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ABSTRACT

Nanoparticles have attracted much attention due to their potential applications in,
for example, magnetic recording, optical detection and medical diagnostics. The control
of nanoparticle size, shape and composition is essential because each affects physical
properties, while control over surface functionality is necessary to realize potential uses.
As a result, the synthesis and chemical surface modification of noble metal and magnetic
nanoparticles is therefore presented.
Au nanoparticles with diameters ranging from 4 - 15 nm and with low
polydispersity were synthesized in molten trioctylphosphine oxide/hexadecylamine
solutions through the amine mediated reduction of Au(acac)PPh3. The rate of particle
growth and subsequent aggregation was strongly dependent on the relative concentrations
of protecting ligands and was monitored by both transmission electron microscopy and
UV-visible absorption spectroscopy.

This scheme was subsequently amended to the

growth of thiol, amine, or phosphine protected Au seeds.

An aqueous route for the

production of gold-coated γ-Fe2O3 and partially oxidized Fe3O4 through hydroxylamine
iterative seeding was also explored. Au shell growth was confirmed by transmission
electron microscopy and tracked via UV-Vis spectroscopy. Core/shell particle magnetic
properties were investigated using SQUID magnetometry and where shown to remain
constant during Au deposition.
Place exchange reactions were used to functionalize FePt with electroactive
groups.

Here, ferrocene thiol was incorporated into the FePt supporting ligand

iv
monolayer. Cyclic voltammetry revealed that particle motion was mass transport limited,
and a diffusion coefficient was calculated. Microelectrode voltammetry revealed that
applied magnetic fields did not effect particle diffusion.
Au particles were also subject to place exchange with ω-bromo-functionalized
thiol and the Br termini were subsequently converted to azides. These were then reacted
with a series of alkynyl-derivatized small molecules in nonpolar solutions which led to
their attachment through the formation of a 1,2,3-triazole ring. These click reactions
were used to impart chemical functionality to the Au particles, which was assessed using
fluorescence spectroscopy and cyclic voltammetry.
The ability of electrostatically stabilized Au nanoparticles to selectively deposit
onto amine-patterned glass substrates is lastly investigated. In addition, the syntheses of
several classes of noble metal particles again functionalized via place exchange were
implicated for additional attachment chemistries.

Strategies aimed at directing the

assembly of these particles to specific areas of patterned substrates were likewise
investigated.
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Chapter 1
Nanomaterials: Synthesis, Functionalization and Application

1.1 Introduction

Nanoscale materials have attracted an enormous amount of attention over the past
several decades because of their potential to revolutionize fields ranging from
communications to water remediation. These materials, with length scales from 1 – 100
nm, are already being utilized in, for example, microprocessors1 and have been shown to
be effective as medical diagnostic agents.2

Nanoparticles in particular have been

targeted because of their potential applications in cancer therapy,3 drug delivery,4 and
magnetic recording.5 Decreasing particle dimensions has the added effect of increasing
surface area, which has implications in the development of new catalysts.6

These

particles are generally solubilized through the addition of binding ligands and/or ions to
allow their study with techniques normally reserved for small molecules, such as nuclear
magnetic resonance (NMR) spectroscopy.
At these length scales, new and interesting size-dependent properties emerge.
This is seen in semiconductors with dimensions smaller than the materials’ Bohr radius:
due to quantum confinement effects, these materials’ emission wavelength depends
strongly on particle size.7 In noble metal particles, surface conduction band electrons
collectively oscillate when visible light is absorbed.8 This gives rise to particle solutions
with colors that can be varied according to size and shape.9 Magnetic particles behave as
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single domain magnets when their size is less than the domain boundary size, producing
superparamagnetic materials.10 In particles composed of, for example, Fe or Co, this
critical size is 15 nm and 35 nm, respectively.10a

1.2 Nanoparticle Synthesis

To realize the many and varied applications proposed for nanoscale materials
(particles in particular), tight control over all aspects of synthesis is needed.11 This
allows the production of samples with well defined size, dispersity, shape and
composition. An enormous number of synthetic methodologies12 have been developed
with the goal of controlling particle nucleation and growth dynamics to provide a better
understanding of the influencing factors that determine the ultimate product. All of these
methods, while varied in experimental detail, have many commonalities and have helped
provide a clear indication of the particle formation and growth processes. All procedures
rely on the coalescence of metal atoms to form small crystallites which are solubilized by
stabilizing agents present in solution. This initial crystallite formation, how it affects the
overall solution, and any interactions with solution-phase species all play a key role in
particle development. The influences will be discussed in the following sections before
discussing two common synthetic methods that have been utilized throughout this thesis.
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1.2.1 Particle Nucleation and Growth

The control over particle size and dispersity is fundamental for the study of
nanoparticle properties (although this is not strictly the case in instances were stability
and functionality are deemed more important, such as biomedical applications). Because
nanoparticles’ physical properties are highly size-dependent, even small changes in
particle diameter can have a large impact. However, all methods introduce a certain
degree of size-polydispersity (the degree to which particle diameters vary), ranging from
5 – 200 % depending on the synthesis. This can become problematic when information
regarding these specific properties is sought: large size dispersity leads to signal
broadening and, in some cases, complete signal elimination (the latter is seen in Au
nanoparticle electrochemistry, where quantized charging shuts off as dispersity
increases13). As a result, samples with narrow size distributions are desirable. If size is
uniform, then a bulk ensemble measurement can be assumed to be a sum of the individual
contributions of single particles.
In theory, the production of monodisperse samples is possible through
instantaneous particle nucleation followed by slow aging. If all particles are nucleated at
once, they will all be the same size and therefore grow at the same rate, producing
perfectly monodisperse samples. In practice, this feat is nearly impossible to realize.
Instantaneous particle nucleation is hard to achieve, leading to a distribution of seed
particle sizes which is eventually carried over as their diameters increase.

Surface

adsorption events may arrest particle growth over a range of times, adding to the
observed dispersity.

4
Nanocrystal formation and growth relies on the coalescence of metal atoms in a
thermodynamically driven process.11,14 By raising the amount of dissolved molecular
precursor past a critical concentration, an inherently unstable, supersaturated solution is
formed. This critical concentration represents the particle nucleation threshold, or the
point above which new particle nuclei can form, as shown in Figure 1.1. This instability
is alleviated through the formation of nanoparticle seeds which grow larger as additional
molecular precursor diffuses toward, collides with, and is ultimately reduced onto the
particle surface (e.g. molecular addition). This process of nucleation and molecular
addition serves to diminish the solution concentration below the nucleation threshold,
thereby arresting new particle production. At this point, the reaction enters the slow
growth regime shown in Figure 1.1.

In this area, particle thermodynamics lead to size

focusing as the less stable smaller particles grow at a more rapid rate than their larger,
more stable counterparts. Growth via molecular addition plays a prominent, but not key,
role. Instead, particle secondary growth through coalescence occurs, which is by far the
faster of the two addition methods.14,15

This continued growth further depletes the

reservoir of available molecular precursor, to a point where only a small percentage
remains. However, particles can continue to increase in size despite the lack of available
resources via Ostwald ripening, during which the largest particles grow at the expense of
the smaller. In this growth regime, the less thermodynamically stable surface atoms on
the smaller particles dissociate and re-bind to the larger particles, thereby dissolving the
smaller particles and growing the larger ones. This process has the effect of defocusing
particle size.14,16
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reaction.

Concentration versus time profile for a typical nanoparticle formation
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With these particle growth mechanisms in mind, the design of particles with tailored sizes
can theoretically be realized. For example, it should be possible to arrest particle growth
during different stages of the synthetic process to produce samples that vary in size, from
a single reaction container. This is the approach often employed in semiconductor
nanocrystal synthesis, where samples of varying emission wavelength (which equates to a
variation in size, above) are produced via fraction removal over time.7 In other cases,
however, size manipulation is more difficult.

For example, Fe17

and Fe oxide18

nanoparticles of varying sizes cannot be produced by fraction removal. Instead, reaction
temperature or ligand concentration determines the final particle size, necessitating
separate syntheses for each particle size desired.

This is due to the tendency of

semiconductor quantum dots composed of, for example CdS, to ripen at high
temperatures by releasing small amounts of Cd and S ions which deposit on other particle
surfaces, increasing their diameter. This dynamic process does not occur during the
synthesis of metal and metal oxide particles, however, and the size does not increase to
an appreciable extent during prolonged heating.

1.2.2 Particle Stabilization

Agglomeration of unprotected nanoparticles to produce bulk material is a
spontaneous and energetically favorable process due to attractive Van der Waals
forces.6b,c Agglomeration generally leads to a replacement of size-dependent properties
with those normally associated with bulk-scale materials. To study individual particles or
particle assemblies, it is necessary to introduce a form of stabilization to counteract these
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attractive forces. The subtle interplay between attractive and repulsive forces were first
theoretically described by Derjaguin, Landau, Verwey, and Overbeek.19

Two main

stabilization methods have emerged based on this DLVO theory, as depicted in
Figure 1.2. The first, shown in Figure 1.2A, relies on the surface adsorption of anionic
species in aqueous media, producing an electrostatic double layer and a net Coulombic
repulsion between particles. Such a system is extremely sensitive to other species in
solution; anion displacement or double layer compaction due to either competing ligands
in solution or high salt concentrations allows for a smaller interparticle gap, increasing
the likelihood of surface interaction and eventual agglomeration.
The second method shown in Figure 1.2B relies on the steric stabilization
provided from ligands capable of physically binding to the particle surface during
synthesis, producing a molecular monolayer that separates particles in two related ways:
(1) as particles approach each other, monolayer interdigitation occurs, leading to a
dramatic decrease in entropy and a corresponding increase in free energy. To alievated
this higher energy state, particles move away from each other, increasing their entropy.
(2) Interdigitation also pushes solvent molecules out of the area of interaction, producing
a concentration gradient. This gradient is relieved through the osmotic flow of solvent
molecules back into the interaction area, thereby pushing the particles apart.
The vast majority of syntheses available for the production of stable nanoparticles
can be grouped according to these two stabilization methods. There are grey areas
between these two methods, exemplified by particles stabilized against agglomeration by
polyelectrolyte layers.20 Here, a charged polymer layer binds to and surrounds the
particle surface, providing both electrostatic and steric stabilization.
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Figure 1.2: Cross sectional views of nanoparticles stabilized against agglomeration by
(A) electrostatic repulsions and (B) ligand surface adsorption. In both cases, ions/ligands
surround the entire three dimensional surface.
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1.2.3 Common Synthetic Methods

1.2.3.1 Aqueous Precipitation

Metal precipitation based primarily on solution pH is arguably the easiest and
least expensive method utilized for the production of, for example, magnetic iron oxide
nanoparticles (γ-Fe2O3 or Fe3O4).21 The technique relies on the addition of iron ions
(both Fe2+ and Fe3+) into alkaline media, in which the solubility product constant is
drastically reduced. This leads to metal agglomeration to form particle nuclei which
further grow into full nanoparticles, as shown in Figure 1.3A. Explicit stabilizing or
ligating species are omitted from this reaction; instead, irreversible particle
agglomeration is prevented electrostatically as in Figure 1.2A. The synthetic pathway
produces particles with amphoteric surface hydroxyl groups that are deprotonated at high
(> 8) pH’s and protonated at low (< 5) pH’s, as shown in Figure 1.3B. In neutral media
(pH 5 – 8), the surface groups are uncharged and particles become unstable, precipiting
from solution. Oxidation to form γ-Fe2O3 is accomplished by heating in aqueous acid.21a
Using this method, particle size is largely uncontrolled because there is no
distinguishable single-nucleation event (due to the slow addition of reagents) and no
clearly defined slow growth region. Also, there are no added species to mediate particle
growth.

As a result, particles produced using this method tend to be extremely

polydisperse. This is exemplified in studies of water soluble Fe3O4 nanoparticles, where
dispersity is at least ± 20%.22
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Figure 1.3: (A) Synthetic pathway for the aqueous production of Fe3O4 nanoparticles (B)
Representation of the surface stabilizing species in alkaline (pH > 8), neutral (pH 5-8),
and acidic (pH < 5) media.
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1.2.3.2 Biphasic Reduction

Following the first description of monolayer protected Au clusters set forth by Brust et
al.,23 nanoparticle synthesis in the presence of surface binding ligands (e.g., thiols,

phosphine, amines, and carboxylic acids) has been extensively utilized for the production
of organic soluble, monodisperse samples. The Brust method, summarized in Eqs (1.1)
and (1.2),23 relies on the reduction of Au anions in the presence of thiol capping agents,
which are responsible for both imparting organic solubility through the formation of a
self-assembled surface monolayer and for regulating particle size.
AuCl4-(aq) + N(C8H17)4+(tol) → N(C8H17)4+AuCl4-(tol)

(1.1)

mN(C8H17)4+AuCl4-(tol) + nC12H25SH(tol) + 3me- →
4mCl-(aq) + (Aum)(C12H25S)(tol) + 1/2nH2(g)

(1.2)

AuCl4- is first transferred into toluene (tol) from water using tetraoctylammonium
bromide as a phase-transfer reagent. An alkanethiol is then added to the two-phase
mixture and reduction is initiated by adding aqueous NaBH4. This causes the immediate
precipitation of insoluble zero-valent Au along with the spontaneous formation of a
particle surface monolayer composed of densely packed alkanethiol molecules. This
monolayer protects the particles from agglomeration, as in Figure 1.2B, and allows
particles to be precipitated from solution, collected via filtration, and redispersed in other
organic solvents.

Isolation and redispersion using this method is not possible with

electrostatically stabilized particles. Although monodisperse samples were not initially
formed,23 subsequent work relying on size fractionation methods have produced almost
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perfectly uniform particles (~5% dispersity).24 Shortly after the first synthetic report,
surface modification and particle functionalization was realized, and is discussed below
in Section 1.3.

1.2.3.3 High Temperature Decomposition/Reduction

The synthesis of metallic nanoparticles at elevated temperatures is the most
effective method for the production of high quality, near monodisperse (< 15 %) particles
with sizes ranging from 3 to 20 nm.11,17,18 In its most generalized form, unstable metal
precursors (metal carbonyls11,17,18 or acetylacetonates17a,18), high boiling solvents (octyl
or phenyl ether11,17b), and organic capping ligands (alphatic carboxylic acids, amines, or
phosphines11,17b) are used. Several different but analogous routes can be taken to produce
the same outcome. For example, Fe nanoparticles are produced through the injection of
Fe(CO)5 into hot (250 °C) trioctylphosphine oxide (TOPO) and hexadecylamine
(HDA),25 decomposing the metallic precursor through the loss of CO groups as
summarized in Eq (1.3):
xFe(CO)5 + yC24H51OP + zC16H35N →
(Fe)x( C24H51OP)y(C16H35N)z + 5CO

(1.3)

Conversely, the same end result can be produced by injecting the Fe(CO)5 into
100 °C octyl ether containing oleic acid (OA) and olely amine (OY);17a slow heating to
reflux converts the Fe(CO)5 first to an Fe-oleate compound, which itself decomposes at
elevated temperatures (again, ~ 250 °C) to produce Fe nanoparticles. These reactions are
summarized in Eqs (1.4)and (1.5) for the OA/OY reactions.
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Fe(CO)5 + 3(C18H34O2) →
Fe(C18H33O2)3 + 5CO + 3/2H2

(1.4)

Fe(C18H33O2)3 + yC18H34O2 + zC18H35N →
(Fe)x(C18H33O2)y(C18H35N)z

(1.5)

In both examples (Eq. (1.3) and Eqs. (1.4)-(1.5)), particle nucleation is nearinstantaneous, occuring upon Fe(CO)5 injection in the first method and upon Fe-oleate
decomposition in the second. In each case, this nucleation event lowers the precursor
concentration and slow growth continues until all reagents are consumed.
In instances where the decomposition temperature of the molecular precursor is
extremely high and difficult to achieve, a reducing agent may be necessary to initiate
particle formation.

For example,

1,2-hexadecanediol is used to reduce platinum

acetylacetonate (acac) to form FePt5a,b and CoPt26 nanoparticles and to reduce Fe, Mn and
Co(acac) to form M-ferrite based nanoparticles.18a In other instances, more aggressive
reducing agents, such as lithium triethylborohydride27 and sodium naphthalide,28 have
been used.
As in the case of Au nanoparticle formation, size control is here gained by
varying both the ratio of capping ligand to metallic precursor and the reaction
temperature. For example, Fe2O3 nanoparticles are synthesized with diameters ranging
from 5 to 19 nm by increasing the ratio of oleic acid to Fe(CO)5 from 1:1 to 3:1.17a In
the case of the spinel ferrite class of magnetic nanoparticles, size is controlled through
choice of solvent boiling point; Fe3O4 particle size varies from 5 to 22 nm by employing
progressively higher boiling solvents (e.g. benzyl ether, octyl ether, and trioctylamine).18
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1.3 Surface Modification

These synthetic methods are exceptionally suited for the production of
nanocrystals with intrinsically useful magnetic, electronic and optical properties. Using
these techniques, it is possible to synthesize fluorescent semiconductor nanocrystals.
Control over the emission wavelength can be realized through changes in particle size or
chemical composition.

For example, wavelength emission in sulphide-based

nanocrystals can be drastically altered by metal ion choice; Cd-based particle emission
varies between ~400 and 700 nm, while Pb-based particles emit between 800 and 1800
nm, both of which are size-dependent.
Magnetic properties can also be dramatically altered due to chemical composition
and crystal structure, although this is much less studied compared to semiconductor
quantum dots.

The coercivity of inverse spinel ferrite nanoparticles (chemical

composition of XFe2O4, where X = Mn, Fe, Co) at 10 K varies between 140 Oe (Mn) and
20 kOe (Co) for particles 16 nm in diameter. This large variation in magnetic properties
is associated with changes in magnetic anisotropy: Mn2+ incorporation greatly decreases
the anisotropy, whereas Co2+ greatly increases it. As another example, as-synthesized
FePt particles have low intrinsic coercivities due to their disordered fcc crystal structure.
At room temperature coercivity is zero, indicative of superparamagnetic behavior.
Annealing at > 500 °C for 30 min converts the particles to a high-anisotropy fct crystal
structure, increasing the coercivity to > 6 kOe to produce room temperature ferromagnets.
Heating to this temperature destroys the supporting ligand monolayer, however,
rendering the particles insoluble.
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Unfortunately, synthetic variation of intrinsic properties has limited utility if the
production of particles with exotic or multiple chemical functionalities is desired. Such
particles are attractive because of their implied ability to participate in complex, multistep
processes and chemical reactions.29

Previous work has largely focused on surface

modification through the incorporation of functional groups or by modification of the
external particle structure. Such methods have been utilized to impart particles with, for
example, redox or biological activity, or to improve catalytic activity.

These

modifications can be grouped into two broad classes, namely monolayer alteration and
shell formation.

Each has its strengths and weaknesses in terms of ease of

implementation and property modification, as discussed below.

1.3.1 Monolayer Alteration

Modification of the protecting surface monolayer is the most facile technique for
the production of chemically functional particles.

In its most basic form, inert

monolayer-protected nanoparticles are stirred in a solution containing ω-functional
ligands capable of surface attachment through what is believed to be an associative
mechanism.30

This is shown schematically in Figure 1.4A. These so-called place-

exchange reactions were pioneered by Murray and co-workers as a route towards
multifunctional particles.29 They showed that a fraction of the Au nanoparticle protecting
monolayer could be exchanged with a solution-phase thiol to impart, for example, redox
activity. This exchange reaction has also been applied to the production of functional
Ru,31 Ag,32 CdS,33 Fe oxide34 and FePt35 nanoparticles.
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Figure 1.4: (A) Representation of Au nanoparticle place exchange reaction, where x and
y represent thiol molecules bearing different ω-terminal reactive groups. (B)
Representation of Au nanoparticle encapsulation with an In shell. Au seeds are first
produced by the reduction of AuCl(PPh3) and an In shell is grown on the particle surface
by decomposing In(C5H5).
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The unique solution stability imparted by the supporting monolayer allows
particles to participate in standard chemical reactions usually reserved for molecular
species. For example, place exchange reactions have been used to form chemically
functional particles containing ω-terminal carboxylic acid or amine groups which were
then reacted to attach other reactive species.26b,36 In essence, these chemically reactive
particles behave as scaffolds for the growth of peptide chains.

