposed the reaction can take place at the surface of solid metallic Pd as a
heterogeneous reaction.54,55 Alternatively, a quasi-homogeneous mechanism can
occur, where Pd is dissolved in a colloidal56,57 or molecular58-63 form (e.g., by
oxidative addition to the substrate) that is leached from the supported metallic Pd.
Currently, it is widely accepted leached palladium species are the active catalysts
in most coupling reactions employing solid-supported palladium.51,52 Following
reaction, the leached palladium is subsequently redeposited onto the support,
which serves as a Pd reservoir. It is useful to look at a similar catalytic process,
Heck reactions catalyzed by Pd/C, Pd/alumina, Pd on zeolites, or Pd on
silicoaluminophosphates, Pd can dissolve and leach at the beginning of the
reaction, it has been proposed that reactants probably act as ligands for the
formation of complexes.58-60,64-68 The concentration of Pd in solution was found to
be highest at the beginning of the reaction and gradually dropped as the reaction
progresses. As the reaction ends, most of the dissolved Pd is redeposited onto the
support due to the lack of “reactant ligands”.
For the present Fe@FexOy/Pd catalyst system, the leached palladium content in
the filtrate from a one hour reaction of bromobenzene with phenylboronic acid
was 1.87 ppm (i.e., 1.76% of initial catalyst loading, as determined by ICP-MS).
In contrast, when the same quantity of Fe@FexOy/Pd was reacted for one hour in
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the absence of bromobenzene and phenylboronic acid, only 0.15 ppm of Pd was
detected. From this we conclude Pd leaching is facilitated by oxidative addition of
bromobenzene to the Pd0 surface.58-63 Comparing the Pd content in the filtrate
solutions from four hours (i.e., complete, 0.54 ppm) and one hour reactions (1.87
ppm) supports the proposal that leached Pd is redeposited onto Fe@FexOy after
reaction is completed. Reusing the filtrate with 0.54 ppm Pd as catalyst for the
identical reaction results in 12% yield, strongly suggesting reactivity arises from
the leached Pd for which Fe@FexOy/Pd NPs act as “source” and “sink”.58-63
In the context of the generally accepted “classic” mechanism for the Suzuki
coupling reaction (Scheme 2-5), it is unclear which step in the catalytic cycle is
rate-determining. It depends upon many factors, including type of aryl halide (Cl,
Br and I), catalyst, solvent and other reaction conditions. Our Fe@FexOy/Pd
catalyst system has two metals Fe and Pd, and we are devoted to investigate the
effect of Fe on catalytic activity of Pd. Due to communication between two
transition metals, bimetallic NPs often show enhanced catalytic activity compared
to one single metal,69 so synergistic interaction between Fe and Pd may exist as
well during the Suzuki coupling reaction. As we know, Fe has rather low
electrochemical potential and thus strong electron-donating ability. In the four
steps of the mechanism cycle for Suzuki coupling, it is most likely for Fe to have
influence in the first step (i.e., oxidative addition) by supplying additional electron
density to the surface Pd species.
Oxidative addition is a key step in many transition-metal catalyzed reactions,
such as C-C coupling, hydrogenation, etc. It is a reaction involving the insertion
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of a metal between two atoms that were previously bonded together, in which the
metal oxidation state goes up. As shown in Scheme 2-6, the new M-X and M-Y
bonds are formed using the electron pair of the X-Y bond and electron lone pair of
the metal. The metal oxidation state increases (by +2, M2+), while X and Y are
formally reduced to X-, Y-.

LnM +

X
Y

LnM

X
Y

Scheme 2-6. Oxidative addition.
Oxidative addition is a reaction type rather than mechanism. Several different
mechanisms are possible, including nucleophilic substitution (polar) mechanism,
concerted (non-polar) mechanism and radical mechanism. Nucleophilic
substitution mechanism, also called polar mechanism, suites for polar X-Y bonds,
such as alkyl/aryl halides. It is very similar to an aliphatic nucleophilic
substitution (SN1 or SN2) reaction. As shown in Scheme 2-7, metal initially acts as
nucleophile to attack the electron deficient carbon. In the second step, the
liberated halide anion binds to the metal. That doesn’t happen in a normal
nucleophilic substitution. In this case, the metal has empty d orbitals and is able to
accept electron pair from the halide anion.

LnM

X Y

LnM X Y

LnM

X
Y

Scheme 2-7. Nucleophilic substitution mechanism for oxidative addition.
In the oxidative addition of the Suzuki coupling reaction catalyzed by our
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Fe@FexOy/Pd catalyst system, nucleophilic substitution mechanism applies and
Fe can donate electrons to surface Pd, which enhances nucleophilicity of Pd. The
more nucleophilic the metal is, the greater its reactivity is in nucleophilic
substitution of oxidative addition. For homogenous palladium-catalyzed Suzuki
coupling, the nucleophilicity of palladium can be varied by changing the ligands.
For heterogeous palladium catalyst, the nucleophilicity of palladium is hardly to
tune because most of supports are insulators, such as zeolite, silica, and metal
oxides. In the Fe@FexOy/Pd catalyst system, the metallic iron core can donate
electrons to surface Pd, which may go through a few nanometer-thick iron oxide
shell. This unique structure will enable us to adjust the catalytic activity by
changing the electron-donating ability of the core.
To investigate the effect of Fe on the catalytic activity, we used different
amounts of Fe@FexOy to deposit Pd (Table 2-6). By increasing amount of
Fe@FexOy, which can donate more electrons to surface Pd, thus the catalyst will
supposed to be more active. Because aryl bromides and iodides are very active to
participate in the coupling reactions with phenylboronic acid, it is hard to tell the
difference of Pd activity. To find a suitable substrate which can differentiate the
activity of catalysts with different amount of Fe@FexOy, we used less active aryl
chlorides, such as chlorobenzene, 1-chloro-4-nitrobenzene and 1-chloro-4acetylbenzene to couple with phenylboronic acid (Table 2-6).
From Table 2-6, there is no obvious tendency for the yield when the Fe@FexOy
amount was increased from 5 mg to 25 mg, then to 50 mg for three aryl chlorides.
This result is unexpected, because we hope that the yield will increase when the
55

amount of Fe@FexOy increases. It seems Fe@FexOy has no substantial influence
on Pd activity for Suzuki coupling.
Table 2-6. Effect of Fe@FexOy on catalytic activity of palladium in the Suzuki
coupling reactiona
R

B(OH)2

Cl
+

0.5 mol% Fe@FexOy/Pd
H2O/EtOH, K2CO3, 80oC, in air

R

Yield (%)b
R

5 mg Fe@FexOy

25 mg Fe@FexOy

50 mg Fe@FexOy

-H
2.6
2.5
9.6
-NO2
22.3
22.1
21.3
-COMe
15.7
14.2
15.0
a
Reaction conditions: 2.0 mmol aryl chloride, 2.4 mmol phenylboronic acid, 5.0
mmol K2CO3, 0.5 mol% Fe@FexOy/Pd, H2O/EtOH (1:1), 80 °C, 24 h. bGC yield.
Is it possible to activate inactive transition metal by increasing amount of Fe?
Ni has appeared the perfect choice because of its similar but lower catalytic
activity compared to Pd, and Ni is not active for Suzuki coupling even for
iodobenzene. Activation of Fe@FexOy/Ni was attempted to catalyze coupling of
iodobenzene and phenylboronic acid by increasing amount of Fe@FexOy.
However, no biphenyl product was detected by GC-MS when Fe@FexOy amount
is up to 100 mg under the same reaction conditions as Fe@FexOy/Pd. So Ni is not
activated to catalyze Suzuki coupling by increasing Fe@FexOy amount. Recalling
the mechanism cycle of Suzuki coupling reaction, it is hard to state which step is
rate-determining; in fact depending upon the substrate, catalyst and solvent any of
the four steps can be rate-determining. If one of the other three steps is rate-
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determining, the Fe@FexOy is not expected to exhibit an effect on the reaction rate
even though it can donate electrons to the surface catalytic metal species, which
can promote oxidative addition.
In conclusion, we have demonstrated Fe@FexOy can be used as a versatile
support for immobilizing catalytic metals. The immobilization is readily achieved
via coordination of metal ions to the iron oxide surface and subsequent reduction
of these coordinated ions to their metallic state by the iron core. As an example of
their catalytic potential, Fe@FexOy decorated with spectroscopically dectectable
metallic Pd domains were evaluated and found to exhibit high catalytic activity
toward Suzuki-Miyaura cross-coupling reactions in aqueous solution at room
temperature in air. This catalytic system effectively couples the advantages of
heterogeneous (e.g., low cost, air-stability, easy separation, and good reusability)
and homogeneous systems (e.g., high yield), making it a promising material for
practical application. Furthermore, Fe@FexOy/Pd has special retention ability for
Pd species due to the established reducing nature and coordinating ability of the
Fe@FexOy support, which make leached Pd negligible. The effect of Fe@FexOy
on the catalytic activity of Pd and Ni was investigated by increasing amount of
Fe@FexOy, however, no visible effect on activity of catalysts was found for the
Suzuki coupling reactions. Ongoing investigations are aimed at other catalytic
metals and metal combinations in an effort to demonstrate the versatility of the
Fe@FexOy support.
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Chapter 3: Synthesis of Fe-Pd Nanostructures and Their Catalytic Activity for
Suzuki Cross-Coupling Reactions