1.3.2 Shell Formation

The encapsulation of pre-formed nanoparticles in an inorganic shell represents
another method for particle surface modification, a method that complements those
involving monolayer exchange reactions. This technique, outlined in Figure 1.4B for the
representative encapsulation of Au nanoparticles with an In shell, utilizes 2 nm diameter
nanoparticle seeds (generated in a previous step) that are exposed to solutions containing
small molecules that are easily reduced or decomposed.

Nanoparticle seeds act as

nucleation centers for the deposition of the newly decomposed/reduced metal, thereby
preventing the spontaneous nucleation of monometallic particles composed of shell
material. Shell growth is generally initiated by the application of heat or through the
addition

of

a

reducing

triethylborohydride.38

agent

such

as

1,2-hexadecanediol37

or

lithium

This approach has been used to modify the surfaces of Au

particles with Bi, Sn and In,39 and to encapsulate magnetic particles with noble
metals.37,40 In the case of encapsulation with an Au shell, further functionalization using
place-exchange reactions is possible.
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Shell growth on pre-formed nanoparticle seeds modifies or creates new physical
attributes such as magnetism or catalytic activity. For example, core/shell particles
composed of two magnetic materials experience exchange-biasing between the two layers
leading to hysteresis curves with contributions from both components.41 Pt encapsulated
Cu particles catalyze NO reduction with greater efficiency and selectivity than does
monometallic Pt.42 Luminescence quantum yields of semiconducting particles can be
drastically increased when modified with a shell composed of wider band gap material,
while magnetic properties can be introduced into natively diamagnetic systems through
the growth of a magnetic shell.

1.4 Functional Nanomaterials: Synthesis and Application

Reported herein are efforts toward the production of chemically functional
nanomaterials and their application toward the production of patterned surfaces.
Presented in Chapter 2 is a growth method based on the high temperature reduction of
Au(acac)PPh3 in the presence of TOPO and HDA capable of producing particle samples
that range in size from 5 to 15 nm in a single synthesis.43 The growth rate depends
strongly on the ratio of TOPO to HDA, with greater HDA concentrations leading to
increased growth rates. It is also shown that this method can be adapted to grow preformed Au nanoparticles bearing thiol, phosphine, or amine protecting monolayers. The
final size of the particles depends on the protecting monolayer composition.
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Chapter 3 presents a synthetic methodology for the encapsulation of magnetic
iron oxide nanoparticles with an Au shell. The aqueous precipitation of iron salts was
used to first produce 9 nm diameter γ-Fe2O3 or Fe3O4 seeds which were subsequently
encapsulated in a ~ 10 nm thick Au shell via iterative hydroxylamine addition.40a
Particles formed in each reaction were fully characterized using transmission electron
microscopy (TEM) and energy dispersive x-ray spectroscopy (EDS), and their magnetic
properties were investigated using SQUID magnetometry.
Surface modification is revisited in Chapter 4, this time focusing on the
functionalization of magnetic particles through simple place exchange reactions. It is
shown that nanometer sized FePt particles can be functionalized with ω-ferrocene thiol
thereby imparting electrochemical activity. Particles are again characterized by TEM,
and the monolayer composition both before and after exchange were probed using NMR
and infrared (IR) spectroscopies.

In addition, the solution diffusion properties are

investigated using cyclic voltammetry and chronocoulometry,
A new type of functionalization chemistry that relies on chemical reactions after
ligand exchange is described in Chapter 5.44 Here, Au particles are tailored to include
terminal azide groups, which are then utilized in click reactions, a genre of cycloaddition
where azide and ethynyl groups fuse to form a 1,2,3-triazole ring. Using this method,
particles bearing redox active, fluorescent, and solubilizing species are formed. The Au
particle monolayer composition is investigated using NMR and IR spectroscopy to
determine the efficiency of cycloaddition, and the new properties imparted by the
functionalization scheme are investigated using fluorescence spectroscopy and cyclic
voltammetry.

20
Strategies for the selective assembly of several classes of functional nanoparticles
are lastly presented in Chapter 6. Glass substrates patterned with an amine-functional
silane via microcontact printing45 are shown to direct the deposition of electrostatically
stabilized Au nanoparticles. Similar strategies for the deposition of noble metal particles
bearing Br- or trifluoroethylester-terminated monolayers are presented along with a
description of future work aimed at the selective assembly of several different classes of
functional nanoparticles onto one multiply patterned glass substrate.
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Chapter 2
Ligand Controlled Synthesis and Growth of Gold Nanoparticles

2.1 Introduction

The development of methods capable of producing monodisperse nanoparticles of
controlled size and shape is essential for many potential applications in chemistry1,2 and
biology3 to be realized. Particles of the sub ~100 nm size regime exhibit strong sizedependent optical,4 electronic,5 and magnetic properties,6 and as a result, controlling the
particle size allows control over physical properties. This is seen most elegantly in
fluorescent semiconducting nanocrystals composed of, for example, CdS or CdSe, where
increasing particle size causes emission wavelength to significantly red-shift.7

Several

synthetic schemes have been developed to exert control over nanoparticle growth,
including micellar confinement,8 reduction in the presence of stabilizing ligands,9 and
digestive ripening.10

While effective for producing monodisperse samples of various

sizes, all of these methods rely on either (1) systematic variation of starting conditions so
that separate preparation of each particle size is necessary or (2) arrested particle growth
at a specific size due to strong ligand interactions such that further changes in
nanoparticle size are inhibited.
A generalized method capable of modifying the size of seed particles generated
either in situ or externally in a separate synthesis is thus highly desirable. We report a
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scheme which allows the production of nanoparticles that evolve in size over time
depending on solvent composition or ligand identity.
A number of single-step methods have been previously developed which allow
seed particle size focusing at elevated temperatures or fraction removal leading to
samples with different sizes. For example, digestive ripening has been used to convert
polydisperse Au particles formed via micellar synthesis into highly monodisperse
samples capable of forming superlattices.10a

Alternatively, time-dependent particle

growth has been observed during the synthesis of semiconductor nanoparticles in
trioctylphosphine oxide (TOPO) and hexadecylamine (HDA),7,11 although metallic
nanoparticle formation and growth utilizing the same method has been largely
unexplored. As a result, we have adapted semiconductor nanocrystal growth strategies to
the formation of Au nanoparticles by using high temperatures and coordinating solvents.
Such a strategy allows for either the direct generation and growth of Au particles through
an amine-initiated reduction of Au(acac)PPh3, or for the growth and size focusing of
preformed Au seed nanoparticles capped by trioctylphosphine or decanethiol. In the first
case, small Au particles generated in situ are seen to grow at a rate dependent on solvent
composition and, in particular, amine concentration. After reaching a certain critical size
limit, particle aggregation and precipitation is observed. In the second case, Au particles
generated in a separate step are subjected to heat treatment at 150 °C to induce growth.
The final particle size evolves over time and depends on the initial supporting monolayer
composition. Again, prolonged heating at elevated temperatures leads to aggregation and
precipitation.

30
2.2 Experimental

2.2.1 Chemicals

Ultrapure water (18.2 MΩ) was purified by a Barnstead NANOpure water system.
Au(acac)PPh312 was synthesized according to previously published methods. All other
chemicals were used as received without further purification.

2.2.2 Synthesis

2.2.2.1 Au Particles from Au(acac)PPh3

In a typical synthesis, TOPO and HDA in the amounts shown in Table 2.1 were
added to a 100 mL three neck round bottom flask fitted with a condenser and
thermometer. This was heated in an oil bath to 105 °C, and the flask evacuated and
backfilled with Ar a minimum of three times. A 0.050 g (0.090 mmol) amount of
Au(acac)PPh3 was dissolved in 2.0 mL diphenyl ether (DPE) and degassed with Ar for
20 min. The DPE/Au(I) solution was injected into the hot TOPO/HDA solution and 1
mL fractions were removed over the course of the reaction. Each fraction was injected
into 19 mL toluene and used for UV-Visible (UV-Vis) absorption experiments. Particles
were then purified via centrifugation from a 50/50 mixture of toluene/methanol. Purified
particles were redissolved in toluene and cast on TEM grids for size analysis.

31
Table 2.1: TOPO and HDA amounts used for the synthesis of Au nanoparticles

TOPO

HDA

Trial Amount (g) mmol % Amount (g) mmol

%

1

0

0

0

8.6

35.5

100

2

3.4

8.9

25

6.4

26.6

75

3

6.9

17.8

50

4.3

17.8

50

4

10.3

26.6

75

2.1

8.9

25
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2.2.2.2 Au Seed Particles

Small Au nanoparticle seeds capped with decanethiol (DT),13

dodecylamine

(DDA),14 or trioctylphosphine (TOP)15 were synthesized through modification of the
standard two phase procedure.16 Briefly, 87.0 mg (0.26 mmol) HAuCl4 was dissolved in
8 mL water while 290 mg (0.53 mmol) tetraoctylammonium bromide (TOAB) was
dissolved in 10 mL toluene. The two solutions were combined with stirring to transfer
the AuCl4- from the aqueous to the organic layer. To this two phase solution was added
either 0.13 g (0.34 mmol) TOP, 0.14 g (0.78 mmol) DT, or 0.048 (0.26 mmol) DDA.
This was stirred for 15 min, after which 10 mL of an aqueous 0.2 M sodium borohydride
solution was added, and the solution was allowed to stir for an additional hour. The
organic layer was extracted and the particles precipitated by addition of methanol.
Centrifugation yielded the black nanoparticle product, which was subsequently rinsed
once with ethanol and dissolved in 6 mL toluene for further use.

2.2.2.3 Au Seed Particle Growth

A 3.0 g (3.9 mmol) amount of TOPO was added to a 50 mL round bottom flask
fitted with a thermometer and opened to the atmosphere. A 3 mL toluene solution of Au
seed particles was then added at room temperature, serving to dissolve only a slight
portion of the TOPO. The resulting slurry was heated slowly to 150 °C, during which
time the vast majority of the toluene evaporated, leaving a molten TOPO solution
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containing soluble nanoparticles. After either 20, 40, 60, or 80 min (depending on the
trial), the heat was removed, the solution cooled to 50 °C, and 10 mL toluene was added.
In the case of TOP and DDA capped particles, 0.0841 g (0.5 mmol) DT was added (this
was necessary to stabilize the grown particles) and the solution stirred for 24 hrs. Excess
TOPO was removed by precipitating the particles with methanol. The particles were
purified by a series of centrifugation and methanol rinse steps and dissolved in
dichloromethane, producing solutions with the ruby red color characteristic of Au
colloids.17

2.2.3 Characterization

UV-Vis absorption spectroscopy was performed using a Cary Varian 500
spectrophotometer.

TEM images were obtained using a JEOL JEM 1200 EXII

Transmission Electron Microscope fitted with a Gatan Bioscan 792 camera and operated
at 80 kV. Samples were prepared on carbon-coated Cu grids by drop casting toluene or
dichloromethane solutions and allowing them to air dry.

2.3 Results

2.3.1 Au Particles from Au(acac)PPh3

The injection of Au(acac)PPh3 dissolved in DPE into hot TOPO/HDA solutions
of varying concentrations led to a gradual color change from pale yellow to pink to red to
purple, ending in particle precipitation and the formation of a metallic solid. The time
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frame in which this color change took place was dependent on the ratio of TOPO to
HDA, with larger HDA concentrations leading to faster color change due to increased
particle formation and growth. Fractions (1 mL) were removed throughout the course of
the reaction and injected into 19 mL toluene to arrest particle growth, after which UV-Vis
analysis was performed. After purification, particles remained stable in solution for a
period of many months with no observable change in size or dispersity, as noted in TEM
images and the lack of any discernible change in particle UV-Vis spectra.
Particle growth was monitored using UV-Vis absorption spectroscopy by tracking
the formation and gradual growth of the well-known surface plasmon peak associated
with nanometer-sized Au particles.17,18 The UV-Vis spectra, shown in Figure 2.1A for
Au nanoparticles grown in a reaction mixture of 50% TOPO and 50% HDA, show that
the plasmon peak gradually grows in and red-shifts (from 516 to 547 nm) over the course
of 83 min. This increase in absorbance is consistent with other reports detailing the
growth of citrate stabilized Au clusters via hydroxylamine seeding,18a-c while the shifting
plasmon peak has been observed during the prolonged heating of thiol-encapsulated
particles in organic solutions.19

At longer time intervals particle aggregation and

precipitation occurs, producing UV-Vis spectra that are noticeably broadened with
decreased absorbance intensities as compared to those at shorter times. In the case of the
50-50 TOPO/HDA mixture presented in Figure 2.1A, this can be seen for time intervals
greater than 83 min. Analogous spectral changes were observed irregardless of the
TOPO/HDA ratio, the only difference being the time it took for plasmon dampening to
occur, as shown in Figure 2.1B-D for trials containing 0%, 25% and 75% TOPO,
respectively.
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Figure 2.1: UV-Vis absorption spectra of Au nanoparticles grown in a (A) 50:50; (B)
75:25; (C) 25:75; (D) 0:100 mixture of TOPO and HDA. Spectra were recorded at
specific time intervals after Au(acac)PPh3 injection, as indicated.
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To quantitatively determine the size of the particles produced as a function of
time in each of these trials, transmission electron micrographs were obtained.
Representative TEM images of nanoparticles removed from a 50-50 mixture of TOPO
and HDA over the entire course of the reaction are shown in Figure 2.2. The results of
particle analysis for these samples are displayed in the figure insets and show that the size
distributions are Gaussian at times less than 83 min (Figure 2.2A-F) but broaden
significantly at longer time scales as particles coalesce into insoluble aggregates
(Figure 2.2G-I). In addition, the time dependent growth of particle size in TOPO/HDA
solutions containing 0%, 25%, and 75% TOPO was monitored in sequential TEM
images, as shown in Figures 2.3 – 2.5. Figure 2.6 plots the changes in particle size and
polydispersity versus time for each ligand concentration and shows that particles initially
grow to a diameter of ~15 nm (closed symbols) with dispersities that decrease over time.
For example, based on particle analysis of TEM images, samples collected at short time
intervals were determined to be 35 - 40% polydisperse, whereas samples obtained at later
intervals (but before particle diameters exceed 15 nm) were 13 - 15% polydisperse.
In each of the trials shown graphically in Figure 2.6, at long time intervals the
particles reach a diameter of ~15 nm, after which extensive aggregation is evident in the
TEM images. Aggregation leads to the formation of structures with diameters of ~50 nm
and with greater size deviation (open symbols in Figure 2.6). These structures are also
less soluble in solution, precipitating shortly after formation. These observations are
consistent with the red-shifted and dampened plasmon bands seen in the UV-Vis spectra
for fractions collected at later time intervals, as shown in Figure 2.1A-D.
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Figure 2.2: TEM images of Au nanoparticles synthesized in 50% HDA and 50% TOPO,
with fraction removal times of (A) 20, (B) 28, (C) 38, (D) 49, (E) 65, (F) 83, (G) 93, (H)
108, and (I) 128 minutes. Insets depict particle histograms, with average diameters
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respectively.
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Figure 2.3: TEM images of Au nanoparticles synthesized in 25% HDA and 75% TOPO,
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Figure 2.5: TEM images of Au nanoparticles synthesized in 100% HDA, with fraction
removal times of (A) 10; (B) 14; (C) 19; (D) 27; (E) 31; (F) 36; and (G) 40 minutes.
Insets depict particle histograms, with average diameters calculated as 6.9 ± 2.2 (521
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Figure 2.6: Evolution of particle size over time for samples containing 0% (●), 25% (■),
50% (▲), and 75% (♦) TOPO. Size increases until about 15 nm (closed symbols), at
which point particles are unstable and agglomerate (open symbols).
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2.3.2 Au Seed Particle Growth

Particle growth in TOPO solutions was further studied by investigating the size
evolution of preformed Au particles at 150 °C. As particles were not generated via the
reduction of an Au(I) precursor, the addition of hexadecylamine (used as the reducing
agent in 2.3.1) was not necessary. In control experiments, the presence of HDA did not
affect the results.
Small (1 - 3 nm diameter) Au particles were initially formed by the biphasic
reduction of AuCl4- in the presence of decanethiol, dodecylamine, or trioctylphosphine
capping agents.

This gave three distinct particle samples with differing size and

dispersity as seen in the TEM images in Figure 2.7A-C. Particle size analysis (insets)
reveals that the as-formed particles have diameters of 1.9 ± 0.4, 3.0 ± 0.5, and 1.5 ± 0.4
when stabilized by DT, DDA, and TOP, respectively. The purified particles are readily
dispersible in common organic solvents (e.g., toluene, DCM, and hexane). As a result of
their smaller sizes, the DT and TOP stabilized Au particle solutions are dark brown,
whereas the DDA-coated particle solution is red due to their slightly larger diameter.
Slowly heating seed particles to 150 °C in TOPO initially caused the toluene
solvent to boil off, leaving a molten TOPO solution containing Au nanoparticles. At
~130 °C, the solution color changed from a dark brown to a deep red for TOP – and DT –
stabilized particles, indicating initiation of particle growth at this temperature. DDA
particle solutions remained red throughout the course of heating. The UV-Vis spectra for
all three Au seed particle samples are shown in Figure 2.8A-C, as are the spectra for each
set following 60 min of heating in TOPO at 150 ºC. The spectra of the Au particles with
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Figure 2.7: TEM images showing Au particles stabilized with (A) DT, (B) DDA, and
(C) TOP before heating in molten TOPO. (D-F) TEM images of the above particles
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represents the particles after 60 min of heating in TOPO at 150ºC.
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DT and TOP monolayers initially have a broad shoulder in the visible region
characteristic of particles with extremely small diameters (< 2 nm).13a These evolve into
spectra containing a strong absorbance at 516 and 520 due to the Au plasmon resonance
for DT and TOP particles, respectively.

This change in optical absorbance is

qualitatively observed in the change in solution color from an initially dark brown to a
deep red upon heating. DDA stabilized particles exhibit a slightly different optical
spectrum due to their initially larger diameter. Here, the Au plasmon peak is seen in the
as-prepared sample, although upon growth in TOPO this peak red shifts from its initial
value of 514 nm to 520 nm.
Once the solutions reached 150 °C, the temperature was held constant to monitor
growth of the seed particles. Representative images of particles grown for 60 min in
molten TOPO are shown in Figure 2.7D-F. TEM analysis reveals that their average
diameter increases to 4.7 ± 0.6, 5.2 ± 0.8, and 7.0 ± 1.0 nm when the supporting ligand
monolayer was composed of DT, DDA, or TOP, respectively.
Particle growth as a function of time was also monitored via TEM. TEM images
of TOP stabilized particles in Figure 2.9A-D show a clear increase in particle diameter
with longer heating times. Size analysis shows that the Au particles evolve from their
initial diameter of 1.1 ± 0.4 nm to a final size of 7.4 ± 0.9 nm over the course of 80 min
of heating. Similar growth is observed for particles with DT and DDA monolayers,
which reach sizes of 5.2 ± 0.8 and 6.1 ± 0.7 nm, as shown in Figure 2.10 and Figure 2.11,
respectively. In all cases particle dispersity remained fairly constant between ~ 12 – 16
% for all trials.
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Figure 2.9: TEM images for TOP stabilized particles after (A) 20 min, (B) 40 min, (C)
60 min, and (D) 80 min of heating in TOPO. Insets contain particle histograms
calculated from at least 300 particles. Scale bar represents 50 nm.
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Figure 2.10: TEM images for DT stabilized particles after (A) 20 min, (B) 40 min, (C)
60 min, and (D) 80 min of heating in TOPO. Insets contain particle histograms
calculated from at least 300 particles. Scale bar represents 50 nm.
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Figure 2.11: TEM images for DDA stabilized particles after (A) 20 min, (B) 40 min, (C)
60 min, and (D) 80 min of heating in TOPO. Insets contain particle histograms
calculated from at least 300 particles. Scale bar represents 50 nm.
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Nanoparticle samples were grown at various times, purified, and their optical
absorbance spectra collected. Unlike Au particles grown from Au molecular precursor in
2.3.1, after the initial shift and increase in intensity due to plasmon formation, no shift in
the peak absorbance was observed upon heating and subsequent growth. Throughout the
course of the reaction, the peak remained constant at 514, 523, and 520 nm for DT, DDA,
and TOP stabilized particles, respectively.
Particles grown at 150 °C remained stable and did not aggregate, even after
extensive growth times (in excess of 120 min).

Instead, the red color persisted

throughout the course of the reaction with no noticeable precipitate. However, increasing
the temperature to 170 °C caused aggregation and precipitation after 48 min of heating.
In this case, the Au particles grown from the molecular precursor, the initially red
solution rapidly turned blue, with a corresponding red shift and dampening of the
absorbance spectrum.

Further increases to the reaction temperature led to faster

nanoparticle aggregation and precipitation.
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2.4 Discussion

2.4.1 Particle Size and Ligand Effects

2.4.1.1 Seed Mediated Growth

Small, 1 – 3 nm Au nanoparticle seeds spontaneously evolve in size upon heating
in molten TOPO at 150 ºC. The initial sizes of these seeds varied due to (1) differing
mechanisms associated with particle growth13-15 and (2) the amount of supporting ligand
added during the initial synthetic procedure.13a In all cases, the amount of ligand was in
excess and was removed during purification. Therefore, differences in initial ligand
concentrations most likely did not affect the particle growth results.
Particle size evolution of these seeds over time (i.e. between 20 and 80 min) was
slight, increasing ~ 1 nm over the course of each reaction. As the seed particles were
slowly heated, a distinct solution color change from brown to red (DT and TOP particles)
was observed at ~ 130 °C, qualitatively indicating the initiation of particle growth. This
red color persisted as the solution temperture was further increased to 150 °C and
throughout the course of the experiment. Due to the dynamic relationship between
particle size and temperature,10b it was not possible to obtain time-dependent growth data
before reaching 150 °C. After reaching the 150 °C temperature plateau, particle samples
remained fairly constant in size, even after 80 min of heating, as shown in TEM images
(Figures 2.9 – 2.11).
A thermodynamic explanation is used to describe seed particle growth: an energy
minimum exists in which the opposing contributions from ligand-binding energy and
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from surface free energy are balanced.10a,20 Ligand binding energy is minimized by the
formation of smaller particles, which increases surface area. Conversely, minimization of
the surface free energy requires a decrease in the particle radius of curvature, producing
larger particle diameters.

Ultimately, these two factors lead to a preferred size

depending on the affinity of the ligand for the particle surface. It is therefore expected
that ligands with weaker binding strength should produce larger particles, while stronger
binders should produce smaller particles.

Previous studies regarding monolayer

formation on planar Au surfaces have determined that binding affinity decreases in the
order DT > TOP > DDA,21 so that the predicted relative sizes should be DT < TOP <
DDA.
The initial trend in Au particle seeds containing these surfactants is TOP < DT <
DDA. However, after growth at 150 ºC in TOPO, the expected trend is not observed.
Instead, the diameter trend is DT < DDA < TOP. The reason behind this phenomenon is
not immediately clear. The most likely explanation relates to the presence of TOPO. In
previous studies, nanoparticles were grown in the presence of excess capping ligand.10a It
is possible that the surfactant in solution mediates the size evolution of these particles,
much as the TOPO mediates particle growth here. It is also possible that the initial
synthetic conditions used to produce seed particles or their solubility in molten TOPO
could affect particle growth dynamics.
Of note is the observed size narrowing evident during the growth of Au-DDA
particles, as shown in Figure 2.11. This is most likely due to the large number of smaller
(1 – 4 nm) particles seen at short times (< 40 min).

These particles are virtually

eliminated at longer times, indicating that Au-DDA growth due to the fusion of smaller
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Au clusters perhaps occurs on a slower time scale than does those with TOP or DT
surface monolayers.

2.4.1.2 High Temperature Decomposition Growth

This binding scheme does not adequately explain the large (> 10 nm) particle
sizes produced using the first method presented, namely the amine-mediated reduction of
Au(acac)PPh3. If it did, particles with average diameters equivalent to those observed
using pre-formed particles (~ 6 nm) would be expected. Instead, TEM images reveal that
particles evolve from smaller, ~ 4 nm spherical particles to larger ones before forming ~
50 nm aggregated structures.

This is due to the reduction of Au(acac)PPh3 by

dodecylamine, which also serves to stabilize particle growth. Such a reduction scheme is
also employed in the oxidation of primary amines in biology and small molecule
chemistry, most involving some form of metal catalyzed reaction.22

TEM image

analysis shows that nanoparticle growth is controlled by the relative ratios of HDA to
TOPO, as seen in Figure 2.6, where increasing the HDA concentration increases the
particle growth rate.

This is in contrast with the observed growth dynamics of

semiconductor nanocrystals synthesized in TOPO-HDA mixtures, where increases in
HDA concentration led to decreased particle growth rates. However, in the case of Au
nanoparticle formation, HDA plays the dual roles of both stabilizing ligand and reducing
agent, giving rise to the concentration dependency observed in Figure 2.6.

This is

experimentally determined through a comparison of trials conducted in 100% HDA and
0% HDA (trial not shown). As seen in Figures 2.5 and 2.6, injection of the Au complex
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into pure HDA leads to rapid particle formation and growth, with aggregation occurring
after ~ 20 min. In contrast, injection of the Au complex into pure TOPO failed to
produce any observable particle growth over the course of 3 hrs.
The continuous reduction of Au(acac)PPh3 by the long chain amine is thought to
contribute to the observed particle size evolution. Au particles generated in situ by the
amine act as nucleation centers for the further deposition of metallic Au in an attempt to
decrease the curvature-dependent free energy, as discussed above. As the Au precursor is
not completely consumed during the formation of the initial particle seeds, a gradual
evolution in size as a function of time is expected. It is widely understood that the nature
of the ligands (size, charge, concentration, etc.) ultimately limits the maximum size of the
particle that may be stabilized against aggregation.

The observation that the Au

nanoparticles consistently begin to aggregate at a diameter of 15 nm suggests that ligands
stabilizing their surfaces are the same for each trial.
Similar growth is not observed in the case of the Au seed particles (in 2.4.1.1) due
to the absence of any continuously generated particle monomer units (i.e. Au atoms).
Particle size therefore remains fairly constant over time, with only a slight trend towards
larger diameters at increased heating times.

These experiments reveal the wide

variability in growth mechanism based on simple changes in chemistry.

2.4.2 Optical Absorption Spectroscopy

Particle size growth has dramatic effects on the observed solution optical
properties, as probed by UV-Vis absorption spectroscopy. In the case of both particle
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syntheses, prolonged heating of solutions leads to the eventual development of a distinct
reddish color due to the Au plasmon resonance band. This can be seen in the spectra
associated with thiol and phosphine stabilized particles (Figure 2.8A and B), which
initially exhibit broad shoulders in the visible region due to quantum size effects.4a,13a
This is replaced by a distinct peak centered at 516 and 520 nm for thiol and phosphine
protected particles, respectively, consistent with previous reports of 4 – 10 nm diameter
Au nanoparticles.23 The different initial spectrum for Au-DDA particles is due to their
slightly larger size, and in this case, the Au plasmon resonance is already evident in the
as-formed particles. Upon heating in TOPO, however, the band is seen to sharpen and
red shift to 520 nm. In each particle sample examined, the plasmon peak remains
relatively constant throughout each reaction, shifting by at most 3 nm over 80 min of
heating.
This gradual emergence and growth of the Au plasmon peak is also seen in
samples synthesized using Au(acac)PPh3. Here, an increase in absorbance intensity is
observed that is indicative of Au nanoparticle growth. Also observed is a corresponding
red-shift of the Au plasmon resonance band at long times, a common phenomenon during
Au nanoparticle growth that indicates agglomeration.

2.4.3 Growth Mechanism

The mechanism for particle growth is most likely similar for both methods
presented. In general, it has been shown that smaller particles exhibit diminished melting
points compared to that of the bulk,10b,19,25 and therefore even slight heating can cause
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liquification and coalescence to form larger nanoparticles. This can be seen using small
Au seed particles, with melting points calculated to be on the order of 400 K or smaller,25
depending on the average diameter. Heating these materials thus causes melting, which
is directly followed by coalescence, and serves to increase the average particle diameter
dictated by the binding strength of the supporting ligands (2.4.1).
Similar behavior has been observed with other metallic particles26 and,
specifically, with thiol encapsulated Au particles in molten tetraoctylammonium
bromide.10b,19 While complex, the mechanism most likely involves the desorption of
surface ligands followed by particle fusion and ligand re-adsorption.

In these

experiments,10b,19 two distinct thermal transitions were observed as the TOAB/Au particle
solution was slowly heated. The first was endothermic in nature, consistent with the
desorption of thiols from the Au particle surface (i.e. a bond-breaking event). This was
directly followed by an exothermic reaction as particle fusion, atom rearrangement and
ligand re-adsorption occurred (all bond-forming events).

It is not immediately clear if

the above mechanism is different than standard theories relating to particle Ostwald
ripening.27 In both cases, larger particles grow at the expense of smaller ones. In the
case of normal Ostwald ripening, however, this occurs through the dissolution of the
smaller particles, producing solution phase molecular precursor which subsequently adds
to the larger particle surfaces. This generally leads to a coarsening of the measured
particle dispersity. By contrast, particle growth via coalescence has been shown to
narrow the particle size distribution.10,19 As this is more consistent with the results
presented, it is thought that coalescence is the major contributor to particle growth.
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In addition to coalescence, particles produced through the amine-mediated
reduction of Au(acac)PPh3 also grow due to contributions from molecular addition. As
Au reduction is continuous throughout the course of the reaction, particle diameters are
expected to increase up to a point where they are no longer stable in solution.

2.5 Conclusions

In conclusion, we report two procedures for the synthesis of Au nanoparticles of
variable sizes through coalescence and high temperature reduction in coordinating
solvents. In the first instance, nanoparticles generated in a separate step were grown at
150 ºC in order to produce larger structures. The resulting diameter was seen to depend
on the encapsulating ligand monolayer. In the second instance, particle seeds generated
in situ were used. Here, variation of the relative concentrations of the coordinating HDA

and TOPO ligands serves as a method for control of the nanoparticle growth rate. When
the as-prepared particles have diameters less than 15 nm, they are relatively size
monodisperse and are stable in organic solvents over a period of months.
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Chapter 3
Synthesis of Fe Oxide Core/Au Shell Nanoparticles by

Iterative Hydroxylamine Seeding

3.1 Introduction

The preparation and characterization of novel nanometer scale materials has led to
an exponential increase in research activity concerned with the examination of their
fundamental properties and potential applications. Metal nanoparticles, for example,
have been utilized in innovative applications ranging from electronics1 and optics2 to
DNA sensing3 and catalysis.4

The utility of magnetic nanoparticles has recently been

described5 and demonstrated in a few cases for ultrahigh density information storage,6
biomedical applications,7 and ‘spintronics’8 (i.e., spin-based data transfer and storage).
For example, Co and FePt nanoparticles have been shown to be useful for the preparation
of highly ordered three-dimensional magnetic superlattices,9 while solutions of γ-Fe2O3
and Fe3O4 particles 7.5 – 100 nm in diameter have shown promise as magnetic fluids for
targeted drug delivery.10 In addition, superparamagnetic Fe oxide particles (3 – 10 nm)
coated with glucose polymers have been manipulated by external magnetic forces to
promote site-specific inactivation of cancerous cells11 and have also been implemented
in magnetic cell sorting and immunoassays.10
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There have been several demonstrations of the preparation of magnetic particles
in the 4 nm – 2 µm diameter range.

For example, Murray et al. have produced

monodisperse, organic soluble particles through the thermal decomposition of small
organometallic precursors in the presence of stabilizing ligands.12 Alternatively, Massart
et al. have reported a coprecipitation scheme to produce polydisperse samples of aqueous

Fe oxides.13 While these and other methods have been extensively investigated, there are
few examples describing the synthesis and physical properties of core/shell nanoparticles
containing either Fe, γ-Fe2O3, or Fe3O4.14

Nanoparticle encapsulation can alter the

physical properties such as optical absorption and catalytic activity. It is also theorized
that shells composed of noble metals (i.e. Au) would allow further surface modification
through facile place exchange reactions while retaining the magnetism of the iron oxide
core.
A synthetic methodology to produce Fe oxide core/Au shell nanoparticles is
presented herein. An aqueous-based synthesis is used to produce magnetic particles of
Fe3O4 or γ-Fe2O3, which are stable at physiological pHs. Thick Au shells are then grown
on the surfaces of these Fe oxide particles utilizing iterative seeding methods described
by Natan et al.15 The ability to modify magnetic core surfaces with an Au shell of any
thickness leads to a distinct change in the particles’ optical absorbance spectra due to the
emergence of the Au plasmon resonance band.

As a result, particle UV-visible

spectroscopy as a function of core/shell structure is described. To determine Au shell
effects on Fe oxide magnetic properties, magnetometry data as a function of Au shell
growth is discussed.
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3.2 Experimental

3.2.1 Chemicals

Ultrapure water (18.2 MΩ) was purified by a Barnstead NANOpure water system.
All other chemicals were used as received without any further purification.

3.2.2 Synthesis

3.2.2.1 Aqueous Fe3O4 Nanoparticle Cores

To a solution of 0.37 g concentrated HCl (10 mmol) in 25 mL H2O was dissolved
5.4 g (20 mmol) FeCl3•6H2O followed by 2.0 g (10 mmol) FeCl2•4H2O. The solution
was added dropwise to 250 mL of a 1.5 M NaOH solution with vigorous stirring. A
black precipitate formed immediately. The Fe3O4 nanoparticle precipitate was isolated
via magnetic decantation and washed twice with 100 mL of water, then twice with 100
mL of 0.10 M tetramethylammonium hydroxide (TMAOH). Particles were separated by
centrifugation at 6000 rpm for 10 min and the final precipitate was dissolved in 250 mL
of 0.1 M TMAOH. The final black, 36 mM solution of Fe3O4 was stored in air under
benchtop conditions for further use.
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3.2.2.2 Aqueous γ-Fe2O3 Nanoparticle Cores

Fe3O4 particles were prepared and isolated as above. They were then washed with
water, dissolved in 250 mL of 0.10 M HNO3, and centrifuged at 6000 rpm for 30 min.
The precipitate was then dispersed in 250 mL of 10 mM HNO3 and heated with stirring at
90 - 100 °C. During heating, the solution color changed from dark brown-black to
brown-red. After 30 min, the heat was removed and the solution was allowed to return to
room temperature. The particles were isolated via centrifugation at 6000 rpm for 20 min.
The resulting precipitate was dissolved and isolated using centrifugation twice more,
using water followed by 100 mL of 0.1 M TMAOH. The supernatants were discarded
and the final precipitate was dispersed in 250 mL of 0.1 M TMAOH to produce a
solution of γ-Fe2O3.

3.2.2.3 Aqueous Fe Oxide/Au Core/Shell Nanoparticles

A 7.5 mL portion of either Fe3O4 or γ-Fe2O3 in water was diluted to 1.1 mM using
140 mL water, and this was stirred with 7.5 mL of 0.1 M sodium citrate for 10 min. The
solution was then adjusted to pH 12 using 1mM NaOH. Aqueous solutions of 0.20 M
hydroxylamine hydrochloride (HOA) and 1% HAuCl4 were then added incrementally
(alternating HOA and HAuCl4 additions), altering the relative metal concentrations in
solution as shown in Table 3.1.
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Table 3.1: Amounts used in iterative seeding of Fe oxide nanoparticles and relative
compositions of the resulting core/shell particles.

Iteration

0.2 M NH2OH•HCl
(mL)

1% HAuCl4
(mL)

Total mol
% Au

Total mol %
Fe oxide

1

0.750

0.625

69

31

2

0.281

0.500

80

20

3

0.188

0.500

85

15

4

0.188

0.500

88

12

5

0.281

0.500

90

10
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3.2.3 Measurements

TEM analysis was performed on a JEOL JEM 1200 EXII transmission electron
microscope at the Penn State Biological Electron Microscopy Facility.

XRD

measurements were preformed on a Philips PW3040-MPD X-Ray Diffractometer, and
UV-Vis measurements were preformed on a Cary 500 UV-Visible-Near IR spectrometer.
Magnetic

measurements

were

performed

using

a

Quantum

Design

MPMS

Superconducting Quantum Interference Device (SQUID).

3.3 Results

The morphology of Fe oxide particles depends largely upon the route chosen for
their synthesis.13 Initially, Fe3O4 particles are prepared by coprecipitation of an Fe2+ and
Fe3+ salt in alkaline medium. A magnetite-like, defected inverse spinel structure (γFe2O3) can then be obtained by gently heating an aqueous solution of Fe3O4 in air. The
oxidation of Fe3O4 to γ-Fe2O3 in aqueous solutions exposed to air at room temperature
also occurs, albeit much more slowly. Once oxidized to γ-Fe2O3, the magnetic fluid is
remarkably stable, lasting for years in acidic or alkaline medium.13b

Stability is

maintained by electrostatic and repulsive interactions between counter ions in solution
and amphoteric hydroxyl ions adsorbed onto particle surfaces during synthesis. The
nature of these adsorbed ions (H3O+ or OH-) is determined by solution pH.13a
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Initial attempts to overlay Au shells onto freshly synthesized Fe3O4 particle
surfaces failed to yield any evidence of Au reduction. Specifically, it was observed that
freshly prepared Fe3O4 nanoparticles (i.e, within 24 hours of nucleation) failed to obtain a
Au shell. Generally, a maximum of two iterations could be performed before the Fe3O4
particles aggregated and precipitated from solution. However, sequential addition of
HAuCl4 to Fe3O4 nanoparticle solutions which were exposed to air for extended periods
(> 1 week) led to the formation of stable and soluble core/shell nanoparticles. It is well
known that long term exposure of Fe3O4 to air results in particle oxidation to form γFe2O3 via Fe cation diffusion.16 These observations suggest that Au3+ preferentially
reduces onto γ-Fe2O3 surfaces rather than Fe3O4. To confirm the observed behavior of
oxidized Fe3O4, γ-Fe2O3 nanoparticles were investigated.
Au shells were formed by reduction of Au3+ onto the Fe oxide surfaces using a
modification of Brown and Natan’s iterative HOA seeding procedure.15 Dilute Fe oxide
solutions were stirred with sodium citrate solution to exchange surface OH- groups for
citrates before the incremental addition of HAuCl4 followed by HOA. A total of five
additions were performed; the clear solution became purple upon addition of Au3+ and
gradually changed to deep pink during the successive iterations. In control experiments,
no reaction was observed for solutions containing either Fe oxide particles and HOA only
or HOA and HAuCl4 only. Furthermore, no reduction of the HAuCl4 occurred in Fe oxide
solutions without added HOA.

These observations are consistent with the HOA

promoting Au3+ surface-catalyzed reduction, rather than monometallic Au particle
nucleation or a galvanostatic reaction.17
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The sizes and compositions of the Au-coated Fe oxide nanoparticles were
analyzed using TEM and EDS for each iteration of Au deposited. Representative TEM
images of the as-prepared γ-Fe2O3 particles and particles resulting from the first, third
and fifth iterative additions of Au3+ are shown in Figure 3.1. Particle diameters were
determined by measuring the long axis of each particle, and histograms recording particle
diameter are shown in each inset. The average diameter of the γ-Fe2O3 nanoparticles is
9.0 ± 3.0 nm; iterative addition of Au3+ and HOA initially increases the average diameter
and affects the surface morphology.
The TEM images further show that the surfaces of the core/shell particles are
jagged after the initial addition of Au3+ and HOA to the γ-Fe2O3 solution, but become
more spherical following subsequent iterations. Particle analysis of Figure 3.1B-D reveals
that the average particle diameters remain roughly constant throughout all iterations, but
the particles become more uniform in size (i.e., less polydisperse).