3.1 Introduction
Metallic nanoparticles (NPs) constructed from more than one metal have been
attracting increasing interest as a result of their multiple functionalities arising
from different metals. Bimetallic NPs are emerging as a new class of useful
materials that can exhibit hybrid properties associated with two constituent metals.
While some bimetallic NPs do not show unexpected properties, frequently there is
a substantial enhancement in specific physical and chemical properties arising
from synergistic effects of combining these metals. A rich diversity of
compositions, structures, and properties of bimetallic NPs has led to widespread
applications in electronics, biosensing, and catalysis.1-4 Combining metals offers
an intriguing approach for tailoring the electronic and geometric structures to
enhance the catalytic activity and selectivity. Bimetallic NPs are widely used as
catalysts in a variety of industrially relevant reactions including catalytic
reforming,5-7 pollution control,5 alcohol oxidation,8 and fuel cells for energy
conversion.9-12 In all these cases, combining two metals enhanced catalytic
activity and selectivity compared to monometallic counterparts.
There are many different types of bimetallic NPs. When considering mixing
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pattern of two metals a variety of nanostructures can result depending upon
reaction parameters. If one class of metal ion is reduced first a seed particle forms
and the second metal deposits evenly on the seed to form a core-shell structure
(Figure 3-1A). This is a classic example of heterogenous nucleation.13
Heterostructures form when individual nucleation and growth of the two metals of
choice occur and they share an interface during the growth process (Figure 3-1B).
Alloy (Figure 3-1C) particles consist of a homogeneous mixture of two metals
where metal-metal bonds form. Depending on relative size of mixing atoms, atom
exchange happens when the atoms are relatively similar in size, where some of
the atoms in the metallic crystals are replaced with atoms of the other constituent.
If one type of atom is much smaller than the other, it may be trapped in the
interstices between the atoms in the crystal matrix.14

(a)

(b)

(c)

Figure 3-1. Bimetallic NPs with three different structures, (a) core-shell;
(b) heterostructure; (c) alloy. One sphere represents an atom, two types
of atoms are depicted with different colours.
Alloy nanostructures can be differentiated from core-shell particles and
heterostructures using powder X-ray diffraction (XRD). This is possible because
core-shell and heterostructure compounds exhibit reflections characteristic of two
constituent metals, while for alloys new reflections (usually between the original
reflections arising from the two metals) appear, indicating new crystal structure.
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3.1.1 Methods for Synthesis of Bimetallic NPs
In general, bimetallic NPs may be prepared in the solid, gas, or solution
phases.1,2,4 Metallurgical techniques are traditionally used for making bimetallic
compounds, which melt two kinds of bulk metals under proper conditions. This
solid state method requires high temperature and long annealing times; it is also
difficult to obtain nanoscale bimetallic particles.15,16 A typical gas phase synthesis
employs molecular beam techniques (e.g., laser beam, pulsed arc, ion sputtering,
magnetron sputtering).17 Under these conditions, bulk metallic powders or two
monometallic precursors are mixed and vaporized to produce gas phase atoms;
collision and condensation of the atomic species and extrusion through a nozzle
forms bimetallic particles.18 A wide variety of bimetallic NPs (e.g., Au-Ag, Au-Pd,
Au-Pt, Fe-Pd, Fe-Pt, Ni-Pd, Ni-Pt, and Fe-Ni alloys) have been prepared in this
way.19 Unfortunately, these gas phase preparations require complicated and costly
apparatus and only yield small quantities of materials.
In this regard, solution-based methods provide clear advantages. The key issue
that must be addressed is control of the nucleation and growth of two distinct
metal species. Co-reduction is among the most common and straightforward
methods for preparing bimetallic NPs, however appropriate selection of reducing
agents is paramount if this method is to be fully exploited. Because redox
potentials and chemical reactivities of metals (or metal precursors) differ great
care must be exercised to control nucleation events. In general, the metal of higher
redox potential is reduced first. When the second metal deposits on the surface of
the preformed metal symmetrically, core-shell NPs are obtained. If the deposition
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process only occurs preferentially on particular crystal faces or particle facets,
heterostructure NPs will be obtained. Simultaneous reduction and nucleation lead
to the formation of metal-metal bonds, alloyed NPs will be synthesized. Yang and
co-workers synthesized truncated-octahedral alloyed Pt3Ni nanocrystals (NCs)
from Pt(acac)2 and Ni(acac)2 using borane-tert-butylamine complex and
hexadecanediol as the reducing agents.20 Butylamine is used to replace the
capping agents in the surface treatment to create active electrocatalysts for oxygen
reduction reaction (i.e., reduction from O2 to H2O). The co-reduction process in
solution system is very effective in preparing high-quality bimetallic NPs with
well defined structure, shape and size.
Thermal decomposition of organometallic compounds is another classic route
to obtain highly monodisperse bimetallic NPs. A prototypical example of this type
of synthesis was reported by Sun and coworkers.21 This was the first synthetic
report of monodisperse alloyed Fe-Pt NPs obtained from simultaneous thermal
decomposition of iron pentacarbonyl (Fe(CO)5) and reduction of platinum
acetylacetonate (Pt(acac)2) at 300 °C in a mixture of oleic acid and oleylamine
(Scheme 3-1). The size and composition of the particles were controlled by
varying the synthetic parameters such as molar ratio of stabilizers to metal
precursors, molar ratio of two metal precursors.21,22
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Scheme 3-1. Synthesis of alloyed Fe-Pt NPs using thermal decomposition.
Seeded-growth in solution provides a very effective route for generating
bimetallic NPs with well-controlled morphologies (e.g., core-shell and
heterostructures). When the second metal evenly deposits onto the surface of the
preformed seed, core-shell structures will be obtained. Heterostructures are
obtained if the deposition and growth of the second metal occur on a specific site
or face of the seed. Xia et al.13 used L-ascorbic acid and citric acid as reducing
agents to control the growth of Au on cubic Pd seeds, and obtained Pd-Au coreshell and heterostructure nanocrystals (NCs), respectively (Figure 3-2).

Figure 3-2. TEM images of a) Pd-Au core-shell and b) Pd-Au dimer NCs
synthesized by seeded-growth, reproduced from ref. 13.
Galvanic displacement also provides a way to make bimetallic nanostructures.
This method employs differences in the redox potential of the metals of choice. A
prerequisite for galvanic displacement is the second metal ion must be reduced by
the preformed metal. The preformed metal is a sacrificial template and is partially
consumed. Successful synthesis of Co@Au core-shell nanospheres was achieved
by a one-step galvanic displacement reaction between Co NPs and AuCl4- ions in
the presence of polyvinylpyrrolidone in aqueous solution (Figure 3-3).23
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Figure 3-3. (a) SEM and (b) TEM images of Co@Au core-shell nanospheres
synthesized by galvanic displacement, reproduced from ref. 23.