The measured

average diameters and polydispersities are calculated as 62 ± 19 nm (31%
polydispersity), 59 ± 19 nm (32% polydispersity), and 57 ± 14 nm (25% polydispersity),
respectively.
We have observed that Fe3O4 nanoparticles are more resistant to Au deposition
than γ-Fe2O3; in TEM images of early iterations with Fe3O4, bare core particles are often
visible, as highlighted by the arrow in Figure 3.2C, suggesting that Au3+ reduction may
preferentially occur at more oxidized sites. Allowing Fe3O4 samples to sit for a week or
longer produces a partially oxidized structure, which allows the growth of Au shells.
Results from TEM imaging of partially oxidized Fe3O4/Au core/shell particles exhibit
similar morphological changes to γ-Fe2O3, as seen in Figure 3.2.
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Figure 3.1: Representative TEM images of citrate-stabilized γ-Fe2O3/Au core/shell
nanoparticles with (A) zero (i.e. pure γ-Fe2O3), (B) one, (C) three, and (D) five
incremental additions of Au3+ to the γ-Fe2O3/H2O solution. Insets: histograms of the
particle diameters or (A) 533 particles; (B) 161 particles; (C) 267 particles; (D) 294
particles.
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Figure 3.2: Representative TEM images of citrate-stabilized Fe3O4/Au core/shell
nanoparticles with (A) zero (i.e. pure Fe3O4 particles) (B) one, (C) three, and (D) five
incremental additions of Au3+ to the Fe3O4/H2O solution. Insets: histograms of the
particle diameters for (A) 307 particles; (B) 85 particles; (C) 203 particles; (D) 279
particles. The arrow highlights a slight amount of Fe3O4 without an Au shell.
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To confirm the composition of the particles, EDS spectra were collected during
TEM imaging. A representative EDS spectrum, taken from the sample shown in
Figure 3.1C, is shown in Figure 3.3. This spectrum confirms the presence of both Fe and
Au in the sample (though it does not confirm a core/shell structure). The relative
intensities of the Au and Fe peaks indicate that the particles are largely of Au character,
correlating with the calculated molar ratios of Au3+ to Fe oxide. No quantitative
information regarding composition can be given because the two elements have different
electron absorption cross sections.
Optical absorption spectra of as-prepared core/shell nanoparticles for each
iterative Au deposition onto γ-Fe2O3 were collected, and are shown in Figure 3.4A. As
the ratio of Au to Fe oxide increases, the surface plasmon peak blue-shifts toward the
value expected for pure citrate-stabilized Au particles, as plotted in Figure 3.5. A similar
trend was observed for the Au shell growth on partially oxidized Fe3O4, as seen in
Figure 3.4B.
Particle magnetic properties were investigated to determine any effects due to Au
shell formation. Figure 3.6A and B shows the field cooled and zero field cooled behavior
of both pure γ-Fe2O3 (A) and synthesized γ-Fe2O3/Au core shell particles. It can be seen
that upon Au coating, the blocking temperature decreases with a corresponding increase
in the magnetic moment. In both the pure and the Au coated particles, a slight magnetic
hysteresis is observed below the blocking temperature. This is shown in Figure 3.6C and
D, which depicts particle magnetic response to a varying magnetic field. The hysteresis
in both samples is observed to be 37 Oe at 5 K while the saturation magnetization for
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Figure 3.3: EDS spectra of the sample used to obtain Figure 3.1C, with identification of
the observed peaks. Cu peaks appear due to scattering caused by the Cu TEM grid.
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Figure 3.4: (A) UV-visible spectra of as synthesized γ-Fe2O3/Au nanoparticles. Spectra
for pure γ-Fe2O3 as well as spectra for Au iterative addition numbers 1-5 are presented.
(B) UV-visible spectra of as synthesized Fe3O4/Au nanoparticles. Spectra for pure Fe3O4
as well as spectra for Au iterative addition numbers 1-5 are presented.
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Figure 3.5: Plot of average SP peak (from three separate trials) as a function of Au mole
fraction for citrate stabilized γ-Fe2O3/Au (●) and partially oxidized Fe3O4/Au (♦)
core/shell nanoparticles in water compared to the standard SP peak of citrate-stabilized
Au particles (open diamond). Lines are to guide the eye.
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Figure 3.6: Measured magnetic moments as a function of temperature after cooling in
zero field (▲) and in a 100 Oe field (■) for pure γ-Fe2O3 nanoparticles (A) and for γFe2O3/Au core/shell nanoparticles (B). Plots are normalized to the mass of γ-Fe2O3.
Also shown are magnetization measurements as a function of applied field for pure γFe2O3 nanoparticles (C) and for γ-Fe2O3/Au core/shall nanoparticles (D). Measurements
were taken at 5 K. Plots are normalized to the mass of γ-Fe2O3.
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both γ-Fe2O3 (41 emu/g) and γ-Fe2O3/Au nanoparticles (45 emu/g) are the same within
experimental error.

3.4 Discussion

3.4.1 Particle Surface Structure/Morphology

The aqueous precipitation of iron salts produced Fe oxide particles which were
stable in either acid or basic conditions due to amphoteric surface hydroxyl groups. Au
shells where grown onto particle surfaces through the iterative addition of AuCl4followed by HOA. In both γ-Fe2O3 and partially oxidized Fe3O4 samples, TEM images
suggest that Au3+ initially reduces onto specific sites of the Fe oxide core surface,
resulting in a jagged appearance. Further reductions apparently fill these empty surface
sites with Au, producing more spherical particles. This is likely driven by the lower
energy required for Au atoms to adsorb onto sites most similar in structure to bulk Au
(i.e., with many Au atomic neighbors). Due to the thickness of the produced Au shells,
no core/shell structure can be seen.
The aqueous particles are stabilized against aggregation by amphoteric surface
ions. Stability is largely controlled by the ions’ point of zero charge (PZC); when the
PZC is reached, counter ion charges are too weak to repel particles and aggregation
occurs. This is proven through the addition of the acidic Au3+, which drops the solution
pH from its adjusted value of 12 by one point for every iteration. Nanoparticle
aggregation was observed in solutions with pH’s close to ~ 6, where the counter ions
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stabilizing the core/shell particles appear to be a mixture of both OH- (PZC = 8) and
citrate (PZC = 2) anions. The solution retained a faint purple or pink color even after
particles had aggregated, suggesting that a small fraction of citrate-stabilized Fe@Au
particles remained stable in solution.
Of note is the preference for Au shell growth on γ-Fe2O3 as opposed to Fe3O4.
The cause for this difference in deposition behavior is unclear; since the lattice
parameters of Fe3O4 and γ-Fe2O3 are nearly identical (a = 0.840 and 0.835 nm,
respectively). A lattice mismatch is therefore not a likely explanation. More likely, the
AuCl4- metallic precursor preferentially adsorbs to γ-Fe2O3 as opposed to Fe3O4. This
phenomena has been extensively studied by Natan and coworkers, who have shown that
Au reduction only occurs in the presence of pre-formed nanoparticles.15

3.4.2 Optical Absorption Spectroscopy

It is well established that spherical Au nanoparticles possess a characteristic
absorption in the visible region of the electromagnetic spectrum due to the surface
propagation of free electrons in the metal.18 The energy of this so-called surface plasmon
band is a function of, for example, solvent dielectric properties and particle size, 18 all of
which have been investigated on the basis of Mie theory.19 Au nanoshells also exhibit
this plasmon resonance, although the wavelength can be tuned from the visible into the
near IR through variation in core diameter and shell thickness.20

Thus, the bimetallic

core/shell nanoparticles were further characterized by UV-Visible absorption
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spectroscopy to compare their optical properties to those of previously reported Au
particles and nanoshells.21
Fe oxide@Au particles exhibit an initial plasmon red shift as compared to
monometallic Au particles of similar size; further Au deposition served to blue shift this
peak, however. These results are consistent with those observed for other Fe core/Au
shell systems15a,b as well as those of Halas et al. for Au shells deposited on SiO2
nanoparticles.20,21b,c Such observations are also expected on the basis of Mie theory20
which predicts a blue-shifting of the surface plasmon as the core diameter is decreased
and as the shell thickness is increased. As the core diameter remains constant throughout
the reaction, the observed plasmon blue shifts must be exclusively due to the increase in
Au shell thickness. The initial red-shift is most likely due to the jagged nature of the Au
shell, however, as seen in TEM images from earlier iterations (Figure 3.1B and 3.2B).
Such a shift has been observed in other highly pointed Au systems (for example, with
cubes and tetrapods).22 In later iterations, shells become more spherical and uniform,
producing the expected plasmon blue-shift due to increased shell thickness.

3.4.3 Magnetometry

The magnetic character of iron oxide core/Au shell particles can be qualitatively
determined through their attraction to a permanent magnet. A more extensive study has
been performed using SQUID magnetometry to determine any change in the magnetic
properties of the particles upon encapsulation. Magnetometry reveals that overlaying Fe
oxide particle surfaces with a shell of Au has negligible effect on magnetic behavior. As
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stated above, the only observed effects relate to a slight decrease in blocking temperature
and a slight increase in magnetic moment. This observed decrease is attributed to the
aggregated nature of the pure γ-Fe2O3 nanoparticles, which produces a state reminiscent
of the bulk material. The Au shell allows each γ-Fe2O3 particle to behave independently,
and interparticle interactions are therefore not important. The blocking temperature of
the Au coated γ-Fe2O3 particles is similar to those reported in the literature for uncoated
particles. Also unaffected is the saturation magnetization and observed hysteresis.

3.5 Conclusions

Iron oxide core/Au shell nanoparticles have been synthesized through aqueous coprecipitation followed by iterative hydroxylamine seeding.

This produces large,

polydisperse samples with thick Au shells. Incorporation of an Au shell leads to a
distinct change in the Fe oxide core optical spectrum, which was investigated using UVvisible spectroscopy. The surface plasmon band associated with the Au shell was seen to
change significantly as a function of iterative Au3+ addition. No diminishment in Fe oxide
magnetic properties is evident due to Au encapsulation, indicating that shell growth does
not significantly change the magnetic cores.
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Chapter 4
Electroactive FePt Nanoparticles

4.1 Introduction

New methods aimed at the efficient and effective production of monodisperse,
nanometer-sized metal particles have led to an explosion in research activity due to their
potential applications in optics,1 magnetic storage,2 and biological labeling.3 Monolayer
protected clusters (MPCs) in particular have been targeted because of the solubility and
stability imparted by attached surface ligands.4 The first description of MPCs came from
Brust4 et al. in a seminal paper where the facile synthesis of small (< 2 nm in diameter)
Au clusters was reported. The particles produced by this method are considered the
prototypical nanoparticle system, and as such have been the subjects of intensive
experimental and theoretical studies to determine, for example, the total number of core
atoms and surface binding ligands.5

In addition, it has been shown that these particles

can be functionalized via place exchange reactions6

which represent the first step

towards the formation of “designer” particles engineered to include specific chemistries
and the ability to participate in diverse and multi-step reactions. The tailoring of surface
reactivity through place exchange also enables further monolayer modification via other
well known reactions, such as peptide coupling. This has been demonstrated using
standard amide and ester coupling reactions,7 SN2 displacement of ω-Br-alkanethiolate by
alkylamines,8 and through newly rediscovered9 click reactions.10
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These functionalization schemes are slowly being applied to the modification of
the surfaces of other nanoparticle systems. In particular, chemically functional magnetic
particles are being investigated due to their possible applications in such areas as
magnetic imaging11 and drug delivery12. Place exchange reactions have been shown to be
effective for modifying FePt particle surfaces with, for example, fluorescent, metal
chelating,13 and water solubilizing species.14

In addition, FePt exchange with water

soluble thiols has been used to produce particles useful in protein15

and cell

separations.16 The ability to functionalize a variety of magnetic materials with thiolbased ligands17 similar to those used to modify Au surfaces opens the door for the
investigation of fundamental particle properties in much the same way as their Au
analogues. To this end, the solution transport dynamics of magnetic FePt nanoparticles
functionalized with redox active ω-ferrocene alkanethiolates are investigated here.
The solution transport of small molecules has been extensively studied using
electrochemical methods.18

It has recently been shown that magnetic fields can

dramatically affect the mass-transport of nitrobenzene19 and acetophenone20 by variation
of the magnetic field strength and electrode orientation. These principles were applied to
microfluidic transport21 and used to demonstrate molecule trapping in inhomogeneous
magnetic fields.22 Each of these resulted from a change in magnetic moment associated
with the conversion from a neutral, diamagnetic species to a paramagnetic radical anion.
An emerging interest in magnetic field effects as they relate to diffusing metal
nanoparticles has developed based on these small molecule reports.

Recently, the

magnetoelectrochemical investigations of nonfunctionalized Au particle quantized
charging23 and redox-functionalized Au particle diffusion24 were described. While the
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study of these diamagnetic materials is ongoing, to our knowledge there have not been
any reports regarding magnetic field effects on redox-functionalized magnetic
nanoparticles. We have therefore sought to investigate the solution transport properties
of redox-functional FePt particles in the presence of applied magnetic fields of variable
strength.

To accomplish this, FePt nanoparticles were synthesized using high

temperature reduction-decomposition reaction and their surfaces were subsequently
modified via place exchange with electroactive ω-ferrocene alkanethiolate.

Cyclic

voltammetry and chronocoulometry were performed to probe particle composition and to
assess diffusion and electrode adsorption. In addition, microelectrode voltammetry at a
diamagnetic Pt electrode was used to investigate magnetic field effects on solution
transport.

4.2 Experimental

Tetrabutylammonium hexafluorophosphate (TBAPF6, Fluka) was recrystallized
from ethyl acetate; toluene (EMD) was distilled over calcium hydride (Aldrich); iron
carbonyl (Acros) was filtered through glass wool to remove suspended solids; and ωferrocenedodecanethiol

(FcC12H24SH)

was

synthesized

according

to

published

procedures.25 All other solvents and reagents were used as received without further
purification.
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4.2.1 Synthesis

FePt nanoparticles were synthesized using a slightly modified literature
procedure2a with a shorter protecting ligand chain. To a 100 mL round bottom flask
fitted with a thermometer and condenser was added 0.59 g (1.5 mmol) platinum
acetylacetonate, 1.2 g (4.5 mmol) 1,2-hexadecanediol, 0.30 g (1.5 mmol) dodecanoic
acid, 0.28 g (1.5 mmol) dodecylamine, and 60 mL dioctyl ether (DOE). This solution
was degassed by freeze-pump-thawing before heating to 100 ºC under nitrogen, at which
point 3 mL DOE containing 0.58 g (3.0 mmol) iron carbonyl was injected. The resulting
yellow solution was stirred at 100 ºC for 10 min before heating to reflux for an additional
30 min. The heat was then removed and the solution cooled to room temperature. A 2:1
mixture of ethanol:acetonitrile (~ 150 mL) was added to precipitate the particles, which
were then collected via centrifugation. The resulting black solid was suspended in 10 mL
of a dichloromethane (DCM) solution containing 0.050 g dodecanoic acid and 0.050 g of
dodecylamine, and particles were again isolated by precipitation and centrifugation. The
collected particles were again dispersed in DCM, centrifuged to remove insoluble
material, and stored for further analysis.

4.2.2 Place Exchange

Electroactive particles were formed through place-exchange reactions using a
mixture of alkanethiols. Specifically, a 200 mg amount of dodecanoic acid/dodecylamine
stabilized FePt nanoparticles were suspended in 10 mL DCM, to which was added 0.21 g
(0.50 mmol) FcC12H24SH and 0.51 g (2.5 mmol) dodecanethiol. The resulting solution
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was stirred at room temperature for 5.5 days to ensure equilibrium had been obtained. To
remove unbound and displaced thiol, the particle solution was evaporated and 2:1
ethanol-acetonitrile was added. Particles were collected via centrifugation and washed
four times to ensure complete removal of any excess ligand. The resulting particles were
dissolved in 10 mL DCM, centrifuged to remove insoluble material, and stored for
subsequent use.

4.2.3 Characterization

Transmission electron microscopy was performed on a JEOL JEM 1200 EXII
TEM operated at 80 keV and equipped with a Tietz F224 camera.

Samples were

prepared using DCM solutions of dilute nanoparticles and drop cast onto 300 mesh
copper grids coated with a layer of amphorous carbon. Diffuse reflectance infrared
spectra were measured with a Varian FTS 7000 using samples drop cast onto powdered
KBr. NMR spectra were obtained on a 360 MHz Bruker 360AV spectrometer. Samples
were obtained by first dissolving ~ 20 mg of particles in hexane, followed by
decomposition using 10 mL of a concentrated aqueous HCl (FePt) or a combination of
concentrated HCl with 9 mg I2 (thiol-functional FePt). The hexane solution was collected
in each case, evaporated to dryness, and the resulting material taken up in CDCl3.
Magnetic

measurements

were

performed

using

a

Superconducting Quantum Interference Device (SQUID).

Quantum

Design

MPMS
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4.2.4 Electrochemistry

Cyclic voltammetry and chronocoulometry were performed with either Pt or
glassy carbon working electrodes, a Pt wire counter electrode and a Ag quasi-reference
electrode using a CH Instruments 660A potentiostat. Working electrodes were polished
with 0.05 µm alumina slurry, sonicated in ethanol, and rinsed with DCM prior to use.
The Pt microelectrode was fabricated by sealing a 25 µm diameter Pt wire in a glass
capillary using an O2/H2 torch. The sealed end was then bent at a 90 º angle and ground
flat to expose the wire. This was then polished using a succession of alumina slurries,
ending with 0.05 µm alumina. All particle measurements were performed in 0.2 M
TBAPF6 solutions composed of 1:1 toluene-DCM under a blanket of solvent saturated
N2. The amount of nanoparticle material was held constant at ~ 9 mg/mL for each
experiment. Magnetic field effects were measured by placing the electrochemical cell in
between the poles of a GMW Magnetic Systems model 3470 electromagnet.

4.3 Results and Discussion

4.3.1 Synthesis and Functionalization

The development of methods capable of producing monodisperse magnetic
nanoparticles is an active area of current research, resulting in the vast catalog of
synthetic

methodologies

described

in

Chapter

1.

High

temperature

decomposition/reduction reactions, in particular, have been used to produce high quality,
monodisperse FePt nanoparticles. We therefore employ this methodology in the current
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study. Samples were initially synthesized by refluxing metallic precursors in high boiling
DOE in the presence of a diol reducing agent and long chain carboxylic acid and amine
capping groups. Unlike the majority of preparations which use a combination of oleic
acid and oleyl amine,2a,17a twelve carbon versions (dodecanoic acid and dodecylamine)
were used instead to facilitate subsequent place exchange reactions. No apparent change
in particle solubility was evident using these shorter chain ligands.
A representative transmission electron microscope (TEM) image of the asprepared particles in Figure 4.1A shows them to be roughly spherical with a calculated
average diameter of 4.2 ± 0.5 nm. The histogram in the Figure 4.1A inset shows the
particle distribution is Gaussian. This size and dispersity corresponds well to other
synthetic methods that employ longer protecting ligands,2a indicating that the shorter
chain length does not affect particle formation to any appreciable extent. During the
post-reaction purification procedures, particles retain their solubility in organic solvents.
Very little material is extracted during centrifugation steps. The FePt particles therefore
remain well separated in solution, without extensive surface interactions that would
ultimately lead to particle aggregation and precipitation.
Analogous to the Au particle ligand exchange, we hypothesized that by stirring
FePt particles in a DCM solution containing a mixture of dodecanethiol and FcC12H24SH,
these would be exchanged onto the particles’ surfaces.13,14 Therefore, a large excess of
thiol was used to attempt to drive the exchange reaction as far to completion as possible.
A mixture of methyl- and ferrocene-terminated thiols was used to create a mixed
monolayer in which the ferrocenes were well separated so that they would not
electronically interact. No appreciable change in particle size is apparent following
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Figure 4.1: Representative TEM images of FePt nanoparticles (A) before and (B) after
functionalization with Fc-thiol. Average sizes are calculated (from over 500 particles) as
4.2 ± 0.5 and 4.3 ± 0.5 nm, respectively. Particle size distributions are depicted in the
figure insets. Scale bars are 50 nm.
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incubation with the thiols; in Figure 4.1B, the average particle diameter is calculated as
4.3 ± 0.5 and the size distribution in the inset particle histogram remains Gaussian.

4.3.2 Characterization

4.3.2.1 NMR Spectroscopy

The presence of a surface protecting monolayer bound to FePt particles imparts
solubility in a range of nonpolar solvents, similar to those used to solubilize Au
nanoparticles. Unlike their Au analogues, however, NMR analysis of the attached FePt
supporting monolayer is not possible due to their magnetic nature.

We therefore

employed particle decomposition reactions to liberate ligands from the particle surface
and enable NMR characterization. Similar methods have been used to investigate the
monolayer compositions of non-magnetic samples.8,26
Decomposition reactions were performed on monolayer protected FePt
nanoparticles by first dissolving them in hexane. The as-prepared particles were then
exposed to concentrated aqueous HCl, immediately producing a black, insoluble material
and a golden yellow aqueous layer. The presence of the insoluble material is thought to
result from undigested Pt which was not further characterized. Separating and drying the
hexane produced a white solid, the NMR spectrum (CDCl3 as solvent) of which is shown
in Figure 4.2A. Peaks associated with a terminal methyl group (δ 0.83) and a methylene
group adjacent to a carboxylic acid (δ 2.35) are evident. No peaks are observed for the
amine functionality, indicating that either (1) this particular ligand desorbs from the
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Figure 4.2: 1H NMR spectra in CDCl3 of supporting ligand monolayers associated with
(A) as-prepared and (B) Fc-functionalized FePt particles following digestion with HCl
and HCl/I2, respectively.
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particle surface during purification in ethanol:acetonitrile or (2) that the amine binds
preferentially to the surface Pt atoms and therefore comprises part of the black
precipitate.
To digest the thiol-functionalized FePt particles, I2 was used following literature
reports for the cleavage of Au-S bonds and subsequent disulphide formation.8,26 In two
different experiments, FePt particles were stirred with I2 in hexane either before or after
exposure to HCl.

In each instance, NMR spectra revealed contributions from the

carboxylic acid ligands and a small signal from methylene groups adjacent to the
disulphide (δ 2.65) shown in Figure 4.2B. The observed peak broadening is most likely
due to incomplete removal of Fe-based paramagnetic impurities or low ligand
concentrations. No peaks associated with attached Fc were detected (δ 4.00 - δ 5.00). In
a control experiment, stirring the Fc-thiolate in hexane containing I2 followed by
vortexing with aqueous HCl yielded a 1H NMR spectrum identical to the untreated
ligand. Therefore, the absence of Fc peaks in Figure 4.2B is most likely due to only a
small number of attached Fc units rather than ligand decomposition.

4.3.2.2 IR Spectroscopy

As FePt surface functionalization could not be accurately determined using NMR,
FTIR spectra of the as-synthesized particles and their functional analogues, as shown in
Figure 4.3, were obtained. Expanded regions of the spectra are shown in Figure 4.4 for
clarity. Initially, the IR spectrum of the FePt particles contains a peak at 1685 cm-1 and a
small shoulder at 1700 cm-1, Figure 4.4A (—). Both of these are due to the C=O stretch
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Figure 4.3: Infrared spectrum of as-prepared (—) and Fc-functionalized (- - -) FePt
nanoparticles.
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associated with the attached carboxylic acid ligand. This indicates that at least a portion
of the attached acid is bound in a monodentate fashion, as seen in previous studies.27 A
spectrum of free dodecanoic acid is presented in the inset of Figure 4.4A for comparison.
FTIR spectra obtained of the functional FePt particles (- - -) reveals identical stretching
bands in the 1600-1800 cm-1 region associated with bound carboxylic acid, as well as a
new peak at 1705 cm-1 that is attributed to attached FcC12H24SH. This new peak is
conclusively assigned to the C=O stretch associated with the Fc unit based on the FTIR
spectra collected for the unbound molecule, as shown in Figure 4.3A (- - -).
The region between 2800 and 3000 cm-1 associated with C-H stretching
frequencies is shown in Figure 4.4B for both the as-prepared (—) and thiolfunctionalized (- - -) FePt nanoparticles. This region has been used to diagnose the extent
of chain ordering in a protecting ligand monolayer surrounding Au nanoparticles, since
the peak frequencies directly correlate to chain crystallinity.28

The symmetric and

antisymmetric methylene vibrational modes appear at 2850 and 2920 cm-1, respectively,
for highly ordered, all trans systems. These peaks shift to higher energy as chain
ordering decreases. For the as-prepared particles in Figure 4.4B, these peaks initially
appear at 2853 and 2924 cm-1, indicating a modest amount of chain disorder (values for
completely disordered systems are seen to appear at 2856 and 2928 cm-1). Ligand
exchange and incorporation of terminal Fc units do not change the observed peak
positions, indicating that functionalization neither disrupts the monolayer further nor
induces any further chain ordering.

These results contrast those collected for Au

nanoparticle monolayers, where chain crystallinity is observed even when the supporting
ligands are extremely short.26
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4.3.2.3 SQUID Magnetometry

SQUID magnetometery was used to determine the effect of thiol attachment on
particle magnetic properties. Standard zero field cooled and field cooled (100 Oe) scans
reveal that thiol functionalized FePt particles are superparamagnetic at room temperature
with a blocking temperature of 30 K, as shown in Figure 4.5. This is comparable to the
blocking temperature of as-synthesized FePt particles reported in the literature2a and
expected based on previous reports.29a
Hysteresis loops collected at 10 K are shown in Figure 4.6 for the as-prepared (A)
and thiol functionalized (B) FePt particles. A slight decrease in saturation magnetism
from 10 emu/g (as-prepared) to 8 emu/g (thiol-functionalized) is observed, with a
corresponding increase in coercivity from 500 Oe to 1000 Oe. This indicates that thiol
functionalization slightly increases surface anisotropy by either spin ordering or spin
pinning.29

4.3.2.4 Electrochemistry

Initial studies performed using electrolyte solutions containing the as-synthesized
FePt particles (particles bearing only a methyl-terminated protecting monolayer) reveal
no significant current other than that due to electrode charging, as shown in Figure 4.7A
(- - -). This indicates that particles are stable and not electroactive over the potential
window used in this study. Incorporation of the electroactive Fc moiety provides an
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Figure 4.5: Temperature dependant magnetic data for thiol functionalized FePt
nanoparticles cooled in zero field (■) and in a 100 Oe magnetic field (●).
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Figure 4.7: (A) Cyclic voltammograms of as-prepared (- - -) and Fc-functionalized (—)
FePt nanoparticles in a 1:1 DCM:toluene solution containing 0.2 M TBAPF6 as the
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experimental handle for confirming ligand exchange and allows the study of particle
solution transport by voltammetric detection. The cyclic voltammogram of FePt particles
following incubation with Fc-thiol, shown in Figure 4.7A (——), contains a wave at E0 =
+ 650 mV that is attributed to the Fc/Fc+ redox couple. The shapes of the peaks are
consistent with a diffusion-controlled process, while the difference in anodic and cathodic
peak potentials (∆Ep) remains constant at ~ 80 mV over all potential scan rates. This
further confirms a diffusive process that is electrochemically quasi-reversible. For a
diffusive, electrochemically reversible species, the peak current is related to the potential
scan rate according to the Randles-Sevcik equation:18

3

1

1

iP = 2.69 × 105 n 2 AD 2 Cυ 2

(4.1)

where iP is the peak current (amps), n is the number of electrons involved in the reaction
(for the Fc/Fc+ couple n = 1), A is the area of the electrode (cm2), D is the diffusion
coefficient (cm2/s), C the particle concentration (mol/cm3) and υ the potential scan rate
(V/s). Therefore, a plot of ip versus υ½ is expected to give a linear plot for a diffusioncontrolled reaction. In Figure 4.7B, plots of anodic (○) and cathodic (∆) peak currents vs.
υ½ are linear with intercepts near zero, conclusively demonstrating that particle transport

is diffusion controlled. Because the concentration of particles and the number of Fc thiol
ligands per particle are not known and the reaction is apparently quasi-reversible, Eq.
(4.1) cannot be quantitatively used to determine the particle diffusion coefficient.
These results contrast those previously reported for Fc-functionalized Au particles
in which particle electrode adsorption was seen to be the major contributor to the
voltammetric current.6a,c,32

Cyclic voltammograms of those particles had surface-
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confined (Gaussian) wave shapes, small ∆Ep values (~ 15 mV), and a linear dependence
between ip and υ. While the FePt particle voltammetry is apparently diffusion-controlled,
a small pre-wave (indicated by the arrow in Figure 4.7A) may be due to slight particle
adsorption. The non-zero intercepts in Figure 4.7B are also attributed to small amounts
of particle adsorption, with the smaller intercept for the cathodic plot indicating at least
partial desorption during the reverse scan.
To further probe particle adsorption, double potential step chronocoulometry
experiments, which are more sensitive to adsorption, were performed. A potential step
from -0.2 V to 0.8 V was applied to the electrode for a time τ, after which the potential
was dropped to -0.2 V for an equal amount of time. The observed charge transients are
quantitatively described for the forward and reverse steps by:
1
2

QF =

2nFAD Ct
Π

1
2

1
2

QR =

1
2

+ Qdl + nFAΓ

1
2

2nFAD Ct θ
Π

1
2

(4.2)

+ Qdl

(4.3)

where, F is Faraday’s constant (96485 C), t is time (s), Γ is the electrode surface coverage
(mol/cm2), and θ equals [τ

1/2

+(t- τ )1/2-t1/2]. Contributions from double layer charging

and monolayer adsorption are described by Qdl and Qads (nFAΓ), respectively.
The representative Anson plot (QF vs. t½ and QR vs. θ) in Figure 4.8 was obtained
when the electrode was held at a potential of -0.2 V before being stepped to 0.8 V for
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Figure 4.8: Anson plot of Fc-functionalized FePt nanoparticles in 1:1 DCM:toluene
solution with 0.2 M TBAPF6 as the supporting electrolyte. A 2 mm diameter Pt working
electrode was initially held at -0.2 V before increasing the potential to 0.8 V for 0.25 s,
after which the potential returned to -0.2 V for an additional 0.25 s. Intercepts are
calculated from the slopes produced at long time intervals.
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0.25 s. After this forward pulse, the potential was again returned to -0.2 V for an
additional 0.25 s. Plotting the charge associated with the forward and reverse pulses
versus t1/2 and θ, respectively, produces straight lines with non-zero intercepts which
result from Qdl and nFAΓ (forward) and Qdl (reverse), as seen in Figure 4.8. The
difference between the two intercepts equals nFAΓ, which can be used to determine
electrode surface coverage, calculated as 4.8 x 10-11 mol/cm2. This coverage represents
the number of accessible Fc units adsorbed to the electrode surface and is therefore not
necessarily a direct measure of the number of adsorbed nanoparticles.
This treatment assumes that all of the adsorbed material diffuses away from the
electrode surface after oxidation, which may not necessarily occur based on the non-zero
intercept associated with the plot of the cathodic peak current in Figure 4.7B. Such a
simplification most likely overestimates Qdl and therefore underestimates Γ.
Unlike Au nanoparticles, where extensive characterization and theoretical
modeling have led to an explicit determination of the total number of core atoms and
surface ligands,5,31 FePt nanoparticles are not as well characterized.

This hinders

diffusion coefficient calculations because the crucial variables of particle concentration
and the total number of attached Fc units cannot be exactly determined. Only rough
estimates based on theoretical models developed for Au nanoparticles can be made.
Whetten has shown that Au nanoparticle core geometry is best described as a truncated
octahedron;31 Murray and co workers used this model to estimate the number of core
atoms in Au nanoparticles ranging from 1.5 to 5.2 nm in diameter.5 In a later study,
thermogravimetric analysis was used to determine the average number of ligands bound
to each particle. Assuming that FePt nanoparticles are analogous to Au nanoparticles5
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(i.e. discounting differences due to atomic radii and surface ligand binding), a rough
estimate for a 4.3 nm diameter FePt particle is that it contains ~ 3000 atoms and 370
surface ligands.

Based on solutions containing ~ 9 mg/mL of FePt, the solution

concentration is therefore ~ 20 µM.
Au nanoparticle exchange efficiency was used to estimate the average number of
Fc thiols per FePt particle. It has been shown that when the ratio of incoming thiol to
particle-bound thiol is high (> 2:1), between 50 - 70 % of the initial monolayer can be
exchanged. Assuming that FePt exchange dynamics are similar to those for Au, a total of
260 thiols are expected, between 30 and 40 of which will be Fc ligands (based on an Fcthiol to dodecanethiol ratio of 1:5). Using the calculated particle concentration, this gives
a Fc solution concentration of 0.7 mM. The slopes of the Anson plot values in Figure 4.8
are used with this value in Eq. (4.1), together with the known area of the electrode, to
calculate a D of 6 x 10-7 cm2/s, which is smaller than those measured for Fc-substituted
Au nanoparticles.32 Because the FePt particles are larger than the previously studied Au
particles, this is to be expected.
To further gauge the utility of these estimates of D and C, the FePt nanoparticle
hydrodynamic radius is calculated by substituting D into the Stokes-Einstein equation:
D=

kT
6πrHη

(4.4)

where k is Boltzmann’s constant (1.38 x 10-23 J/K), T is temperature (K), rH the
hydrodynamic radius (cm), and η is the solution viscosity (cm2/s). Taking the solution
viscosity to be 4.79 x 10-4 cm2/s (the average of the viscosities of pure toluene and
DCM), the particle hydrodynamic radius is calculated to be ~ 7 nm, within a factor of two
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versus the actual radius of 3.8 nm (calculated based on a 4.3 nm FePt core and two ligand
monolayers 1.6 nm in length). Considering the estimates regarding ligand coverage and
exchange efficiency, the fact that the D calculated using Eq. (4.1) is close to that obtained
from Eq. (4.4) is remarkable.

4.3.3 Microelectrode Voltammetry

Cyclic voltammograms obtained with a 12.5 µm radius Pt microelectrode are
shown in Figure 4.9. Scans performed in DCM:toluene solutions containing the asprepared FePt particles exhibit a sloping baseline due to charging effects, while solutions
containing Fc-functionalized particles exhibit a sigmoidal wave associated with the
oxidation of Fc.
The Fc-functionalized FePt particles were further studied via microelectrode
voltammetry in the presence of an applied, homogenous magnetic field. It has been
shown previously that ions passing through a magnetic field produce a net magnetic force
capable of altering the net diffusion direction. For a large collection of ions, the net force
generated per unit volume can be described by the Lorentz equation:
V
Fmag
= J×B

(4.5)

where J is the flux of charge (C/m2s) and B is the strength of the magnetic field (T). The
magnetic force generated should be angle dependent. In addition, if the net magnetic
force is sufficiently large, it should alter solution convection via a momentum transfer
from the affected ions to the surrounding solution due to viscous drag.
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Figure 4.9: Representative microelectrode cyclic voltammograms of as-prepared (- - -)
and Fc-functionalized (—) FePt particles taken at a scan rate of 25 mV/s using a 25 µm
radius Pt working electrode in a 1:1 toluene-DCM solution containing 0.2 M TBAPF6 as
supporting electrolyte.
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This effect has been experimentally observed in concentrated solutions of redox
active molecules using microelectrodes. In particular, it was shown that voltammetric
limiting currents increased with magnetic field strength for an electrode with its surface
normal, N, oriented at θ = 90 º with respect to the applied magnetic field, as shown in
Figure 4.10. Conversely, a slight decrease in limiting current was observed when θ = 0 º.
These results were explained in relation to the electrogenerated product. When
oriented at 90 º, the magnetic field sweeps the reduced molecules across the electrode
surface, as depicted in Figure 4.10A, increasing the flux of incoming material by solution
convective stirring.

Conversely, a 0 º orientation pushes electrogenerated product

outward in a conical flow pattern (Figure 4.10B), thereby disrupting the radial influx of
molecules. This resulted in a slight decrease in the limiting current.19,20
These effects were theoretically modeled in terms of the net magnetic force
net
exerted within the diffusion layer volume, Fmag
(N/m3) . Here, the diffusion layer, R, is

explicitly defined as 10r0, or ten times the electrode radius. This corresponds to the
distance over which the magnetic volume force decays to 1 % of its value at the electrode
surface. It has been shown that this net magnetic force can be related to the limiting
current, ilim (A), magnetic field strength, B (T), and electrode orientation by:33
net
Fmag
=

ilim B ( R − r0 )

2

sinψ

(4.6)

where ψ is the angle between the electrode surface normal and the applied magnetic field.
Cyclic

voltammograms

of

solutions

containing

Fc-functionalized

FePt

nanoparticles as a function of applied fields and direction are shown in Figure 4.11. In all
cases, the limiting currents of the sigmoidal waves are the same within 1%.
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Figure 4.10: Electrode orientation within an applied B field (Bapp). The electrode is
engineered with a 90 º bend to allow the rotation of the surface normal so that the limiting
current angle dependence could be measured.
(A) The flow profile of the
electrogenerated species with the electrode surface normal oriented 90 º to Bapp. (B) The
flow profile of the electrogenerated species with the electrode surface normal oriented 0 º
to Bapp.
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Figure 4.11: Microelectrode cyclic voltammograms for (A) Fc-functional FePt with no
applied field, and with a 0.5 T field applied at (B) 0 º and (C) 90 º with respect to the
electrode surface normal. All scans were performed at 20 mV/s in 1:1 toluene-DCM
solution containing 0.2 M TBAPF6 as the supporting electrolyte.
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Incrementally increasing the magnetic field from 0.0 T to 0.5 T did not produce any
noticeable trend, despite the prediction of Eq. (4.6).
These results are explained in terms of the net magnetic force exerted on the
net
diffusing particles. A plot of Fmag
versus ψ as per Eq. (4.6), using 0.18 nA as the

limiting current (in the absence of a magnetic field) and 0.5 T as the value for B (the
maximum field strength used in this study) is shown in Figure 4.12. The expected
orientational dependence causes the net magnetic force to reach a maximum value of 5.2
fN at 90 º and 270 º and a minimum value at 0 º and 180 º. This ~ 5 fN value for the net
magnetic force is much less than both the value obtained using highly concentrated redox
solutions19b and the so-called magnetic threshold value of ~ 20 pN.19b This threshold
value is required to induce a magnetic field effect on electrochemical transport.
Substituting the minimum value of 20 pN and 0.5 T as the applied magnetic field
into Eq (4.6), the minimum limiting current value capable of producing a magnetic field
effect is calculated as 7.11 x 10-7 A. Substituting this value into Eq. (4.7)
ilim = 4nFrDC

(4.7)

and using 6 x 10-7 cm2/s as the diffusion coefficient (estimated above) yields an Fc
concentration of ~ 2 M, and therefore a nanoparticle concentration of ~ 200 mM, as the
necessary amounts to produce noticeable magnetic field effects. While nanoparticle
concentration could be increased, this would equate to several grams per mL, which
would dramatically increase the viscosity of the solution.
This description is based solely on ion diffusion through the homogenous
magnetic field generated within the poles of an electromagnetic. In such an arrangement,
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Figure 4.12: Plot of the net magnetic force generated in the diffusion layer versus θ, as
calculated using Eq. (4.6) with parameters determined from the experiment (ilim = 0.185
nA, B = 0.5 T, r0 = 12.5 µm, and R = 10r0 = 125 µm).
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MHD flow relies solely on the diffusion of electrogenerated Fc+ and not on the magnetic
properties of the FePt particles. To take advantage of these magnetic properties, a
magnetic field gradient is needed. This has been experimentally observed using Fe
electrodes to trap magnetic nitrobenzene radical anions22 and capillary magnetic field
flow fractionation to separate magnetic nanoparticles based on magnetic moment.34
Measurements in inhomogeneous magnetic fields were not performed in the present
study but will be the subject of future investigations.

4.4 Conclusions

It has been shown using electroactive ligands that facile place exchange reactions can be
used to produce functional magnetic FePt particles. Confirmation of exchange is gained
by FTIR and NMR spectroscopies. While these larger particles behave similarly to their
Au counterparts, the degree of adsorption to the electrode surface is less. Absent from
these materials is any sort of magnetic field effect because the particle concentration
cannot be increased to produce a net magnetic force above the calculated threshold value
and because a diamagnetic electrode was used.
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Chapter 5
Triazole Cycloaddition as a General Route for Functionalization of Au

Nanoparticles

5.1 Introduction

Functional nanomaterials designed to perform a specific function are of interest
because of their potential uses in medical diagnostics,1 drug delivery,2 and catalysis.3
The majority of reports have focused on leveraging the intrinsic physical properties of the
nanomaterials, such as magnetic nanoparticles for high density magnetic storage4 or
metallic particles for non-linear optics.5 Efforts aimed toward control and improvement
of these properties has largely focused on modifications of the nanoparticle synthesis.
Nanoparticle magnetic moments, for example, have been attenuated by careful
modification of the chemical composition,4a,6 size and crystal structure,4a while the
fluorescence emission wavelengths of semiconductor nanocrystals is known to be
strongly dependent on particle size.7 An alternative approach is to impart chemical
functionality to nanoparticles, and the most well understood method is the use of socalled place exchange reactions that rely on displacement of surface ligands. The utility
and generality of these reactions for the modification of Au nanoparticles was first
described by Murray et al.,8 who produced chemically useful particles by replacement of
the monolayer ligands with ω-functionalized alkanethiols.
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A key drawback to this method is the need to synthesize individual thiolated
ligands for insertion into the monolayer.