3.1.2 Catalytic Applications of Bimetallic NPs
As mentioned before, when compared to monometallic NPs, bimetallic NPs
often show enhanced catalytic properties. Studies indicate the bimetallic NP
composition, oxidation state, and morphology play a critical role in determining
their catalytic properties. Li et al. showed improved catalytic efficiency of
Au@Co core-shell bimetallic NPs for the CO oxidation reaction forming CO2
compared to pure Au or Co NPs (Figure 3-4).24

Figure 3-4. (a) TEM and (b) HRTEM images of Au@Co
core-shell NPs, reproduced from ref. 24.
Another key example was reported by Hyeon and co-workers who synthesized
bimetallic Pd/Ni NPs with Ni-rich cores and Pd-rich shells.25 When tested for
catalytic activity in Sonogashira coupling reactions, it was found that the catalytic
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activity of the bimetallic Pd/Ni NPs far exceeded that of monometallic Pd NPs
with similar size.
Stamenkovic and co-workers demonstrated that the nanocrystal Pt3Ni (111)
surface is 10-fold more active for the oxygen reduction reaction (i.e., reduction
from O2 to H2O) than the corresponding Pt (111) surface and 90-fold more active
than the state-of-the-art Pt/C catalysts for polymer electrolyte membrane fuel cells,
because the Pt3Ni (111) surface has an appropriate electronic structure and
arrangement of surface atoms that greatly increases the number of active sites for
oxygen adsorption.26
Xia and his colleagues synthesized Pd-Pt bimetallic nanodendrites consisting of
a dense array of Pt branches on a Pd core, which were two and a half times more
active for the oxygen reduction reaction than the state-of-the-art Pt/C catalyst and
five times more active than the first-generation supportless Pt-black catalyst.27
In this chapter, we prepared three types of Fe-Pd alloy NPs using concomitant
thermal decomposition of Fe(CO)5 and reduction of Pd(acac)2 in oleylamine with
or without additional reducing agents. These as-synthesized Fe-Pd alloy NPs were
characterized by TEM, XPS and XRD, and their catalytic activities were tested in
Suzuki cross-coupling reactions.

3.2 Experimental Section
3.2.1 Chemicals
Iron (0) pentacarbonyl (Fe(CO)5, 99.999%), palladium (II) acetylacetonate
(Pd(acac)2, 99%), oleylamine (technical grade, 70%), oleic acid (technical grade,
90%), 1-octadecene (technical grade, 90%), 1-adamantanecarboxylic acid (ACA,
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99%), sodium sulfate (Na2SO4, ACS reagent, ≥ 99%, anhydrous), all aryl halides
and aryl boronic acids were purchased from Sigma-Aldrich. 1,2-hexadecanediol
(>98%) was purchased from TCI and tri-n-butylphosphine (TBP, 99%) was
purchased from Strem Chemicals, Inc. K2CO3 was purchased from Mallinckrodt.
All reagents were used without further purification unless otherwise noted.
Typically, in-house deionized water was employed for Suzuki coupling reactions,
and 18.2 MΩ·cm-1 Millipore water was used for ICP-MS studies.

3.2.2 Synthesis of Fe-Pd Nanodendrites (ND)-Method 1
The procedure for synthesis of Fe-Pd ND was adapted from a literature method
for synthesizing FePt NPs.28 Pd(acac)2 (0.5 mmol, 152 mg), oleic acid (4 mmol,
1.27 ml), and oleylamine (4 mmol, 1.32 ml) were mixed with 10 ml of 1octadecene in an argon atmosphere. The mixture was heated to 120 °C at a
heating rate of 6-7 °C/min (oil bath). The flask was maintained at this temperature
for 10 minutes to ensure the dissolution of Pd(acac)2. Under a blanket of argon
gas, 0.20 ml of Fe(CO)5 was added. The solution was then heated to 200 °C at a
heating rate of 5 °C/min, and kept at this temperature for 1 h. The heating source
was then removed, and the solution was cooled to room temperature. A black
product was precipitated by adding 10 ml of isopropyl alcohol, and the yellowbrown supernatant was decanted by applying a magnet. The black product was
washed by isopropyl alcohol 15 ml×4 and dried in vacuo for 1 day to yield a dry
powder. The dry powder was stored in an argon-filled glove box (0.6 ppm H2O,
0.6 ppm O2).
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The composition of the as-synthesized NPs was analyzed by inductively
coupled plasma mass spectrometry (ICP-MS), revealing composition is FePd3.

3.2.3 Synthesis of Fe-Pd NPs (NP1, NP2)-Method 2
Fe-Pd NPs were prepared using a modified literature procedure.29,30 All
procedures were performed in an argon atmosphere. Pd(acac)2 (0.08 g, 0.25
mmol), and 1-adamantanecarboxylic acid (ACA) (NP1, 0.27 g, 1.5 mmol; NP2
0.54 g, 3 mmol) were dissolved in 1 ml of tri-n-butylphosphine (TBP) to form
solution (1) at room temperature. Subsequently, 0.14 ml (1 mmol) of Fe(CO)5 was
injected into the solution (1) to obtain orange stock solution (2). In a Schlenk flask,
solution (3) consisting of 390 mg (1.5 mmol) 1,2-hexadecanediol and 17 ml
oleylamine was heated to 120-180 °C for 60 min. Sequentially, the stock solution
(2) was quickly injected into solution (3). The resulting reaction mixture was
maintained at 120-180 °C for 1 hour, and then the reaction temperature was
slowly increased (5 °C/min) and maintained at 280-300 °C for 2 hours. During
heating, the reaction mixture slowly changed from orange to black, suggesting the
formation of the nuclei. After two hours the reaction mixture was cooled to room
temperature. The black precipitates were isolated from the solution by adding 30
ml acetone, and the yellow-brown supernatant was decanted by applying a magnet.
The black product was washed by acetone 25 ml×4 and then dried in vacuo for 1
day to yield a dry powder. The dry powder was stored in an argon-filled glove
box (0.6 ppm H2O, 0.6 ppm O2) until used in catalytic testing.

3.2.4 Determination of Fe and Pd Contents in Samples
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The Fe and Pd contents were determined using inductively coupled plasma
mass spectrometry (ICP-MS). NP samples were dissolved in concentrated nitric
acid, and the solution was heated in a sand bath until no solid is present. The clear
yellow/orange solution was quantitatively transferred to a 10 ml volumetric flask
and analyzed by ICP-MS.

3.2.5 General Procedure for Evaluating Nanomaterial Catalytic
Activity in Suzuki Cross-Coupling Reactions
For reactions performed in EtOH/H2O (1:1), the aryl halide (2.0 mmol) and aryl
boronic acid (2.4 mmol) were dissolved in 5 ml ethanol. ND or NP1 or NP2 (0.5
mol% Pd) were added to the ethanol solution. K2CO3 (5 mmol) in 5 ml deionized
water was subsequently combined with the ethanol mixture and the mixture was
sonicated for two minutes. The reaction mixture was subsequently stirred at room
temperature (or 80 °C) in air for time listed in Table 3-1.
For reactions performed in dimethylformamide (DMF), ND, NP1, or NP2 (0.5
mol% Pd), aryl halide (2.0 mmol), aryl boronic acid (2.4 mmol) and K2CO3 (5
mmol) were added to a round bottom flask, and 10 ml DMF was added. The
mixture was sonicated for two minutes before it was heated at 80 °C in air for
time listed in Table 3-1.
Identical work-up procedures were used for the EtOH/H2O and DMF reaction
media. After reaction, the catalyst was separated by exposing the reaction mixture
to a permanent magnet and the supernatant was decanted. The decantate was
extracted with diethyl ether (4 × 25 ml) and the organic layers were combined,
dried over anhydrous Na2SO4 and the solvent was removed on a rotary evaporator
to yield the crude product. If necessary, the crude product was purified by column
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chromatography on silica gel (petroleum ether/ethyl acetate) to give the desired
products. Products were identified by GC-MS as well as 1H and

13

C NMR. The

catalyst was washed by acetone and dried before it was evaluated for reuse.
B(OH)2

X

0.5 mol% Pd

+

solvent, K2CO3, in air

Scheme 3-2. Suzuki-Miyaura cross-coupling reactions.
Table 3-1. A summary of Suzuki-Miyaura cross-coupling reactions.
Entry

Catalyst

X

Temperature

Solvent

Time (h)

Yield (%)

1

ND

Br

r.t.

EtOH/H2O

2

98

2

NP1

Br

r.t.

EtOH/H2O

2

95

3

NP2

Br

r.t.

EtOH/H2O

2

95

4

Pd/C

Br

r.t.

EtOH/H2O

4

90

5

ND

Cl

r.t.

EtOH/H2O

48

11

6

ND

Cl

r.t.

DMF

48

13

7

ND

Cl

80 °C

EtOH/H2O

24

25

8

ND

Cl

80 °C

DMF

24

69

9

NP1

Cl

80 °C

DMF

24

52

10

NP2

Cl

80 °C

DMF

24

44

11

Pd/C

Cl

80 °C

DMF

24

27

3.2.6 Characterization Methods
1

H and

13

C NMR spectra were obtained for CDCl3 solutions using a Varian

Inova 400 spectrometer at 400 MHz and 100 MHz, respectively. Spectra were
referenced to CHCl3 (7.26 ppm) and CDCl3 (77.06 ppm), respectively. Chemical
shifts are recorded in parts per million (ppm, δ).
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Gas chromatography-mass spectrometry (GC-MS) was performed using a
Hewlett-Packard 5890 with a 5970 MSD using electron ionization . 1 μL o f an
acetone solution of the product was injected into a DB-5MS column with a 0.25
μm film. The carrier gas was helium at 1 ml/min. The injection port was at 280 °C
and a linear temperature profile (50 °C - 280 °C at 10 °C /minute) was employed.
Transmission

electron

microscopy

(TEM),

energy

dispersive

X-ray

spectroscopy (EDX), and selected area electron diffraction (SAED) were
performed using a JEOL 2010 transmission electron microscope with an
accelerating voltage of 200 keV and a LaB6 thermionic emission filament. The
instrument was fitted with an EDX detector for elemental analysis.
TEM samples were prepared by suspending particles in hexane by sonication
and drop-coating the solution onto carbon-coated, 200-mesh Cu grids (SPI
Supplies).
Powder X-ray diffraction (XRD) was performed using a Rigaku Geigerflex
2173 X-ray diffractometer equipped with a Co Kα radiation source (λ = 1.79 Å).
The system is equipped with a graphite monochromator to filter the Kβ
wavelengths. Bulk crystallinity was evaluated on finely ground samples mounted
on an aluminum holder under a helium atmosphere.
X-ray photoelectron spectroscopy (XPS) was performed using an AXIS-165
XPS spectrometer from Kratos Analytical. The base pressure and operating
pressure in the chamber were maintained at ≤ 10 -7 Pa. A monochromatic Al Kα
X-ray (λ = 8.34 Å) was used to irradiate the samples, and the spectra were
obtained with an electron takeoff angle of 90°. Samples were pressed into carbon
72

tape. To control sample charging, the charge neutralizer filament was used during
the experiment. The pass energy for the survey and the high-resolution spectra
were 160 and 20 eV, respectively. Spectra were calibrated to the C 1s emission at
284.8 eV using CasaXPS (VAMAS) software. Following calibration, the
background of each spectrum was subtracted using a Shirley-type background to
remove most of the extrinsic loss structure. Fitting was carried out using 70%
Lorentzian/30% Gaussian line shapes for metal zero-oxidation states, and
Gaussian line shapes for higher oxidation states. Binding Energy values and
orbital splitting were consistent with literature values obtained from the NIST
database (http://srdata.nist.gov/xps/).
Inductively coupled plasma mass spectrometry (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 internal
standard correction and the values reported are an average of three readings (35
sweeps per reading).

3.3 Results and Discussion
The synthesis of bimetallic Fe-Pd nanostructures was performed using a
modified literature procedure previously reported for the synthesis of Fe-Pt21,22,28
and Fe-Pd29,30 NPs. We prepared Fe-Pd nanostructures by simultaneous thermal
decomposition of iron pentacarbonyl (Fe(CO)5) and reduction of palladium
acetylacetonate (Pd(acac)2) in the presence of oleic acid and oleylamine (Scheme
3-3). Oleic acid and oleylamine are used as stabilizers and their structures are
shown in Scheme 3-4. In method 1, Pd(acac)2 and excess Fe(CO)5 are heated at
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200 °C. Under these conditions, Fe(CO)5 decomposes first to form Fe nuclei and
subsequent/simultaneous decomposition and reduction of Pd(acac)2 by preformed
Fe atoms yields Fe-Pd nuclei. Further growth results formation of Fe-Pd NPs. In
method 2, an additional reducing agent 1,2-hexadecanediol was introduced to
accelerate conversion of Pd(acac)2 to Pd atoms, which combine with Fe atoms
from decomposition of Fe(CO)5 to generate Fe-Pd nuclei. Again, further growth
results formation of Fe-Pd NPs. The size of the particles can be controlled by
varying molar ratio of stabilizer ACA to metal precursors.
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Scheme 3-3. Preparation of Fe-Pd nanostructures

74

O
C

OH

NH2

oleic acid
oleylamine

Scheme 3-4. Structures of oleic acid and oleylamine

Figure 3-5. A-C: Bright-field TEM images of Fe-Pd “nanodendrites” (ND)
prepared using method 1 outlined in Scheme 3-3. D: SAED pattern of ND.
Figures 3-5A and B show representative TEM images of nanostructures
obtained from method 1. Clearly, the resulting NPs are dendritic. These
“nanodendrites” (ND) tend to form agglomerates presumably due to their
magnetic properties (Figures 3-5A, B).The average diameter of the ND is 51.6 nm,
which was obtained by measuring the length from a branch edge to another one
on the opposite side (Figure 3-6). The ND show a size distribution of 30-75 nm
with ˃95% of the particles lying in the range of 35-70 nm (Figure 3-6). Higher
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magnification TEM analysis of the ND (Figure 3-5C) shows they possess highly
branched structures. Selected area electron diffraction (SAED) pattern (Figure 35D) clearly shows a well-defined ring pattern that is readily indexed to FePd alloy
crystal planes.31,32

Frequency (counts)
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Diameter (nm)

Figure 3-6. Size distribution histogram of ND (113 particles).
The presence of Fe and Pd in ND was confirmed using energy dispersive X-ray
spectroscopy (EDX). The Cu and C peaks in the spectrum result from TEM grids
(Figure 3-7).

Figure 3-7. EDX spectrum of ND.
When method 2 was used, the as-prepared particles exhibit a pseudospherical
morphology (Figures 3-8 NP1, 3-9 NP2). NP1 and NP2 were synthesized in the
presence of 1.5 and 3 mmol of 1-adamantanecarboxylic acid (ACA), respectively
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with other conditions the same. As expected NP2 are generally larger than NP1.
In the synthesis of NP1 and NP2, tri-n-butylphosphine (TBP) and ACA were used
as capping agents to tune the growth of nuclei. It has been proposed that the
linear-shaped TBP forms a tight micelle structure and limits the growth of metal
nuclei,33 while ACA molecules with sterically bulky adamantyl end groups would
repel each other and not have as strong coordination to the metal nuclei, leading to
high surface free energy.29,30 It has been observed that ACA tends to promote the
growth of nuclei resulting in generally larger particles however the origins of this
phenomenon remain unclear.29,30,34,35 NP1 possess a broad size with an average
diameter of 12.8 nm and distribution from 4-19 nm with 95% of the particles
lying in the range of 7-19 nm (Figure 3-10 left). NP2 also show a wide size
distribution with an average particle size of 17.7 nm and distribution from 10-26
nm with 95% of the particles lying in the range of 13-23 nm (Figure 3-10 right).

Figure 3-8. Bright-field TEM images of Fe-Pd NPs (NP1).
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Figure 3-9. Bright-field TEM images of Fe-Pd NPs (NP2).

Figure 3-10. Size distribution histograms of NP1 (184 particles)
and NP2 (225 particles).
For the synthesis of ND (method 1 in Scheme 3-3), no additional reducing
agent was used. Under these conditions a limited number of nucleation sites are
expected to form. As a result, particle growth will be limited to these sites and
after consumption of the metal precursors relatively large particles will be
obtained (Figure 3-5). In contrast, in the synthesis of NP1 and NP2, 1, 2hexadecanediol was added to the reaction mixture smaller particles are obtained
(method 2 in Scheme 3-3). Diols (e.g., ethylene glycol and 1, 2-hexadecanediol)
have been widely used as reducing agents to generate noble metal NPs. Under
these conditions, diols are oxidized to ketones and/or aldehydes.36-40 Clearly, the
additional reducing agent leads to facile reduction of Pd(acac)2 and produces more
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nucleation sites. The growth of these sites is limited by the concentration of the
metal precursors present in solution. This process leads to a greater number of
nuclei that in turn consume the metal precursors leading to smaller particles
(Figures 3-8 and 9).
A typical EDX spectrum of NP1 and NP2 is shown in Figure 3-11. Both NP1
and NP2 are made up of Fe, Pd, O and P. O is due to oxidation when samples
were exposed to air and from oxygen-containing capping agents (i.e., oleic acid
and ACA). P arises from the tri-n-butylphosphine (TBP) capping agent. C and Cu
are from TEM grids.