The inclusion and tailoring of functional

moieties has long been a problem in small-molecule organic chemistry, and, as a result,
an enormous number of reactions have been developed to convert, for example, alcohols
into carboxylic acids and halides into alkenes,9 or to link molecular species using amide
or ester condensation chemistry.10 These reactions have all been applied to the
modification of the surfaces and chemistry of Au nanoparticles.11

However, these

chemistries are not always compatible with the desired applications, so the development
of general routes toward nanoparticle functionalization is still necessary for their
development and application in emerging nanotechnologies.
Molecular species can be linked by 1,3-dipolar cycloaddition reactions,12 which
were first described by Huisgen13 and have recently gained prominence in so-called click
chemistry. In this latter method, azide-containing species react with ethynyl groups to
form a 1,2,3-triazole ring.14 Click chemistry has been extensively applied in organic
chemistry,15 and has been recently used to modify electrode surfaces16 and to create
fluorescent polymer nanospheres.17 We reasoned that triazole coupling reactions could
analogously be utilized as a general method for the functionalization of metal
nanoparticle surfaces. This reaction scheme is a particularly powerful approach because
only mild reaction conditions are required and the extreme selectivity toward molecules
bearing azides and alkynes prevents unwanted side products.
The general synthetic strategy for triazole functionalization of nanoparticles is
shown in Figure 5.1. As a model system to demonstrate use of this synthetic approach,
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Figure 5.1: Click functionalization of Au nanoparticle surfaces (i) BrC11H22SH in DCM,
60 hr at RT; (ii) 0.25 M NaN3 in DCM/DMSO solution, 48 hrs; (iii) R = propyn-1-one
derivatized compounds, 24-96 hrs in dioxane or 1:1 hexane:dioxane.
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we have initially chosen to use Au nanoparticles since their analysis and characterization
using NMR and IR spectroscopies are well precedented in the literature.18 This paper
describes the synthesis and functionalization of monolayer protected Au nanoparticles
with a series of redox active, fluorescent, and solubilizing species and the use of click
chemistry as a facile route towards particles functionalization. We demonstrate the
ability to link more than one species to the particles, paving the way toward the creation
of chemically useful, multifunctional particles for complex chemical reactions.

5.2 Experimental

5.2.1 Reagents

11-Bromo-1-undecanethiol (BrC11H22SH),19 1-ferrocenyl-2-propyn-1-one (Fc),20
1-(nitrophenyl)-2-propyn-1-one (NB),21 and propiolyl chloride22 were synthesized
according to literature procedures. Acetonitrile was distilled over CaH2 prior to use;
water was distilled with a Barnstead NANOpure system.

Tetrabutylammonium

hexafluorophosphate was recrystallized three times from ethyl acetate and dried under
vacuum at 80°C. Ethanol (Pharmco), toluene (VWR), dichloromethane (Fisher), dioxane
(ICN Biomedical), dimethylsulfoxide (Alfa Aesar), and all other chemicals were used as
received.
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5.2.2 Synthesis

5.2.2.1 1-Pyren-1-yl-propyn-1-one (Pyr)

A 1.02 g (4.44 mmol) amount of pyrene-1-carboxaldehyde was placed in a round
bottom flask under nitrogen. To the flask was added 5 mL of anhydrous THF, followed
by 14 mL of 0.5 M ethynyl magnesium bromide (7 mmol) in THF. The solution was
allowed to stir overnight, the reaction quenched with 20 mL of saturated aqueous
ammonium chloride, and the product (pyrene alcohol) extracted three times with 30 mL
diethyl ether. The combined ether layers were dried over sodium sulfate, the ether
removed by rotary evaporation, and the alcohol separated on a silica column using diethyl
ether. The product was dissolved in 50 mL of anhydrous acetone and Jones reagent was
added drop wise with stirring until a red color persisted. This was quenched with ~ 3 mL
isopropyl alcohol, changing the solution to a green color. A 50 mL amount of saturated
aqueous sodium metabisulfite was added to the flask, and the acetone was removed by
rotary evaporation. The product was extracted three times with methylene chloride and
the combined organic layers were dried over sodium sulfate. Purification on a silica
column with 1:1 hexanes:ethyl acetate afforded the product as an intense yellow solid.
1

H NMR (CDCl3, 360 MHz): 3.56 (1H, s), 8.17 (2H, t), 8.26 (3H, d), 8.44 (2H, m), 8.96

(1H, d), 9.50 (1H, d); FTIR (KBr, cm-1) ν 3220 (H−C≡C), 3036 (H−C=C), 2088 (C≡C),
1942, 1917, 1634 (C=O), 1539 (C=C), 1506 (C=C), 1372, 1246, 1221, 1000, 965, 843,
704.
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5.2.2.2 1-Anthracen-9-yl-propyn-1-one (An)

1-Anthracen-9-yl-propynone was prepared by a modified preparation by Barriga
et al.20 A 1.83 g (8.9 mmol) amount of anthracene-9-carboxaldehyde was placed in a

round bottom flask under nitrogen. A 10 mL amount of anhydrous THF was added,
followed by 28 mL of 0.5 M ethynyl magnesium bromide (14mmol) in THF. The
solution was allowed to react for 1 h, quenched with 20 mL of aqueous saturated
ammonium hydroxide and allowed to stir overnight. The product anthracenyl alcohol
was extracted three times with 30 mL diethyl ether and the combined organic layers were
dried over sodium sulfate. The ether was removed by rotary evaporation, and 53 mL of
methylene chloride was added to the resultant red orange product. A 23.2 g (267 mmol)
amount of activated Mn (IV) oxide was added to the solution and the suspension stirred
for 1.5 h. The product was filtered through Celite and rinsed with methylene chloride
until the washings were colorless. The filtrate was concentrated and the product purified
by silica column chromatography using a gradient elution from 3:1 to 1:1 hexanes: ethyl
acetate. Solvent was removed from the desired fraction to afford 1.18 g (52% crude
yield) as an intense yellow solid. The product contains inseparable 1-anthracen-9-ylpropynone and some aldehyde impurity, and is used without further purification.

1

H

NMR (CDCl3, 360 MHz): 3.50 (1H, s), 7.48 (4H, m), 7.96 (2H, d), 7.99 (2H, d), 8.50
(1H, s); FTIR (KBr, cm-1) ν 3291 (H−C≡C), 3053 (H−C=C), 2112 (C≡C), 1653 (C=O),
1525 (C=C), 1447 (C=C), 1054, 1028, 916, 891, 790, 733, 638.
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5.2.2.3 Propynoic acid 2-[2-(2-methoxy-ethoxy)-ethoxy]-ethyl ester (PEG)

A 20 mL solution containing 2.9 mL (25 mmol) of triethylene glycol mono
methyl ether in methylene chloride was prepared. To this was added 15 mL of a 1.8 M
solution of propynoyl chloride in toluene, and the reaction stirred overnight. The product
was washed three times with 30 mL water, and the methylene chloride layer was dried
over sodium sulfate. The solvent was removed by rotary evaporation to yield a clear
colorless oil, which was purified on a silica column using 1:5 acetone:methylene chloride
as eluent. 1H NMR (CDCl3, 360 MHz): 2.60 (1H, s), 3.28 (3H, s), 3.59 (2H, t), 4.23 (2H,
q); FTIR (KBr, cm-1) ν 3220 (H−C≡C), 2144 (C≡C), 1719 (C=O), 1615 (O−C=O), 1456
(−CH2−), 1352, 1228, 1170, 1108, 1030, 944, 851, 733.

5.2.2.4 Propynoic acid phenylamide (Ani)

A 7.5 mL quantity of a 1.6 M solution of propynoyl chloride in toluene was
placed in a round bottom flask. This solution was diluted with 25 mL of anhydrous
methylene chloride and degassed with nitrogen. A 2.2 mL volume of freshly distilled
aniline was added slowly via syringe and the resultant cloudy yellow reaction mixture
was allowed to stir over night. The resulting solution was washed three times with water
and the organic layer dried over magnesium sulfate.

The solids were removed by

filtration and the solvent evaporated to give a yellow oil that was then purified on a
gradient silica column in 3:1 to 1:1 hexanes:ethyl acetate. Collection of the desired
fraction and removal of solvent by rotary evaporation yielded 0.62 g (36% yield) of the
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desired lemon yellow product. 1H NMR (CDCl3, 360 MHz): 2.91 (1H, s), 7.12 (1H, t),
7.33 (2H, t), 7.49 (2H, d), 7.66 (1H, s); FTIR (KBr, cm-1) ν 3393, 3269 (H−C≡C), 3132,
3070 (H−C=C), 2110 (C≡C), 1653 (C=O), 1597 (−C(=O) −N), 1535 (C=C), 1500
(−C(=O) −N), 1442, 1322, 1303, 1268, 1212, 1029, 953, 907, 763, 731, 693, 505.

5.2.2.5 Au Particle Synthesis and Exchange

Au particles were synthesized according to the two phase method of Brust et al.23
with slight modifications. Briefly, 0.31 g HAuCl4 (0.91 mmol, 1 eq) in 10 mL water was
transferred into 80 mL toluene using 1.5 g tetraoctylammonium bromide (2.7 mmol).
The organic phase was isolated and 0.47 g decanethiol (2.7 mmol) was added. The
solution was cooled to 0°C and stirred for 10 min, after which 10 mL of an aqueous
solution containing 380 mg NaBH4 (10 mmol) was added. This was allowed to stir for an
additional 3 hr before the organic layer was separated and evaporated, producing a black,
waxy solid that was washed with copious amounts of ethanol.
Ligand exchange with BrC11H22SH was performed according to literature
methods by dissolving 800 mg of synthesized Au nanoparticles and 800 mg of
BrC11H22SH in dichloromethane and stirring the solution at room temperature for 60 hrs.
The resulting particles were isolated by evaporation of the solvent, rinsed with ethanol,
and dried. Following published characterization methods,24 the NMR and FTIR spectra
are consistent with protective monolayers containing both CH3- and Br-terminated
ligands.
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5.2.2.6 Synthesis of Azide Functionalized Au Nanoparticles

The Au ω-bromo-functionalized particles were dissolved in dichloromethane (~10
mg/mL) and added to an equal volume of 0.25 M NaN3 in DMSO. The solution was
allowed to stir for 48 hrs, after which the solvent was evaporated, the particles washed
with ethanol and dried. The particles were subsequently dispersed in dioxane for further
use.

5.2.2.7 Reaction of Azide-Functionalized Au Nanoparticle with Propyn-1-ones

In a typical reaction, ~50 mg of N3-functionalized particles and 0.1 mmol of the
propyn-1-one compound were codissolved in 6 mL of dioxane or 1:1 hexane-dioxane and
stirred for 24 hrs. After removing the solvent under vacuum, ethanol was used to remove
any unreacted propyn-1-one, the particles were dried and then redissolved in
dichloromethane. Insoluble material was removed by centrifugation and the remaining
decantate was retained for further analysis.

5.2.2.8 Particle Decomposition Reactions

Au particle samples were decomposed using standard disulphide forming
reactions.25 Specifically, ~3 mg iodine was added to ~25 mg of particles dissolved in
dichloromethane and the reaction mixture stirred for 2 hr. The resulting black precipitate
was removed via centrifugation and the solution was evaporated to dryness.
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5.2.3 Characterization.

5.2.3.1 Transmission Electron Microscopy (TEM)

TEM images were prepared by drop casting a dilute nanoparticle solution in DCM
onto copper TEM grids coated with a layer of amphorous carbon. Images were obtained
using a JEOL JEM 1200 EXII TEM operated at 80 keV and equipped with a Tietz F224
camera.

5.2.3.2 Spectroscopy
1

H NMR spectra were obtained using either a Bruker AMX 360MHz

spectrometer or a Bruker DRX 400MHz spectrometer in CDCl3 solutions.

Diffuse

reflectance infrared spectra were measured with a Varian FTS 7000 using samples drop
cast onto powdered KBr. Fluorescence spectra were acquired using a Photon Technology
International (PTI) fluorimeter using solutions containing 0.01-0.06 mg/mL particles in
filtered, stabilizer free DCM.

5.2.3.3 Electrochemistry

Cyclic voltammetry was performed with a CH Instruments 600B potentiostat
using a 2 mm diameter Pt working electrode, Pt wire counter electrode, and Ag quasi
reference electrode. All samples were prepared using 0.2M TBAPF6 toluene:acetonitrile
solutions (2:1) that had been thoroughly degassed. The electrochemical cell was kept
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under a blanket of nitrogen for the duration of the experiments. Prior to every run, the
working electrode was polished with a 0.05 µm alumina slurry, rinsed with water,
sonicated in ethanol, and rinsed with 2:1 toluene acetonitrile.

5.3 Results and Discussion

5.3.1 Azide Functionalization of Au Nanoparticles

Reactions involving triazole ring formation were initially conducted using small
Au particles because of their ease of synthesis, solubility, and facile surface ligand
exchange dynamics to test the functionalization approach shown in Scheme 1. We
therefore synthesized monolayer protected Au clusters using decanethiol as the surface
ligand since this length sufficiently stabilizes the particles from aggregation but is not so
sterically hindered to prevent ligand exchange.8b The synthesized Au nanoparticles,
shown in the representative transmission electron microscopy (TEM) image in
Figure 5.2A are spherical with an average diameter of 1.8 ± 0.4 nm. The decanethiol
stabilized Au particles were then stirred in a solution containing BrC11H22SH to replace a
fraction of these ligands with Br-terminated undecanethiol ligands; confirmation of
replacement was gained from the 1H NMR and FTIR spectra, which were consistent with
previous reports of ligand exchange of Au nanoparticles.24 Reaction of the Br termini via
nucleophilic substitution with NaN3 was used to append azide functionalities to the Au
nanoparticles. Shown in Figure 5.2B, the size and shape of the resultant particles are not
affected over the course of this reaction.

130

A

Particle Count

40

30

20

160

B

140
120

Particle Count

50

100
80
60
40

10

20
0

0
0

2

4

6

Size, nm

8

10

0

2

4

6

8

10

Size, nm

Figure 5.2: Representative TEM image of (A) as-synthesized C10H21SH modified Au
particles and (B) azide-functionalized Au nanoparticles. Inset contains particle size
distributions. Scale bar represents 50 nm.
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To assess the degree of functionalization, the FTIR spectrum of the Au nanoparticles
after reaction with NaN3 is compared to that obtained for the as-prepared decanethiol
stabilized (i.e., CH3-terminated) Au nanoparticles. The FTIR spectrum of the alkanethiol
stabilized particles (––, Figure 5.3) is relatively featureless and contains characteristic
alkyl stretching vibrations between 2800 and 3000 cm-1. Consistent with detailed FTIR
investigations of monolayer protected Au clusters,26 the symmetric and antisymmetric
vibrational modes at 2850 and 2921 cm-1, respectively, indicate that the alkyl chains are
well ordered and are in a predominately trans orientation. In comparison, the FTIR
spectrum of the Au nanoparticles that have been reacted with NaN3 (- - -, Figure 5.3 )
contains a strong, new vibration centered at 2094 cm-1 that is attributed to the cumulated
double bond of the terminal azide moieties. The characteristic alkyl stretching vibrations
are not significantly affected (versus the methyl terminated particles), suggesting that
ligand exchange and N3 substitution does not disrupt the structure of the monolayer.
While 1H NMR spectroscopy of the Au nanoparticles could be used to follow the
extent of substitution and reaction of their monolayers, it is well known that NMR signals
are significantly broadened by attachment to a particle surface.27 As a result,
quantification of ligand exchange can be difficult. An alternative method is to cleave the
alkanethiols from the nanoparticles by reaction with I2, and to subsequently analyze the
relative quantities of the solution phase ligands using

1

H NMR spectroscopy.

Comparison of the spectra of the ligands obtained from the decomposition of the Au
nanoparticles before and after reaction with NaN3 is shown in Figure 5.4. The spectra of
the as-prepared particles (Figure 5.4A ) contains triplets at δ 2.65 and δ 0.85 ppm that are
attributed to the methylenes adjacent to the disulphide and the terminal methyl group,
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Figure 5.3: FTIR spectra of the as-synthesized C10H21SH modified Au particles (––)
compared to azide-functionalized Au nanoparticles (- - -).
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Figure 5.4: 1H NMR spectra of solutions containing the I2 decomposition products of (A)
decanethiol modified Au nanoparticles and (B) azide-functionalized Au nanoparticles, in
CDCl3.
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respectively. In contrast, the NMR spectrum of the particles following reaction with
NaN3 (Figure 5.4B) contains a new peak at 3.22 ppm that is assigned to the N3 methylene
protons. A small peak at 3.38 ppm, assigned to the Br methylene peak, can also be seen;
comparison of the integrated areas of the peaks indicate a 92 % conversion of Br to N3.
Taken together, the FTIR and NMR spectra conclusively indicate that ligand replacement
with BrC11H22SH and subsequent reaction with NaN3 results in Au nanoparticles
containing mixed monolayers that are 44% CH3- and 52% N3-terminated alkanethiol
ligands.

5.3.2 Triazole Functionalization of Au Nanoparticles

Decorating the nanoparticle surface with N3 functionalities enables further particle
functionalization through 1,3-dipolar cycloaddition reactions (i.e. click chemistry) by
fusing alkynyl and azide bearing molecules as in Figure 5.1. The six different alkynyl
compounds shown in Figure 5.5, the propyn-1-ones of ferrocene (Fc), nitrobenzene (NB),
pyrene (Pyr), anthracene (An), poly(ethylene glycol) (PEG), and aniline (Ani) were
synthesized to demonstrate the utility and generality of this method. These reactants
were chosen to impart a range of physical, electronic, and spectroscopic properties to the
Au nanoparticles. Each was synthesized to include a carbonyl group adjacent to the
terminal alkyne group to provide a more electron-withdrawing environment that enhances
the rate of triazole formation.12,16
We acquired FTIR spectra of the Au nanoparticles to monitor the extent of
attachment of the alkynyl compounds; examples of these particles following reaction
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Figure 5.5: The six alkyne-bearing functional groups attached to azide terminal Au
nanoparticles.
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with each of the six compounds are shown in Figure 5.6. In general, reaction of the N3modified particles with the propyn-1-one species results in the formation of several new
peaks in the 1600-1700 cm-1 region that are attributed to the C=O symmetrical stretching
vibration. Universally absent from these spectra is a peak at ~3300 cm-1 due to the
H−C≡C stretching mode. All of the other peaks in the FTIR spectra of the functionalized
nanoparticles are consistent with those obtained for their small molecule analogs,
suggesting that the structures of the compounds are not affected during surface
attachment. In addition, the alkyl stretching vibrations of the alkanethiolate remain
unchanged upon cycloaddition, indicating that the protecting surface monolayer is largely
unaffected by triazole ring formation. Together, these imply a complete reaction of the
triple bond with the terminal N3 groups on the Au nanoparticles to form a triazole ring,
and rule out binding by intercalation of the ligand into the particle surface monolayer or
the possibility of unreacted propyn-1-one compounds present as impurities.
To assess the extent of particle functionalization via cycloaddition, we again turn
to I2 decomposition and NMR spectroscopy of the liberated ligands. Upon triazole ring
formation, the ligands produce signals that are readily distinguished from the unreacted
propyn-1-one compounds, as seen in Figure 5.7. Although the proton peak intensities are
weak because of the relatively small number of protons in comparison with the alkyl
protons, the 1H NMR spectra for Au nanoparticle samples following reaction with each of
the six clicking compounds corresponds well with those of the small molecule analogs.
Cycloaddition reactions can also be utilized to prepare multifunctional Au nanoparticles
by simultaneously stirring the N3-terminated nanoparticles with several acetylenic small
molecules. To demonstrate this, we reacted N3-containing Au nanoparticles with a
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solution containing both the Fc and NB propyn-1-one species. The FTIR spectrum of the
resultant particles is shown in Figure 5.8A, and analogously to the spectra above
(Figure 5.6), contains vibrations between 1500 and 1700 cm-1 due to C=O and aromatic
ring stretching modes. Although it is complex, the spectrum contains the expected
transitions for a multifunctional Au nanoparticle containing both Fc and NB species
linked through triazole ring formation.
Analysis of the composition of the mixed monolayer was again accomplished by
cleaving the ligands from the particle with I2 and collecting the 1H NMR spectra shown
in Figure 5.8B. Two distinct sets of peaks are observed: the broad peak at 4.45 ppm is
attributed to the attached Fc units, while those located at 8.4 and 8.6 ppm is due to the
NB. Peaks due to azide methylenes (not shown) again indicate that triazole formation is
not complete over the time scale of the reaction.
Functionalization of Au nanoparticle surfaces using small molecule alkynyl
compounds does not serve to appreciably change their size or morphology. Although
slight aggregation was observed over the course of all reactions, the bulk of the material
remained soluble. These large, insoluble aggregates could be removed from solution
through a simple centrifugation step, and therefore did not influence the observed results.