Figure 3-11. A typical EDX spectrum of NP1 and NP2.
The X-ray diffraction (XRD) patterns of ND, NP1 and NP2 all show diffraction
patterns readily indexed to the crystalline FePd alloy (Figure 3-12).41 For ND,
only reflections arising from the FePd alloy are noted. For NP1 and NP2, there are
obvious reflections corresponding to crystalline Fe3O4 (and/or Fe2O3),42,43
indicating the presence of substantial Fe3O4 (and/or Fe2O3). Presumably the iron
oxide was formed from oxidation of iron when samples were exposed to air
during handling and analysis.
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Figure 3-12. XRD patterns of ND, NP1 and NP2 compared to FePd and Fe3O4
standards. XRD was performed on an X-ray diffractometer equipped with a Co
Kα radiation source (λ = 1.79 Å), and data were converted to those corresponding
to Cu Kα radiation source (λ = 1.54 Å) for comparison purpose.
X-ray photoelectron spectroscopy (XPS) was performed to evaluate the
oxidation state of palladium and iron species in these samples. Figure 3-13 shows
Pd 3d region of XP spectra of the three samples. Each shows emissions within
335.3-335.8 eV in Pd 3d5/2 region, indicating the majority of Pd is present as
Pd(0).44,45 A shift in the Pd 3d emission of ND to lower binding energy compared
to those of NP1 and NP2 is observed and may arise from larger nanodomains in
ND in addition to electron contribution from iron.46
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Figure 3-13. Shirley background-subtracted high-resolution Pd 3d region of the
XP spectra of ND, NP1 and NP2, the dotted line at 335.6 eV indicates emission
arising from Pd(0).

Figure 3-14. Shirley background-subtracted high-resolution Fe 2p region of the
XP spectra of ND, NP1 and NP2, the dotted lines at 707.0 and 710.6 eV indicate
emissions arising from Fe(0) and Fe(II, III), respectively.
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In the Fe 2P region of XP spectra (Figure 3-14), three samples show emissions
at approximately 710.6 eV in Fe 2p3/2 region, indicating coexistence of Fe(0),
Fe3O4 and Fe2O3 in the samples.47,48 While no iron oxide reflections are observed
in the XRD pattern of ND, XPS indicates some oxidation has occurred. From this
we conclude oxidation of the Fe in the ND leads to the formation of noncrystalline iron oxides.
ICP-MS confirmed the compositions of these nanostructures. Table 3-2
summarizes the Fe/Pd atomic ratios and Pd weight percents (wt. %) for ND, NP1
and NP2. The majority of Pd is present in its metallic form for all samples (Figure
3-13). From XPS analysis above (i.e., Figure 3-14) the line shapes inidicate Fe(0),
Fe(II) and Fe(III) are present in all samples.
Table 3-2. Fe and Pd content in the samplesa
Samples

Weight (mg)

Fe (ppm)

Pd (ppm)

Atomic ratio

Pd wt. %

ND

8

115

645

1:3

80.6

NP1

18.4

860

271

6:1

14.7

NP2

14.3

665

276

4.6 : 1

19.3

a

Samples were dissolved in concentrated nitric acid and then analyzed by
ICP-MS (unit: ppm, i.e., µg/g, 10 ml solution).
The as-synthesized ND, NP1 and NP2 were used as catalysts in SuzukiMiyaura cross-coupling reactions (Scheme 3-5). As shown in Table 3-3, entries 14, they all exhibit higher catalytic activity than commercial palladium on carbon
(Pd/C 10 wt.%, Aldrich 205699) for the cross-coupling reaction of bromobenzene
and phenylboronic acid. In light of the high yields (i.e., > 95%) with
bromobenzene it was not readily possible to evaluate the origins of the improved
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reactivity of the Fe containing nanomaterials. For this reason, we chose to explore
activity of ND, NP1 and NP2 in Suzuki cross-coupling reactions employing the
generally inactive chlorobenzene. At room temperature low yields of coupling
product were obtained with chlorobenzene substrate using ND catalyst in
EtOH/H2O (1:1) or DMF (Table 3-3, entries 5, 6). Because the relative inactivity
of chlorobenzene toward the Suzuki cross-coupling reaction arises from the
comparatively strong C-Cl bond, we chose to explore reactions at slightly
elevated temperatures (i.e., 80 °C). When reactions were performed at 80 °C in
DMF, chlorobenzene was coupled to phenylboronic acid with substantial yields
when we used ND, NP1 and NP2 as catalysts (Table 3-3, entries 8-10). ND shows
the highest activity (i.e., 69%, Table 3-3, entry 8). This higher activity may arise
as a result of two contributing factors, a higher specific surface area due to its
highly branched structure and a greater availability of electrons at the Pd center
(XPS in Figure 3-13) leading to easier oxidative addition. In contrast, no product
was detected for the same reaction at 80 °C using the Pd/C as catalyst. ND also
showed much higher activity in DMF than that in EtOH/H2O (1:1) (Table 3-2,
entries 7, 8). This may result from the interaction of surface capping agents on the
ND which are capped with long-chain carbon surfactants (i.e., oleic acid and
oleylamine) and are well more dispersed in DMF compared to EtOH/H2O (1:1).
B(OH)2

X
+

0.5 mol% Pd
solvent, K2CO3, in air

Scheme 3-5. Suzuki-Miyaura coupling reactions
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Table 3-3. A summary of Suzuki-Miyaura coupling reactions.a
Entry

Catalyst

X

Temperature

Solvent

Time (h)

Yield (%)

1

ND

Br

r.t.

EtOH/H2O

2

98

2

NP1

Br

r.t.

EtOH/H2O

2

95

3

NP2

Br

r.t.

EtOH/H2O

2

95

4

Pd/C

Br

r.t.

EtOH/H2O

4

90

5

ND

Cl

r.t.

EtOH/H2O

48

11

6

ND

Cl

r.t.

DMF

48

13

7

ND

Cl

80 °C

EtOH/H2O

24

25

8

ND

Cl

80 °C

DMF

24

69

9

NP1

Cl

80 °C

DMF

24

52

10

NP2

Cl

80 °C

DMF

24

44

11

Pd/C

Cl

80 °C

DMF

24

27

a

Reaction conditions: 2.0 mmol aryl halide, 2.4 mmol aryl boronic acid, 5.0
mmol K2CO3, 0.5 mol% Pd (relative to aryl halide). bIsolated yield.

To further evaluate the activity of ND toward coupling of chlorobenzene with
phenylboronic acid in DMF, the ND catalyst was isolated from the reaction
mixture using a permanent magnet (Figure 3-15), washed repeatedly with acetone
(a minimum of three times) and dried in vacuum. The dried catalyst was reused
for the identical reaction under identical conditions.

Figure 3-15. Catalyst separation, white powder in the bottom is K2CO3.
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Yield data obtained from the repeated use of the ND catalyst are presented in
Table 3-4. While a slight loss of activity is observed it is reasonable this results
from material handling during catalyst recycling. A total turnover number (TON)
of 478 was achieved, which is lower compared to most homogenous Pd catalysts
with TONs of ˃ 10,000.

49

In fact, ICP-MS analysis of reaction crude products

indicates a slightly less catalyst remained following each reaction (Table 3-5).
Table 3-4. ND reuse for Suzuki-Miyaura coupling reaction of bromobenzene with
phenylboronic acid.
Run

Time (h)

Yield (%)

1

24

69

2

24

62

3

24

57

4

24

51

Table 3-5. ICP-MS analysis of biphenyl product using ND as catalyst
Recycle

Percent of the lost (%)

Percent of the left (%)

1

8.3

91.7

2

7.5

84.2

3

7.4

76.8

4

7.8

69.0

a

Samples were dissolved in concentrated nitric acid and then analyzed
by ICP-MS (unit: ppm, i.e., µg/g, 10 ml solution).
In conclusion, three Fe-Pd nanostructures have been synthesized - ND, NP1
and NP2 by simultaneous thermal decomposition of Fe(CO)5 and reduction of
Pd(acac)2. ND exhibit a dendritic strucutre with an average diameter of 51.6 nm,
while NP1 and NP2 exhibit a pseudospherical morphology with average
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diameters of 12.8 nm and 17.7 nm, respectively. All three samples contain
crystalline FePd alloy confirmed by XRD and iron oxides were formed due to
exposure to air. Improved catalytic activity in Suzuki coupling reactions relative
to commercial Pd/C was demonstrated and ND exhibited the highest activity
which we attribute to their highly branched structures and a greater availability of
electrons at the Pd center. ND were recycled by applying a permanent magnet
followed by decanting the reaction mixture. The ND catalyst was effectively
reused three times with certain loss of activity which is readily attributed to
material handling limitations.
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Chapter 4: Conclusions and Future Work

Work described in this thesis has focused on synthesis, characterization and
catalytic applications of iron-containing nanoparticles (NPs) in Suzuki-Miyaura
cross-coupling reactions. This chapter will summarize conclusions and outline
some future work directions.