5.3.3 Quantitative Assessment of Extent of Functionalization

Comparison of the peak integrations from the NMR spectra as a function of
reaction enables an estimation of the percentage of surface-bound ligands per Au
nanoparticle, following a method that has been previously described.18 Assuming that (a)
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no ligands are destroyed though side reactions and (b) that all ligands are completely
cleaved from the surface upon reaction with I2, the intensities of the peaks in the NMR
spectra are proportional to their relative concentrations on the Au nanoparticles’ surface.
Analysis of peak integrations in Figure 5.4B for the N3-terminated particles reveals that
there are ~1.2 N3-terminated thiols for every CH3-terminated thiol. The small peak
observed for Br-terminated undecanethiol corresponds to an average of ~ 4 % ligands per
particle that are not converted to N3 upon reaction with NaN3. Similar analysis of the
NMR spectra of the Au nanoparticles following reaction with the propyn-1-one species
enables determination of the efficacy of triazole formation. In Table 5.1, the relative
percentages of ligands in the Au nanoparticle monolayer following 60 hours of reaction
time in dioxane for each of the reactants in Figure 5.5 are compared. Under identical
reaction conditions, the Pyr moiety couples more effectively (13% coupling efficiency)
than the other acetylene-derivatized compounds, and the PEG chain is least reactive (1%
coupling efficiency). There is no apparent trend with respect to size or reactivity for
these compounds; a possible explanation is instead that this variation is a result of solvent
polarity and solvation of reactants. Thus, to test the role of solvent polarity on the extent
of functionalization, we repeated these reactions in a range of solvents and solvent
mixtures. Although polar solvents are often used for triazole ring formation, we observed
that the Au nanoparticles were not stable in solutions containing polar solvents (i.e.,
THF:H2O and DCM:EtOH), and precipitated over the course of the reaction.
Comparison of reactivity in a series of non-polar organic solvents (DCM, THF, refluxing
ether, and dioxane) for a 24 hr reaction period showed that dioxane solutions had the
highest yield. No reaction was observed for DCM solutions. Complete (100%)
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Table 5.1: Relative composition and reaction of Au nanoparticle monolayers following
click reactions in 1:1 Dioxane for 60 hrs

Dioxane/60hrsa
Cmpd

Fc

NB

Pyr

An

PEG

Ani

a

ω-termini

% Ligandsc

CH3

53%

N3

37%

Fc

10%

CH3

43%

N3

49%

NB

7%

CH3

45%

N3

46%

Pyr

9%

CH3

47%

N3

25%

An

28%

CH3

48%

N3

50%

PEG

2%

CH3

50%

N3

43%

Ani

7%

% Conversiond

22%

13%

17%

54%

5%

14%

Reaction at room temperature for 60 hours in dioxane.
From analysis of the NMR spectra, the percentage of ligands in the Au monolayer.
c
From analysis of the NMR spectra, the percentage of azide moieties that reacted to
form triazole rings.
b
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conversion of the N3 groups was not observed using any of the tested solvent systems,
even over time periods as long as 96 hrs, although conversion percentage greatly
increased as a function of time. We reasoned that solubility was the primary factor in
determining the reactivity, and observed that solutions containing both hexane and
dioxane would solubilize both the Au nanoparticles and propyn-1-one compounds. The
percentage conversion using a 1:1 hexane:dioxane mixture is shown in Table 5.2. For
each click compound studied, addition of the more non-polar (hexane) solvent resulted in
an average 3-fold increase in the efficiency of the azide conversion to triazole. These
results are understood on the basis of better solubilization of the non-polar transition state
associated with the coupling of the slightly polar azide and ethynyl moieties.
Specifically, the slightly polar azide moiety and acetylinic group pass through a state of
diminished polarity during triazole ring formation, which is stabilized to a greater degree
as the solvent polarity also decreases.
It has also been shown that the use of Cu(I) catalysts can greatly enhance the rate
of triazole formation, although these are generally used in aqueous solutions. The use of
water is precluded in our experiments because of the hydrophobicity of the methyl
capped particles, preventing the use of common catalysts.

Attempts to use organic

soluble catalytic systems caused immediate and extensive particle aggregation, and in a
few instances digested the particles.
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Table 5.2: Relative composition and reaction of Au nanoparticle monolayers following
click reactions in 1:1 Dioxane:Hexane for 60 hrs

Dioxane:Hexane/60hrsa
Cmpd

Fc

NB

Pyr

An

PEG

Ani

a

ω -termini

% Ligandsc

CH3

53%

N3

37%

Fc

10%

CH3

43%

N3

49%

NB

7%

CH3

45%

N3

46%

Pyr

9%

CH3

47%

N3

25%

An

28%

CH3

48%

N3

50%

PEG

2%

CH3

50%

N3

43%

Ani

7%

% Conversiond

22%

13%

17%

54%

5%

14%

Reaction at room temperature for 60 hours in a dioxane:hexane (50:50) solution.
From analysis of the NMR spectra, the percentage of ligands in the Au monolayer.
c
From analysis of the NMR spectra, the percentage of azide moeityies that reacted to
form triazole rings.
b
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5.3.4 Clicked Functionality on Au Nanoparticles

The use of triazole ring formation is a general method by which chemical,
spectroscopic, or electrochemical functionality may be appended to metal nanoparticles.
We specifically chose the compounds in Scheme 2 to impart unique physical properties
to the Au particles. For example, pyrene is a common fluorophore that has been linked to
metal nanoparticles; the fluorescence emission and excitation spectra of the modified
propyn-1-one Pyr small molecule are show in the inset to Figure 5.9A. The emission
spectrum of the pyrene small molecule contains a broad emission peak at 460 nm; when
this molecule is linked to Au nanoparticles by formation of the triazole ring, the
fluorescence emission maximum appears at 467 nm (Figure 5.9b). The slight red-shift of
the fluorescence peak is attributed to an increase in conjugation upon formation of the
triazole ring, since the number of pyrenes per particle is so small that their coupling or
aggregation is unlikely.
Shown in Figure 5.9B is the fluorescence emission and excitation spectra obtained
using an Au nanoparticle sample to which was attached both Fc and Pyr species.
Fluorescence is again observed from the Pyr groups, however the emission peak is
significantly broadened and the maximum red-shifted by 50 nm compared to the
spectrum in Figure 5.9A. These effects on the emission spectra may be a result of weak
coupling between the pendant Fc and Pyr groups that quenches the Pyr emission.
Analogous to literature reports for place-exchanged Au nanoparticles,28
voltammetric methods were also used to confirm triazole ring formation on
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spectra of (A) Pyr functionalized and (B) Pyr and Fc multifunctional Au nanoparticles.
All solutions were ~0.02 mg/mL of Au particles in DCM. Inset contains fluorescence
emission and excitation spectra of the propyn-1-one derivative of Pyr.
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functionalized Au nanoparticles. Among the reactants in Figure 5.5, both the Fc and NB
are electroactive, so that Au nanoparticles reacted with these compounds were examined
by cyclic voltammetry. Figure 5.10 contains representative cyclic voltammograms of Au
nanoparticles containing either Fc or NB moieties. In these, the anodic wave at +0.6 V is
a result of the one electron oxidation of attached Fc species; the reductive scan contains
two dominant peaks that correspond to sequential one electron reductions of the pendant
NB molecules. In the case of the NB-modified particles, the relatively larger current of
the forward versus the reverse scan is a result of chemical irreversibility that may be due
to particle or ligand decomposition. For the Au nanoparticles containing both Fc and NB,
the differences in peak potentials for the forward and reverse scans (∆Ep) are greater than
59 mV so that the reactions are electrochemically quasi-reversible.29 These results are
consistent with previous reports of the voltammetry of redox-modified Au nanoclusters,
implying that triazole functionalization does not appreciably affect the voltammetric
behavior of the functionalized particles. Also shown in Figure 5.10 are voltammograms
of Au nanoparticles with mixed monolayers of NB/Fc and Pyr/Fc. In each case, quasireversible waves are observed that correspond to the redox reactions for each of the
attached species. The voltammograms also contain small pre-waves for both the Fc and
NB reactions, which are indicative of partial particle adsorption to the electrode surface.30
Together, these experiments demonstrate the ability to append multiple electron donor
and acceptor species in a single functionalization step, serving as models for the creation
of multifunctional nanoscale particles.
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Figure 5.10: Cyclic voltammetry of Fc (–•–); NB (- - -); Fc and NB (––); Fc and Pyr
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5.4 Conclusions

The utility of using 1,3-dipolar cycloadditions to functionalize Au nanoparticles
has been demonstrated by binding several classes of active molecules to cluster surfaces.
Au nanoparticles, place exchanged with BrC11H22SH to afford an active monolayer, were
reacted with azide to afford particles functional towards cycloaddition. Further reaction
of these particles with tailored propyn-1-ones produces particles with tunable physical
properties by a 1,2,3-triazole ring forming reaction. Functional group attachment was
confirmed through NMR analysis, which gives a rough estimate of attachment numbers,
as well as through IR spectroscopy. Fluorescence and electrochemical investigations
confirm that functional group activity remains throughout the course of the reaction.
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Chapter 6
Towards the Selective Attachment of Noble-Metal

Nanoparticles to SiOx Surfaces

6.1 Introduction

Self-assembly of small, simple precursors into more complex materials and
devices is a challenging problem that relies on the spontaneous formation of
supramolecular structures based on specific chemical and physical interactions. There
have been many reports of monolayer formation of silanes on Si/SiOx,1 fatty acids on
aluminum oxide,2 and isocyanides on platinum.3 Arguably the most well known selfassembled monolayer system involves the adsorption of thiols on gold, which has been
utilized in the formation of etch resists4 and molecular electronics.5 This “bottom up”
approach to materials synthesis is ubiquitous in nature in the production of bone,6
mollusk shell, and pearl,7 which in all cases is mediated by peptides explicitly expressed
to assemble these structures. The control that natural systems exert over assembly has
been harnessed to produce semiconducting (ZnS, CdS) and magnetic (CoPt, FePt)
nanoparticles8 and nanowires9 using selectively transcribed and expressed viruses. In
addition, RNA has been used to mediate the formation of noble metal nanoparticles of
varying shapes.10
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Nanoparticles can be utilized as precursors for the formation of surface-bound
supramolecular structures. It is well known that samples of monodisperse nanoparticles
spontaneously organize into superlattices.11

This has recently been extended to the

production of binary mixtures composed of two different sized particles which cocrystallize to form nanocomposites with precisely controlled stoichiometry and
symmetry.12 In addition, intrinsic physical properties such as magnetism have been
utilized to produce wire-like structures composed of Fe3O4.13

These processes are

nonselective in the sense that the resulting superstructures are not formed in a sitedirected fashion at specified locations on the surface. This makes the utilization of these
assemblies in areas such as magnetic recording14 and electronics15 difficult; as such,
applications generally rely on precise positioning of assembled materials. Strategies
aimed at selectively depositing nanoparticles onto substrate surfaces (i.e. the selective
placement of 3-dimensional structures on 2-dimensional patterns to make complex
heterofunctional surfaces) are needed.
One technique that shows promise in achieving this goal is microcontact printing
(µCP),4b,16 a so-called “soft-lithographic” method that utilizes an elastomeric stamp
“inked” with a dilute solution of adsorbate molecules to print a surface monolayer onto a
substrate. Surfaces bearing multiple chemical functionalities can easily be produced
using this method, opening the door for site-specific assembly of nanomaterials by
molecular recognition with these patterned areas. For example, printed areas of aminesterminated thiols can act as templates for the deposition of electrostatically stabilized Au
particles onto Au surfaces, while regions bearing methyl terminations resist particle
attachment.17 This same approach can be used to selectively deposit Br-terminated Co
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particles

onto

patterned

Si

surfaces.18

Assembly

can

be

directed

using

hydrophobic/hydrophilic interactions, as seen in the adsorption of magnetite onto
patterned Au surfaces.19 In addition, nanoparticles themselves can be directly patterned
onto substrate surfaces, as seen in the assembly of Fe2O3 nanoparticles on Si20 and CdTe
particles on Au.21
In all these approaches, a single type of particle (i.e. Fe2O3, Au, CdTe) is
selectively adsorbed onto a substrate surface. For more complex structures to be realized,
new strategies aimed at the production of surfaces containing a number of different types
of particles is needed. This chapter describes several methods based on µCP techniques
in which noble metal particles either electrostatically stabilized or bearing Br- or
trifluoroethylester-termini can be selectively directed to assemble in areas of different
functionality.

The possible application of these schemes to the serial and parallel

assembly of a multitude of different particles at specified locations is also discussed.

6.2 Experimental

6.2.1 Chemicals

Trifluoroethylester PEG thiol (TFEE-PEG-SH),22 11-bromoundecanethiol,23 and
13 nm citrate-stabilized Au nanoparticles (AuCit)24 were synthesized according to
literature procedures.

Ultrapure water (18.2 MΩ) was purified by a Barnstead

NANOpure water system. All other chemicals and solvents were used as received from
commercial sources.
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6.2.2 Au-Br nanoparticles

Br-terminated Au nanoparticles were produced from methyl-terminated Au
clusters synthesized by phase transferring 0.31 g (0.91 mmol) HAuCl4 into 80 mL
toluene using 1.5 g (2.7 mmol) tetraoctylammonium bromide. After the aqueous phase
had cleared, the organic layer was separated and to it was added 9.5 µL decanethiol. This
was stirred for 15 min, after which 25 mL of an aqueous 0.82 M sodium borohydride was
added. The resulting solution was allowed to stir for 3 hrs, after which the organic layer
was separated and an additional 32 µL decanethiol was added. This was allowed to stir
for 1 hr. The solvent volume was then reduced to ~ 5 mL and ~ 40 mL ethanol was
added to precipitate the particles which were collected via centrifugation. After washing
the collected material twice more with 40 mL ethanol, the clean particles were dispersed
in DCM for further use.
Particle functionalization was accomplished using ~ 100 mg of the methyl
terminated particles codissolved in 25 mL DCM with 0.13 g (0.50 mmol) 11bromoundecanethiol. The resulting solution was stirred for 24 hrs, after which the
solvent was evaporated and the particles redispersed in ethanol. These clusters were
collected via centrifugation and washed twice with ~ 30 mL ethanol to remove unbound
thiol and finally dissolved in 20 mL DCM for further use. 1H NMR (CDCl3): 3.41 (t),
2.69 (t), 1.86 (m), 1.67 (m), 1.21-1.47 (bm), 0.88 (t).
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6.2.3 Au-PEG-TFEE nanoparticles

Trifluoroethylester functionalized Au particles were prepared by first synthesizing
small trioctylphosphine stabilized Au seed particles according to literature procedure.25
A 100 mg portion of these particles were then redispersed in 6 mL toluene and added to
6.0 g (16 mmol) trioctylphosphine oxide (TOPO). The resulting mixture was heated at
150 ºC for 60 min to initiate particle growth.

The solution was cooled to room

temperature, 0.239 mL (0.202 g, 1 mmol) dodecanethiol was added and the resulting
solution was stirred for 24 hrs. After stirring, 10 mL ethanol was added to precipitate
particles, which were collected via centrifugation. Washing with an excess of ethanol
yielded clean Au particles that were dispersed in dichloromethane (DCM) for exchange
reactions.
TFEE-functionalization was accomplished by diluting 50 mg of the grown Au
particles to 20 mL with DCM and adding a 5 mL DCM solution containing 0.18 g (0.25
mmol) TFEE-PEG-SH and 0.18 mL (0.15 g, 0.75 mmol) dodecanethiol. The resulting
solution was stirred for 24 hrs, after which the solvent volume was reduced to ~ 2 mL and
acetonitrile added to precipitate the particles.

This material was collected via

centrifugation, washed with an excess of acetonitrile to remove excess thiol, and
redispersed in 20 mL ethanol for further use.

6.2.4 Substrate Preparation

Glass slides were cleaned with pirhana solution (70 % H2SO4:30 % H2O2) at 90
ºC for 1 hr. The slides were then rinsed with water, sonicated, rinsed sequentially with
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water, ethanol and hexane, and heated briefly in a 50 ºC oven until dry. Before surface
patterning was attempted, slides were removed from the oven and allowed to sit for at
least ten minutes to equilibrate with ambient humidity and ensure the formation of a thin
surface water layer that is necessary for the production of high-quality surface silane
monolayers.1b

6.2.5 Surface Patterning

Silane monolayers were printed onto clean glass slides using standard
microcontact printing (µCP) techniques.16 Elastomeric stamps were produced using a
commercially available polydimethylsiloxane (PDMS) precursor kit (Sylgard 184, Dow
Corning) by mixing the monomer and cross linking agent in a 10:1 ratio and casting over
the top of silicon AFM calibration gratings fabricated with 1.5 µm wide parallel lines at a
3.0 µm pitch (TGZ04, MikroMasch). After curing at 50 ºC for ~ 4 hrs, the stamps were
peeled away from the master gratings and rinsed with ethanol.
Amine patterns were printed onto glass surfaces by “inking” stamps using a
cotton swab saturated with a 1 mM toluene solution containing N1-[3-(trimethoxysilyl)propyl]diethylenetriamine (TPDT) and subsequently drying them under a steady stream
of air for 60 s. In all cases, stamp-substrate contact times were 30 min, after which slides
were rinsed and sonicated with ethanol and briefly placed in an oven to dry. These
patterned substrates were subsequently used for nanoparticle binding experiments.
Patterned glass substrates were immersed in toluene solution containing 5 mM of
a second silane to cover the exposed glass surfaces.

“Backfilling” with

160
octadecyltrimethoxysilane, for example, produced areas with methyl and reactive (i.e.
amine) termini, respectively.
Glass slides patterned with TPDT and backfilled with OTS were used to prove the
utility of µCP techniques to produce substrates amenable to selective particle attachment.
These amine-patterned slides were exposed to an AuCit solution prepared by diluting asprepared solution24 by thirty-fold. Substrate immersion times ranged between 15 min and
2 hrs, after which the slides were removed, rinsed with water, sonicated for 15 s in water,
rinsed again with water, and then briefly placed in the oven to dry. Particle attachment
using Au-Br and Au-PEG-TFEE were preformed analogously using dilute solutions
containing ~ 0.1 mg/mL particles.

6.2.6 Characterization

TEM images were prepared by drop-casting a dilute nanoparticle solution in
DCM onto copper TEM grids coated with a layer of amphorous carbon. Images were
obtained using a JEOL JEM 1200 EXII TEM operated at 80 keV and equipped with a
Tietz F224 camera.

1

H NMR spectra were obtained in CDCl3 solutions using a Bruker

AVX 360 MHz spectrometer. For Au-Br, solutions were prepared by dissolving ~ 5 mg
of particles in 2 mL DCM and adding 1 mL of a DCM solution containing 11 mM I2,
stirring for 15 min, evaporating the solvent, dissolving the resulting material in CDCl3,
and filtering through glass wool to remove any insoluble matter. Au-TFEE solutions
were prepared by evaporating the ethanol solvent and redispersing particles in CDCl3.
Tapping mode AFM images were obtained with a Digital Instruments Multiscope in
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constant force mode using Si cantilevers (10 nm radius of curvature) with an Al-coated
backside operating at a frequency between 300 and 350 Hz with a scan rate of 1 Hz.