4.1 Pd Decorated Iron/Iron Oxide NPs for Suzuki CrossCoupling Reactions (Chapter 2)
4.1.1 Conclusions
In Chapter 2, we have found and demonstrated iron/iron oxide NPs (Fe@FexOy)
can be used as a versatile support for immobilizing catalytic metals.1,2,3 The
immobilization is readily achieved via coordination of metal ions to the iron oxide
surface and subsequent reduction of these coordinated ions to their metallic state
by the iron core. As a result, Fe@FexOy particle surfaces bear spectroscopically
detectable zero valent metals. Uniquely, our approach does not use any external
reducing reagents or post-synthetic NP surface modification because of the
established reducing nature and coordinating ability of the Fe@FexOy support. We
prepared palladium “decorated” Fe@FexOy NPs (Fe@FexOy/Pd) to explore their
catalytic capabilities toward Suzuki-Miyaura cross-coupling reactions. They were
evaluated and found to exhibit high catalytic activity in a series of Suzuki cross89

coupling reactions in aqueous solution at room temperature in air, which is higher
than commercially available catalyst Pd/C. The Fe@FexOy/Pd system effectively
couples the advantages of heterogeneous (e.g., low cost, air-stability, easy
separation, and good reusability) and homogeneous systems (e.g., high yield),
making it a promising material for practical application. Furthermore,
Fe@FexOy/Pd has special retention ability for Pd species due to the established
reducing nature and coordinating ability of the Fe@FexOy support, which makes
leached Pd negligible. The effect of Fe@FexOy on the catalytic activity of Pd and
Ni was investigated by increasing amount of Fe@FexOy while keeping Pd and Ni
the same and no evident activity increase of catalysts was found for the Suzuki
cross-coupling reactions. This may be because the accelerated oxidative addition
is not rate-determining step.

4.1.2 Future Work
Highlighting the versatility of our method of depositing metals onto Fe@FexOy,
in principle it is possible to deposit any transition metal with a redox potential
more positive than that of iron (e.g., Co, Ni, Cu, Pd, Au, Ag, Pt, Rh and Ru).1,2
The deposition is easily controlled, making metal loading amount exquisitely
tunable and surface immobilization of more than one metal possible. Each
transition metal has catalytic activity toward some characteristic reactions, e.g.,
Au has substantial activities in CO oxidation and selective alkene oxidation,4,5 and
Ru and Rh have high catalytic activity for various hydrogenation reactions.6,7 We
can explore to catalyze these reactions using Fe@FexOy decorated with relevant
transition metals. Furthermore, metal combinations are of interest because they
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may exhibit superior catalytic activities to monometallic counterparts arising from
synergistic interaction of constituent metals.8,9

4.2 Catalytic Activity of Fe-Pd Nanostructures for Suzuki
Cross-Coupling Reactions (Chapter 3)
4.2.1 Conclusions
In Chapter 3, we have synthesized three Fe-Pd nano-structures―“nanodendrites”
(ND), nanoparticles (NP1 and NP2) by simultaneous thermal decomposition of
Fe(CO)5 and reduction of Pd(acac)2.10,11 ND exhibit a dendritic structure with an
average diameter of 51.6 nm, while NP1 and NP2 exhibit a pseudospherical
morphology with average diameters of 12.8 nm and 17.7 nm, respectively. The
three nanostructures all contain crystalline FePd alloy confirmed by XRD and iron
oxides were formed due to exposure to air. XPS show these nanostructures have
characteristic emissions of Pd (0), and ND have a shift to lower binding energy
compared to ND1 and ND2, which arises from more iron (0) in ND. We
demonstrated they have higher catalytic activity than commercial Pd/C toward
Suzuki cross-coupling reactions, and ND have highest activity among them. This
higher reactivity of ND may arise as a result of two contributing factors, a higher
specific surface area due to its highly branched structure and a greater availability
of electrons at the Pd center confirmed by XPS leading to easier oxidative
addition. ND were recycled by applying a permanent magnet followed by
decanting the reaction mixture. The ND catalyst was effectively reused three
times with certain loss of activity which is readily attributed to material handling
limitations.
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4.2.2 Future Work
Many factors such as surfactant choice, concentration ratios, reaction times and
temperature have been identified to influence particle size and morphology in the
synthesis of iron-containing nanoparticles using thermal decomposition of
Fe(CO)5 and corresponding organometallic compounds.12,13 Our group found the
presence of water increases nucleation events by lowering the activation energy
for Fe(CO)5 decomposition through water-gas-shift chemistry, which produces
smaller particles.14 Therefore, water concentration should be

monitored and

controlled for the consistency of results. Selection of surfactants is another
experiment we will consider next, because different surfactants have different
binding abilities to particle surface, which will influence nucleation and growth
processes. Synthesis of bimetallic nanoparticles using other solution-based
synthetic methods such as co-reduction,15 seeded growth16 and noble metal
induced reduction17 will be explored, and their catalytic and physical properties
will be evaluated.

4.3 Iron-Containing NPs for Fischer-Tropsch Synthesis
and Hydrogenation Reactions (Future Work)
The presented approach for “decorating” Fe@FexOy NPs with various metals is
exceptionally versatile. It offers the opportunity to combine the properties of
numerous transitional metals, provides a non-innocent catalytic support and
allows for convenient catalyst recovery and reuse. In the following section a series
of potential catalytic applications (e.g., Fischer-Tropsch synthesis, hydrogenation
of aromatic compounds) of materials prepared using the general procedure
92

described earlier in this thesis are outlined.

4.3.1 Fischer-Tropsch Synthesis
The Fischer-Tropsch synthesis (FTS) offers the possibility of converting a
mixture of carbon monoxide and hydrogen (syngas) into a series of
hydrocarbons.18 FTS has received much attention because of ever increasing
crude oil prices, the need to minimize environmental impact of fossil fuels and the
need to meet energy requirements with sustainable sources. Syngas is readily
produced from natural gas,19,20 coal21 and biomass22 through steam reforming,
partial or autothermal oxidation, or gasification processes, and its conversion to
hydrocarbons is an attractive alternative to petroleum-derived fuels and chemicals
if suitable cost-effective catalysts can be developed. The hydrocarbons from FTS
are clean high-value transportation fuels free from sulfur and nitrogen making
them more environmentally benign than petroleum-based fuels obtained from
standard sources.23,24 FTS generates a wide range of products, including alkanes
and alkenes as well as some oxygenates (e.g., primarily alcohols) and can be
represented as following equations.

nCO + (2n + 1) H2
nCO + 2nH2
nCO + 2nH2

CnH2n+2 + nH2O

Equation 4-1

CnH2n + nH2O

Equation 4-2

CnH2n+1OH + (n-1)H2O

Equation 4-3

The catalytic synthesis of hydrocarbons from carbon monoxide and hydrogen
mixtures can be dated back to the beginning of 20th century. In 1902, Sabatier et
al. synthesized methane from a mixture of CO and H2 using cobalt and nickel
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catalysts. During the period from 1920s to 1930s, Franz Fischer and Hans
Tropsch developed a process for the synthesis of hydrocarbons from coal.25-27
They combined coal with steam which reacted to give a gaseous mixture of
carbon monoxide and hydrogen and then converted the mixture to hydrocarbons
over iron and/or cobalt catalysts. In 1926, Fischer and Tropsch obtained liquid
hydrocarbons at low pressures (P = 1-10 atm) and low temperatures (T = 180200 °C).27
The commercialization of FTS began in 1936 in Germany, and many FT plants
have been built for the production of fuels.28,29 In 1938, Germany had a capacity
of 660 000 tons of primary products per year. When the supply of petroleum was
plentiful, most of the world’s FTS plants were inactive as a result of financial
limitations. However South Africa’s desire for energy independence and the low
quality of its coal prompted extensive development of FTS. South African
Synthetic Oil Limited (SASOL) built its first FTS plant in Sasolburg in 1955.
SASOL’s second and third FTS plants began production in Secunda in 1980 and
1982, respectively.30 The 1970s energy crises revitalized synthetic fuel research
and development. In 1993, the Shell FTS plant came into operation in Malaysia
with a capacity of 12 500 barrels per day (bpd).29 In 2007, Sasol Oryx started a 34
000 bpd plant.31
All group VIII metals have noticeable activity in FTS in the order ruthenium
followed by iron, nickel, and cobalt.32 Ruthenium is the most active catalyst for
FTS, but high costs and the limited reserves hinder its industrial-scale application.
Nickel catalysts preferentially afford low molecular weight hydrocarbons (e.g.,
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methane) when industrially practical conditions are employed. Cobalt and iron
were proposed by Fischer and Tropsch as the first catalysts and have been used in
industry for hydrocarbon synthesis. While cobalt catalysts are more costly than
their iron-based counterparts, however they are generally more active and more
selective to the preparation of linear long-chain hydrocarbons; furthermore, and
they are more resistant to deactivation by water. Fe catalysts are active under
wider ranges of temperatures and H2/CO ratios without significant decrease in
linear long-chain hydrocarbons.
Based upon these points, a bimetallic catalyst made up of Co and Fe with
nanoscale dimensions could combine the benefits of these two metals. In Chapter
2, we have demonstrated our ability to deposit transition metals onto iron oxide
capped iron nanoparticles (Fe@FexOy NPs) via coordination of metal ions to the
iron oxide surface followed by reduction of these coordinated ions to their
metallic state by the iron core.1-3 Co can be deposited onto Fe@FexOy using this
approach, because Co has a more positive redox potential than that of Fe.1,2 In
this context we have prepared cobalt decorated Fe@FexOy NPs (Fe@FexOy/Co
NPs) via reduction of Co(NO3)2 by Fe@FexOy NPs in an aqueous solution and
performed preliminary catalytic applications of Fe@FexOy/Co NPs in FTS. The
details of these reactions are provided in Appendix.
The syngas used for these preliminary investigations had a H2/CO ratio close
to that produced from biomass (i.e., 1.0).33 These early reactions provided a wide
product distribution, and C5 –C30 hydrocarbons were formed. Unfortunately,
only liquid products were analyzed because a GC column suitable for
95

characterizing gaseous products was not available. The liquid product
distributions are shown in Table 4-1. It is notable that C5–C12 hydrocarbons (i.e.,
gasoline fraction) made up the vast majority (83.6 mol%) of the liquid products,
followed by 14.4 mol% of C13 –C20 hydrocarbons (i.e., diesel fuel fraction).
Heavy hydrocarbons (C≥21) were suppressed and only 2.0 mol% of them was
detected in the organic phase. The catalyst was recycled and reused to examine its
stability. After reaction, a magnet was used to retain the catalyst, and liquid
product was decanted. The catalyst was dried in vacuo before reuse. From Table
4-1, we can see the activity and selectivity of the reused catalyst was almost
maintained except a little increase in C13–C20 fraction and decrease in C5–C12
fraction. All of GC data are included in Appendix in the last part of thesis.
Table 4-1. Fe@FexOy/Co for FTS a
Catalysts

CO conv.

Liquid product selectivity (mol%)b
C5-C12

Fe@FexOy/Co

(%)
66

C13-C20

C≥21

83.6

14.4

2.0

Reuse

64

75.9

22.5

1.6

a

Reaction conditions: H2/CO (1:1 ratio), catalyst (114.7 mg Fe@FexOy/Co, 12.8
wt.% Co), P = 290 psi = 2 MPa, 503 K, 96 h. bGC results.
Clearly this preliminary study has demonstrated cobalt decorated Fe@FexOy
NPs is an active and selective Fischer-Tropsch catalyst for the formation of C5–
C12 hydrocarbons, which constitute gasoline. Syngas from biomass has H2/CO
ratio close to 1.0 as we used, revealing FTS is a very effective way to produce
fuels from biomass. In addition, the catalyst is readily stable and reusable.
Ongoing investigations will focus on exploring the influence of particle structure,
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syngas composition and establishing procedures for evaluating the makeup of
gaseous reaction products.

4.3.2 Hydrogenation of Aromatic Compounds
4.3.2.1 Hydrogenation of Benzene
Aromatic compounds have relatively long environmental lifetimes, exhibit
mutagenic activity and been identified as carcinogens.34,35 Hydrogenation of
benzene to cyclohexane is important, cyclohexane being a key intermediate in the
production of the nylon precursor adipic acid.36 Developing effective catalysts for
hydrogenation of benzene is of interest because it is related to the production of
low-aromatic gasoline and diesel fuels37 and the industrial demands for
cyclohexane. However, hydrogenation of benzene is notably more difficult
compared to olefin hydrogenation due to the resonance stability of the aromatic
ring.38 Consequently, hydrogenation of benzene is conventionally performed at
high temperatures and H2 pressures (i.e., ≥ 100 °C and 50 atm H2).39
Ru and Rh are the most active catalysts for hydrogenation of benzene.40,41 In
attempts to combine the benefits of these metals with iron-containing supports,
nanomaterials were prepared using two methods, direct reduction and thermal
decomposition. Direct reduction exploits the established reducing power of
Fe@FexOy NPs. As is the case throughout this thesis, Ru and Rh cations
coordinate to the surface of the Fe@FexOy particles and are subsequently reduced
to their metallic state.1-3 Ru and Rh decorated Fe@FexOy were prepared by
combining an aqueous solution of RuCl3 and RhCl3 with Fe@FexOy NPs. This
procedure yielded bimetallic Fe@FexOy/RuRh NPs. Our alternative approach
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employed simultaneous thermal decomposition of Fe(CO)5 and Ru3(CO)12 to
prepare FeRu NPs.42 Bright-field TEM images of FeRu NPs are shown in Figure
4-1. The spherical particles have a core-shell structure with an average diameter
of 13 nm.

Figure 4-1. Bright-field TEM images of FeRu NPs.
Fe@FexOy/RuRh, Fe@FexOy/Rh and FeRu NPs were tested for hydrogenation
of benzene under high pressure at an elevated temperature. Preliminary results are
provided in Table 4-2. Fe@FexOy/RuRh (0.5 mol% Ru, 0.5 mol% Rh) catalyzed
the hydrogenation of benzene under 50 psi at 80 °C forming cyclohexane as only
product with a yield of 76 %. The turn over frequency (TOF) for the present
Fe@FexOy/RuRh catalyst under these conditions was 4.75. When Fe@FexOy/Rh
(0.05 mol% Rh) was used under 45 psi at 80 °C, the yield of cyclohexane was 22%
after 89 h and the TOF was 4.94. Because TOF is relative low compared to
literature values,40,41 the influence of reaction pressure was explored. At a higher
temperature (i.e., 100 psi, 110 °C) the FeRu catalyst obtained from the carbonyl
decomposition afforded a TOF of 15.6 h-1, which may be attributed from the
harsher conditions.
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Based upon the present results for hydrogenation of benzene, these catalysts
hold promise. Ongoing investigations will include more detailed material
characterization, evaluation of the role of surface modification and tailoring of NP
composition.
Table 4-2. Hydrogenation of benzene
Pressure

Temperature

(psi)

(°C)

Fe@FexOy/RuRha

50

80

Fe@FexOy/Rhb

45

Fe@FexOy
FeRuc

Catalyst

Yield

TOF

(%)d

(h-1)

16

76

4.75

80

89

22

4.94

45

80

89

0

0

100

110

50

39

15.6

Time (h)

a

0.5 mol% Ru, 0.5 mol% Rh relative to benzene. b0.05 mol% Rh relative to
benzene. c0.05 mol% Ru. dyield of clyclohexane, from 1HNMR integration.