6.3 Results and Discussion

6.3.1 Selective Nanoparticle Adsorption: Au Citrate as Proof of Concept

The utility of µCP procedures to produce functional substrates amenable for
particle attachment is demonstrated through the selective adsorption of citrate-stabilized
Au particles (AuCit) onto amine-terminated silanes. These water soluble particles were
synthesized according to the standard method,24 producing electrostatically stabilized
clusters with an average diameter of 13 ± 1.0 nm. A representative TEM image of the assynthesized particles is shown in Figure 6.1A.
AuCit surface attachment to amine terminated surfaces was initially confirmed
using unpatterned surfaces functionalized exclusively with TPDT. Immersion of these
slides into a dilute particle solution produced a monolayer film composed of adsorbed
AuCit, as seen in the AFM image presented in Figure 6.2A. Similar experiments using
substrates functionalized with OTS failed to produce an analogous thin film as shown in
Figure 6.2B, indicating that particles preferentially adsorb to amine terminated silane
monolayers and not to methyl terminated monolayers. Particles selectively adsorb on to
TPDT monolayers by forming an electrostatic interaction with the terminal amines,
which are protonated at pH’s less than ~ 10 (the pH of the AuCit solution is 7). These
regions of positive charge attract the Au particles, which have a surrounding surface shell
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Figure 6.1: TEM image of citrate stabilized Au. Inset displays particle size distribution
while the scale bar represents 50 nm.
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Figure 6.2: (A) Tapping mode AFM image of a TPDT functionalized glass slide after
immersion in a dilute AuCit solution for 60 min. Inset shows a 2.5 µm magnification of
the same surface. (B) Tapping mode AFM image of an OTS functionalized glass slide
after immersion in dilute AuCit solution for 60 min.
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composed of negatively charged citrate ions. This is confirmed by raising the particle
solution pH to 12, at which point the surface amine layer should be deprotonated and,
therefore, neutral. In this case, no particle deposition is observed (not shown).
Substrates bearing multiple functionalities were produced by patterning glass
surfaces as illustrated in Figure 6.3. First, an elastomeric stamp of PDMS was cast from
a silicon AFM calibration grid and “inked” with a dilute silane solution before being
brought into contact with a SiOx (glass) surface. After removing the stamp and cleaning
the excess material from the surface, the substrate was immersed in a solution of a second
silane to backfill the unpatterned areas. This resulted in a striped surface composed of,
for example, TPDT and OTS, which can be imaged using tapping mode AFM as shown
in Figure 6.4A. High quality amine patterns with excellent edge resolution are produced;
a cross-sectional analysis of the stamped surface is shown in Figure 6.4B.
AuCit was selectively adsorbed onto the patterned amine portions of stamped
surfaces by immersing the substrates in dilute aqueous particle solutions. This produced
alternating stripes of OTS molecules and adsorbed particles, as shown in Figure 6.5. The
density of attached nanoparticles is controlled by limiting the amount of time substrates
are exposed to particle solutions. Shorter times lead to lower particle surface loading, as
shown in Figure 6.5A for a patterned surface held in solution for 15 min.

Here,

individual particles can be clearly distinguished and large (60 nm ave.) interparticle
separations are evident.

At intermediate times (30 and 60 min, Figure 6.5B-C

respectively), additional particles are deposited, decreasing the interparticle separation
and increasing particle density.

Individual particles can still clearly be identified,

however. At sufficiently long times, a near continuous stripe of particles that can barely
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A.
PDMS Stamp
“ink”

glass

B.

Figure 6.3: Illustration of the microcontact printing process. (A) An elastomeric stamp
is “inked” with a functional silane and brought into contact with a substrate surface. A
surface monolayer is formed in areas where the substrate contacts the surface, producing
regions of functionality and emptiness. (B) Backfilling the patterned surface with a
second silane fills in the empty spaces produced during patterning, forming a surface with
multiple functionalities. Illustrated here is a surface patterned with TPDT and backfilled
with OTS.
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Figure 6.4: (A) Tapping mode AFM image of a TPDT patterned/OTS backfilled glass
surface. (B) Cross sectional analysis taken across the dotted line shown in (A).
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Figure 6.5: Tapping mode AFM and cross sectional images of TPDT patterned surfaces
backfilled with OTS and exposed to a solution of citrate stabilized Au particles for (A)
15, (B) 30, (C) 60 and (D) 120 min. Insets depict 2µm expansions of the same patterns.
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be individually distinguished is formed, as seen in Figure 6.5D for 2 hrs of deposition
time.
The amount of non-specific particle adsorption in the OTS regions remains
constant through each trial at a calculated value of ~ 1.0 x109 particles/cm2, or 0.2 % of a
complete monolayer based on the close packing of spheres 13 nm in diameter (~ 5.7 x
1011 particles/cm2). This is compared to the density of particles selectively adsorbed in
the TPDT regions, which is seen to increase with deposition time from ~ 8.4 x 109
particles/cm2 after 15 min to ~ 1.9 x 1010 particles/cm2 after 1 hr (the density of particles
deposited after 2 hrs could not be accurately determined because individual particles
could not be clearly distinguished). This equates to an increase in particle coverage from
~ 1.5 % to 3.4 %. It should be noted that the percentage of particle adsorption appears
substantially greater in the AFM images shown in Figure 6.5 due to tip convolution,
which makes particles appear larger in diameter.26 In the AFM images presented, the
average particle diameter is calculated as ~ 44 nm, almost four times the diameter
calculated from TEM images, making the surface coverage appear greater.

6.3.2 Additional Attachment Strategies

While the electrostatic binding of AuCit to TPDT patterned surfaces has been
shown to be effective for the production of substrates modified with a single class of
nanoparticle, other attachment chemistries are needed to produce surfaces patterned with
multiple types of nanoparticles. To this end, two orthogonal attachment schemes are
proposed. Each method relies on the surface modification of a noble metal nanoparticle
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with reactive groups capable of anchoring to TPDT patterned on glass surfaces, as shown
in Figure 6.6. In the first method (Figure 6.6A), Au-Br attachment to TPDT should occur
through the nucleophilic displacement of a terminal Br group to form a secondary amine.
In an analogous approach (Figure 6.6B), Au-PEG-TFEE particles should tether to a
TPDT monolayer through an amide bond linkage that displaces the terminal
trifluoroethylester group.

6.3.2.1 Au-Br Attachment to TPDT Monolayers

The nucleophilic displacement of terminal Br moieties by primary amines is a
well known reaction27 previously used to functionalize Au nanoparticles28 and to attach
Co particles to Si surfaces.18 It is theorized that the same strategy can be used to attach
Au nanoparticles to SiOx surfaces in a site directed fashion by patterning substrates with
TPDT and back filling with OTS, as described previously. Once exposed to a solution
containing Au-Br, particle assembly should again occur in areas functionalized with
amine terminations. The first step in the realization of this goal is the production of Brterminated nanoparticles which can be formed using methyl-terminated particles
synthesized according to a modified literature procedure.29 Here, Au nanoparticles with
methyl terminations were formed in a two-phase system using a decanethiol to Au ratio
of 1:20. This produced Au particles with an average diameter of 3.3 ± 0.9 nm as
determined by size analysis of the TEM image shown in Figure 6.7. This is slightly
larger than those previously reported30 due to the small amount of thiol used. It is well
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Figure 6.6: (A) Au-Br nanoparticles bind to an amine terminated surface through the
nucleophilic displacement of the terminal Br group. (B) Au-PEG-TFEE nanoparticle
bind to an amine terminated surface through the production of an amide linkage, thereby
displacing the trifluoroethylester group.
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Figure 6.7: TEM image of Au-Br nanoparticles. Inset shows particle size distribution.
Scale bar represents 50 nm.
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known that the amount of thiol present during nanoparticle formation dictates the final
diameter, with smaller amounts of thiol compared to Au leading to larger diameters.
These particles retain their solubility in organic solvents, indicating that the larger
diameter does not effect stability to an appreciable extent. The incorporation of the ωfunctional thiol into the particle surface monolayer was confirmed from the 1H NMR
spectra after particle digestion, consistent with previous reports.28,31
Initial attempts to deposit Au-Br did not yield surfaces patterned with
nanoparticles as expected.

Trials were conducted in dilute (~ 0.1 mg/mL) toluene

solutions with deposition times ranging from 3 – 24 hrs. AFM images of slides after
immersion looked exactly like those taken before particle exposure with no evidence of
particle attachment. Future work will involve experimentation with solvent, particle
concentration, deposition time, and possibly the identity of the amine functional silane in
order to prove and then optimize particle attachment.

6.3.2.2 Au-TFEE Attachment to TPDT Monolayers

The trifluoroethylester moiety readily reacts with primary amines to form an
amide bond, a scheme which has previously been used to modify 2D32 and 3D22 surfaces.
It is therefore inferred that Au nanoparticles bearing terminal TFEE groups should be
capable of selectively assembling onto TPDT-patterned surfaces in a manner similar to
AuCit particles.
Au-TFEE particles were synthesized by first growing trioctylphosphine stabilized
clusters in molten TOPO at 150 ºC for 60 min. After purification, these particles were
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place exchanged with TFEE-PEG-SH to incorporate a percentage of the ω-functional
thiol into the supporting ligand monolayer. The average diameter of the TFEE-functional
particles was determined by size analysis of the TEM image in Figure 6.8 and calculated
to be 6.4 ± 1.0 nm.
Particle functionalization with TFEE-PEG-SH was confirmed via 1H NMR
spectroscopy, shown in Figure 6.9.

Initially, the nonfunctional nanoparticles exhibit

spectra identical to that seen for other methyl terminated Au clusters after monolayer
cleavage with I2.31 After exchange, a new peak between δ 3.55 and δ 3.65 develops due
to the methylene units associated with the polyethylene glycol chain. Unlike samples
prepared from methyl-terminated Au particles, Au-PEG-TFEE samples were not exposed
to I2 because it was not known how the cleavage reaction would affect the TFEE ligand.
As a result, the NMR peaks are broadened and there is no evidence of disulphideadjacent methylene units (normally appearing at δ 2.69), however. The peak associated
with the terminal methyl group can still be distinguished at δ 0.85.
Initial attempts to selectively bind Au-PEG-TFEE particles to amine-patterned
surfaces have met with a limited amount of success. Glass substrates were first patterned
with TPDT and backfilled with OTS, producing surfaces identical to those shown in
Figure 6.4. Exposure of the patterned substrates to dilute ethanol solution containing AuPEG-TFEE particles resulted in particle deposition in areas patterned with TPDT due to
displacement of the trifluoroethylester group in favor of an amide linkage. This produced
alternating stripes of particles and OTS as seen in the AFM image in Figure 6.10. AuPEG-TFEE particle attachment does not appear to be as selective as AuCit, indicated by a
slight increase in non-specific binding. The particle density in the OTS region is
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Figure 6.10: Tapping mode AFM image and cross sectional view of a TPDT patterned
glass surface backfilled with OTS and exposed to Au-TFEE nanoparticles for 6 hrs. Inset
shows a 5 µm square expansion of the scanned region.

177
calculated as ~1.2 x 109 particles/cm2 based on the close packing of ~ 14 nm spheres (6.4
nm core diameter plus two ligand shell lengths, calculated to equal ~ 4 nm each), which
equates to a surface coverage of 0.3 %. Also, deposition times are much slower for
TFEE functional particles as compared to their citrate-stabilized counterparts, as
evidenced by coverages estimated at ~ 3.1 x 109 particles/cm2 for deposition times of 6
hrs. This equates to 0.7 % of a complete monolayer. Again, because of AFM tip
convolution, the particle density appears much larger than it actually is.
While preliminary results indicate that TFEE functional nanoparticles couple
selectively to amine-patterned surfaces, a lack of reproducibility due to poor sample
quality prevented the attainment of particle coverage data as a function of deposition
time. This was a result of the TFEE-PEG-SH exchange process used to functional the Au
nanoparticles. In certain trials, ligand exchange proceeded as would be expected, with no
appreciable particle precipitation or aggregation.

In these cases, the attached PEG

ligands imparted extreme solubility in a wide range of solvents, making particle
purification difficult. When exposed to patterned substrates, it appeared that the solution
impurities were preferentially deposited versus the functional particles, producing
monolithic structures > 100 nm in height. In other instances, particles precipitated during
the exchange reaction, producing samples with limited stability after purification. New
synthetic strategies aimed at the production of high quality, stable samples are therefore
needed before this attachment scheme will be generally applicable to in the production of
more complex structures.
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6.4 Conclusions and Future Work

The ability of patterned surfaces to direct nanoparticle assembly based solely on
chemical properties has been demonstrated by selectively adsorbing electrostatically
stabilized Au nanoparticles onto amine-functionalized glass substrates.

In addition,

preliminary results indicate that trifluoroethylester functionalized Au nanoparticles also
assemble onto amine substrates through the formation of a covalent bond. With slight
modification and tweeking, particles functionalized with Br and amine terminations also
have the potential of assembling onto amine patterned surfaces.
With this growing library of attachment chemistries becoming available, it is
envisioned that the serial attachment of multiple nanoparticle types will become possible.
It is thought that a glass slide may be first patterned with one functional silane and then
exposed to its particle complement.

The functional silane should direct particle

deposition, producing a surface with alternating regions of particles and bare glass. This
same substrate could then be exposed to a different functional silane and again exposed to
its particle compliment, ultimately resulting in a surface with alternating regions
composed of different nanoparticles.
Ultimately, a parallel approach to patterned particle adsorption is sought. With
the framework presented here, it should be possible to further modify attachment
chemistries such that a surface could be patterned with one silane and immediately
backfilled with another before being exposed to a solution containing two different types
of nanoparticles. The particles should be directed to assemble due to their specific
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interactions with the patterned surface, again producing alternating regions of different
particles.
Before these goals can be reached, however, the synthetic procedures for the
production of functional particles must be modified to produce extremely pure and stable
samples. The main hinderance thus far has been the production of these samples. Once
this has been realized, it should be relatively straightforward to determine the optimal
conditions for the selective deposition of the functional nanoparticles presented herein,
ultimately leading to the realization of complex surface structures.

A.

B.
B.
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Chapter 7
Conclusions and Future Work

7.1 Conclusions: Nanoparticle Synthesis and Functionalization

7.1.1 General Remarks

A systematic study of nanoparticle formation and functionalization has been
performed to further elucidate growth mechanisms and to gain knowledge of reaction
dynamics. This was necessary to understand the processes responsible for the production
of monodisperse particles with tightly controlled diameters and reactivities which has
been emphasized extensively due to the enormous roles each play in the production of
useful materials. As a result, several different synthetic strategies have been described
for the production of noble metal (i.e. Au) and magnetic (i.e. γ-Fe2O3, Fe3O4, and FePt)
nanoparticles with diameters ranging from 1 – 20 nm and tailored to include, for
example, redox active and fluorescent groups.

7.1.2 Size Control

As discussed throughout this thesis, nanoparticle physical properties are directly
correlated to diameter. This has been shown in solutions of Au nanoparticles, which,
above a ~ 3 nm critical diameter, exhibit a distinct red color due to a surface plasmon
resonance band and appears as a sharp peak centered at ~ 520 nm in UV-Vis absorption
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spectra. As particle diameter increases, a corresponding increase in extinction coefficient
is observed that results in an increase in plasmon intensity.1 In contrast, Au particles with
diameters less than ~ 3 nm do not exhibit any well defined plasmon resonance peak,
which equates to a relatively featureless UV-Vis spectrum (only a small shoulder is
observed).

This is due to the onset of quantum effects which produces behavior

approaching that of a small molecule.1b
While not explictly investigated in this thesis, particle magnetic properties also
correlate strongly with diameter. This can be seen in studies of, for example, Fe3O4
nanoparticles.2 Here, the blocking temperature increases and the magnetic anisotropy
decreases as the particle diameter grows larger.
Because particle properties are so intimately tied to diameter, it becomes
important to carefully control synthetic conditions so that sample polydispersity is
mimimized. If this can be accomplished, signal broadening is kept to a minimum and the
ensemble measurement can be regarded as a sum of individual particle contributions. In
order to do this, however, a fundamental understanding of particle formation processes is
necessary since these ultimately dictate sample dispersity. As a result, the synthesis and
growth of Au nanoparticles can be used as a model through which other systems can be
understood. Here it is seen that the injection of precursor material into solution produces
a nucleation event to create small seeds which subsequently grow larger over time via
molecular addition. During this process, smaller particles tend to grow at a faster rate
than larger particles which serves to focus the size distribution and narrow the dispersity.
In this case, however, growth by molecular addition is not the only process that
leads to an increase in particle diameter. This can be seen in the heat treatment of
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smaller particles in pure molten trioctylphosphine oxide.

Here, particle diameter

increases in the absence of molecular addition via particle coalescence. This shows the
complex nature of particle growth dynamics. Study of this Au system has led to a
generalized understanding of these processes such that they can subsequently be applied
to the growth of, for example, Fe3O4 and FePt nanoparticles.

7.1.3 Functionalization

Surface functionalization strategies have also been studied in an attempt to
produce tailored nanoparticles bearing specific active groups.

The ability to modify

surfaces will become important as these particles are utilized in the diverse fields for
which they have been implicated. While functionalization of Au nanoparticles with, for
example, redox active groups, has been extensively studied,3 few reports regarding the
functionalization of other nanomaterials, in particular magetic materials, have emerged.
As a result, place exchange reactions have been studied in an effort to produce active
FePt nanoparticles. These facile reactions have been shown effective for the surface
modification of these magnetic materials and have subsequently been shown useful for
the functionalization of γ-Fe2O3, Fe3O4 and MnFe2O4. This paves the way for future
strategies aimed at the production of “designer” particles modified with, for example,
cancer targeting or heavy metal binding functional groups for medicinal and
environmental applications.
Using standard place exchange reactions, it has also been shown that Au particles
can be modified to include azide terminal groups, which can subsequently be modified in
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situ with a vast array of functional groups via click reactions. As place exchange can also

be also be performed on magnetic nanoparticles, it is reasonalbe to assume that similar
reactions schemes can be used to further modify these materials. Indeed, unpublished
results have shown that FePt particles can be modified with terminal azide groups and
then reacted with, for example, alkyne-bearing ferrocene to produce redox active
nanoparticles. It should therefore be a relatively simple matter to extend these reactions
to the functionalization of γ-Fe2O3, Fe3O4 and MnFe2O4, forming a library of particles
with different magnetic properties and functionalities.

7.2 Nanoparticle Surface Attachment

Using knowledge gained from studies of nanoparticle formation and
functionalization, the assembly of two classes of particles capable of binding to patterned
SiOx surfaces was described. The chemistries developed during these studies are the first
steps toward the formation of active thin-film devices composed of multiple types of
nanoparticles. Such devices have uses in, for example, magnetic recording, electronics,
and flat panel optical displays. To realize these applications however, certain issues must
be addressed regarding particle functionalization and surface assembly:
1.

Formation of a library of functional nanoparticles.

Steps toward the

realization of this goal have already been taken, as seen in the many functionalization
schemes and active particles that have previously been discussed.

However, these

strategies have a potential for expansion to, for example, semiconducting or even nonconducting nanoparticles.
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2. New surface attachment strategies. As described, particle surface attachment
was accomplished either through an electrostatic interaction or via amide formation.
Other potentially simple attachment schemes exist, such as the nucleophilic displacement
of Br by –NH2 groups or click chemistry. Initial results in this area, while not completely
successful, show promise and indicate that there is room for further experimentation.
With a vast number of attachment schemes available, the theoretical number of different
particles simultaneously attached to a substrate increases, paving the way for a parallel
route towards surface assembly.
3. Surface patterning methods. Microcontact printing is a versatile technique to
pattern large surfaces with a monolayer of functional molecules. Through multiple
printing processes and backfilling, surfaces patterned with multiple functional groups can
be formed. The main drawback of the technique is the feature size produced. Under the
best conditions the lower limit of feature size is ~ 100 nm. In normal circumstances,
however, the size limit is much larger than this. In order to produce devices with ever
smaller feature sizes, different techniques aimed at surface patterning need to be
developed.
In addition, three dimensional structures are hard to realize using microcontact
printing.

This hinders the formation of, for example, integrated circuits using this

method, and therefore complementary techniques to produce more complex structures is
needed.
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