4.3.2.2 Hydrogenation of Nitrobenzene
As an extension of the studies of benzene hydrogenation outlined above, the
catalytic hydrogenation of nitrobenzene was investigated. This process is
industrially important to the production of aniline; approximately 85% of global
aniline is produced in this way.43 Aniline is used in the synthesis of methylene
diphenyl diisocyanate (MDI), and as an additive for rubber processing. It is also
an important intermediate in the production of pharmaceuticals, pesticides,
herbicides, dyes and pigments.44-46 Commercially, hydrogenation of nitrobenzene
is carried out at 473 K in the vapor phase over a nickel or copper based catalyst.36
Liquid-phase hydrogenation of nitrobenzene is also performed using noble metal
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catalysts (Pd, Pt, Ru), but the common drawback is the hydrogenation requires
high pressure and/or high temperature.47-50 Therefore, it is desirable to develop
catalysts for the selective hydrogenation of nitrobenzene to produce aniline under
mild conditions.51-54
Using the palladium decorated Fe@FexOy NPs (Fe@FexOy/Pd NPs) described
in Chapter 2 we performed preliminary testing of Fe@FexOy/Pd NPs as catalyst
for hydrogenation of nitrobenzene. In addition, the Fe-Pd nanodentrites (Fe-Pd
ND) described in Chapter 3 was also used in the hydrogenation of nitrobenzene.
For comparison purpose, commercial 10 wt.% Pd/C (Aldrich) was also studied.
Plots showing reaction pressure versus reaction time for these reactions are shown
from Figure 4-2 to Figure 4-4.
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Figure 4-2. Graph of pressure versus reaction time for the hydrogenation
of nitrobenzene, 0.1mol % Fe@FexOy/Pd, 145 psi (RT), 80 °C.
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Figure 4-3. Graph of pressure versus reaction time for the hydrogenation
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of nitrobenzene, 0.1mol % Pd, 145 psi (RT), 80 °C.
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Figure 4-4. Graph of pressure versus reaction time for the hydrogenation
of nitrobenzene, 0.1mol % Pd, 145 psi (RT), 35 °C.
Table 4-3 lists data for the reactions from Figure 4-2 to Figure 4-4. When the
reactions were performed under 145 psi at 80 °C, the activity sequence is Pd/C ˃
Fe-Pd ND ˃ Fe@FexOy/Pd (see Figure 4-2, 3 and TOF in Table 4-3). When the
reactions were performed at lower temperature (35 °C), the activity decreased, but
Pd/C is still higher than Fe-Pd ND (see Figure 4-4 and TOF in Table 4-5).
Table 4-3. Hydrogenation of nitrobenzene using Pd catalysts
Pressure

Temperature

Time

Yield

TOF

(psi)

(°C)

(min)

(%)d

(min-1)

Fe@FexOy/Pda

145

80

110

97

8.8

Fe@FexOy

145

80

960

0

0

Fe-Pd NDb

145

80

80

94

11.8

Pd/Cc

145

80

40

93

23.3

Fe-Pd ND

145

35

330

94

2.8

Pd/C

145

35

180

92

5.1

Catalyst

a

0.1 mol% Pd relative to nitrobenzene. b0.1 mol% Pd relative to benzene. c0.1 mol%
Pd, 10 wt.% Pd/C. daniline, GC yield.
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Appendix
NMR Data
The 1H NMR and 13C NMR data of all products in Table 2-3 are listed below.
All NMR and GC spectra of products are listed in the Appendix.
Biphenyl. 1H NMR (400 MHz, CDCl3): δ 7.66 (d, J = 8.4 Hz, 4H), 7.49 (t, J =
7.5 Hz, 4H), 7.39 (t, J = 7.4 Hz, 2H);

13

C NMR (100 MHz, CDCl3): δ 141.3,

128.8, 127.3, 127.2.
2-Methylbiphenyl. 1H NMR (400 MHz, CDCl3): δ 7.50-7.46 (m, 2H), 7.41 (t,
J = 7.6 Hz, 3H), 7.35-7.30 (m, 4H), 2.35 (s, 3H); 13C NMR (100 MHz, CDCl3): δ
142.0, 141.9, 135.4, 130.4, 129.8, 129.2, 128.1, 127.3, 126.8, 125.8, 20.5.
2-Methoxybiphenyl. 1H NMR (400 MHz, CDCl3): δ 7.57 (d, J = 7.0 Hz, 2H),
7.45 (t, J = 7.4 Hz, 2H), 7.38-7.34 (m, 3H), 7.09-7.01 (m, 2H), 3.84 (s, 3H); 13C
NMR (100 MHz, CDCl3): δ 156.5, 138.6, 130.9, 130.8, 129.6, 128.6, 128.0, 126.9,
120.9, 111.3, 55.6.
3-Methoxybiphenyl. 1H NMR (400 MHz, CDCl3): δ 7.65 (d, J = 8.4 Hz, 2H),
7.49 (t, J = 7.2 Hz, 2H), 7.41 (m, 2H), 7.25 (d, J = 7.7 Hz, 1H), 7.20 (s, 1H), 6.96
(d, J = 8.2 Hz, 1H), 3.91 (s, 3H);

13

C NMR (100 MHz, CDCl3): δ 160.0, 142.8,

141.2, 129.8, 128.8, 127.5, 127.2, 119.7, 113.0, 112.7, 55.3.
4-Methoxybiphenyl. 1H NMR (400 MHz, CDCl3): δ 7.60-7.55 (m, 4H), 7.44 (t,
J = 7.6 Hz, 2H), 7.33 (t, J = 7.4 Hz, 1H), 7.01 (d, J = 8.9 Hz, 2H), 3.88 (s, 3H);
13

C NMR (100 MHz, CDCl3): δ 159.2, 140.8, 133.8, 128.7, 128.2, 126.7, 126.6,
104

114.2, 55.4.
4-Acetylbiphenyl. 1H NMR (400 MHz, CDCl3): δ 8.04 (d, J = 8.0 Hz, 2H),
7.69 (d, J = 8.0 Hz, 2H), 7.63 (d, J = 7.5 Hz, 2H), 7.48 (t, J = 7.4 Hz, 2H), 7.41 (t,
J = 7.1 Hz, 1H), 2.64 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 197.7, 145.8, 139.9,
135.9, 129.0, 128.9, 128.2, 127.3, 127.2, 26.7.
4-Nitrobiphenyl. 1H NMR (400 MHz, CDCl3): δ 8.30 (d, J = 8.8 Hz, 2H), 7.74
(d, J = 8.8 Hz, 2H), 7.63 (d, J = 6.9 Hz, 2H), 7.53-7.44 (m, 3H); 13C NMR (100
MHz, CDCl3): δ 147.6, 147.1, 138.8, 129.1, 128.9, 127.8, 127.4, 124.1.

105

1

H and 13C NMR Spectra

106

107

108

109

110

111

112

113

114

115

116

117

118

119

Experimental Details for Section 4.3
Preparation of Fe-Ru NPs by Thermal Decomposition
The procedure for synthesis of Fe-Ru NPs was adapted from a literature
method for synthesizing Fe NPs. 20 mL of 1-octadecene (ODE) and oleylamine
(0.9 mmol, 0.3 mL) were mixed and degassed under Ar at 120 °C for 30 minute.
The temperature was then raised to 180 °C, and under a blanket of Ar, Fe(CO)5
(1.52 mmol, 0.2 mL) was added. 10 minutes later, Ru3(CO)12 (0.1 mmol, 64.5 mg)
in 2 mL oleylamine was added. The mixture was kept at 180 °C for 20 minutes
before it was cool down to room temperature. 30 mL of absolute ethanol
(degassed with Ar at least 10 min) was added to precipitate the product, and the
supernatant was decanted by applying a magnet. The black precipitate was
washed with degassed absolute ethanol under Ar (15 mL×4) and dried in vacuo
overnight.

General Procedure for Fischer-Tropsch Synthesis
The freshly prepared Fe@FexOy/Co NPs (0.25 mmol Co on 0.1 g Fe@FexOy)
were dispersed in 20 mL of cyclohexane in a beaker, which was then placed into a
1 L stainless steel autoclave (Parr Inst.) The autoclave was purged three times and
then refilled with 290 psi (2.0 MPa) of CO and H2 mixture (1:1, Praxair). The
autoclave was heated and kept at 230 °C until the total pressure decreased to ~205
psi (or ~100 psi at room temperature, corresponding to a CO conversion of ~65%).
The reaction was monitored by the pressure drop. After reaction, the autoclave
was cooled to room temperature. The products formed two layers and the top

120

liquid layer containing hydrocarbon products were collected and analyzed by GCMS.

General Procedure for Hydrogenation of Aromatics
The catalytic reactions were carried out at 80 °C under an initial pressure of 45
psi at room temperature in a 200 ml stainless steel autoclave (Parr Instrument) In
a typical hydrogenation experiment, the Fe@FexOy/Rh catalyst was added into a
20 mL vial and then 1mL of benzene was added. The vial was put into an
autoclave, and the autoclave was purged three times with hydrogen to remove the
air inside. Hydrogen was charged into the autoclave until the desired pressure was
reached, and the autoclave was sealed and placed in an oil bath. The reaction
mixture was then stirred (500 rpm) at 80 °C under 45 psi of hydrogen pressure.
The reaction was followed by monitoring the pressure change. At the end of the
reaction, the autoclave was cooled to room temperature. Products were analyzed
by GC-MS and 1H NMR.
Hydrogenation of nitrobenzene followed same procedure as above.
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GC Spectra for FTS
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