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ABSTRACT
As the fields of chemistry, biology, materials science and physics converge upon one
another the demands for new materials and technologies continue to run high. Nanotechnology
continually emerges as a plausible area of research in which these demands can be met.
Specifically, the role of magnetic nanoparticles in new sensors, biomedical, materials and
separations technologies has seen extraordinary growth over the past 15 years.
With this growth has also emerged new expectations of the control necessary to form
these advanced materials and the challenges faced with their syntheses.

For magnetic

nanoparticles these challenges exist in the realm of particle surface chemistry and
functionalization. The field as a whole has given enormous attention to the shape, size and
monodispersity of magnetic nanomaterials while leaving their surface functionality comparatively
untouched. The following chapters seek to address the development of new general surface
chemistries for monolayer protected nanoparticles while envisioning their eventual adaptation to
magnetic nanoparticles.
In this regard, Au nanoparticles are used as a model system with which to develop
general organic transformations on monolayer protected nanoparticles. Au nanoparticles are ideal
for this purpose owing to the fact that a large volume of literature exists detailing the particles
physical and reactive properties. In addition, unlike magnetic nanoparticles, NMR spectroscopy
may be used to directly investigate products still bound to the nanoparticle surface. Two new
surface chemistries for Au nanoparticles, 1,3-dipolar cycloaddition and Grignard reagent addition
to Weinreb amides are introduced as general methods by which to append multiple functionalities
to Au nanoparticles.
Chapter 2 describes uncatalyzed 1,3-dipolar cycloaddition as a mild general method by
which to attach, electroactive, fluorescent, and solubilizing species to the surface of small (~ 2

iv
nm) Au nanoparticles bearing mixed monolayers of decane thiol and 11-azido-ω-undecane thiol.
A modest reaction of the azide terminated Au nanoparticles with functional small molecules
bearing an alkyl ketone moiety is observed in dioxane after a 60 h period at room temperature. In
addition detailed kinetic studies of the reaction are presented in chapter 3, establishing the kinetic
trends of the cycloaddition on the surface of Au nanoparticles. These studies revealed an
analogous rate of reaction on the particle surface as compared to free reactants in solution.
Furthermore, the azide surface concentration was found to exert more control over the extent of
reaction than the reactive termini's proximity to the thiol monolayer.
Addition of alkylmagnesium halides or Grignard reagents to Au nanoparticles bearing
mixed monolayers of methyl and N-methoxy-N'-methyl amides (Weinreb amides) was
investigated in chapter 4. The reaction was found to produce excellent surface yields on short
time scales. Additionally, the effect of the organometallic species on the stability of the particles
was assessed. Small organometallic nucleophiles were found to bypass the monolayer causing
significant particle decomposition while bulkier nucleophiles caused no decomposition with
respect to controls.
In chapter 5, trifluoroethyl ester chemistry for surface functionalization of Au and FePt
nanoparticles is adopted for the synthesis of pH sensitive magnetic nanoparticles using
fluorescein amine.

A modification of the method of standard addition to quantitate the

fluorescein amine surface concentration is presented. Initial studies suggest that the particle
fluorophore conjugate quantum yield remained unchanged with respect to the small molecule and
that the pH sensitivity is reversible over a biologically relevant pH range. Finally, future goals for
these studies are suggested and placed in the context of broader impacts.
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Chapter 1

Spherical & Anisotropic Metal Oxide Magnetic Nanomaterials - Synthesis and
Functionalization

1.1 Introduction
Functional magnetic nanomaterials are attractive for magnetic based detection,
separation, analysis, and transport of attached material ranging from catalysts to cells.1 Magnetic
fields and field gradients can exert force from a distance, and are a powerful means with which to
manipulate nanoscale paramagnetic and superparamagnetic particles that is fundamentally
different from optical methods that use nanoscale noble metal2,3 and semiconductor particles.4
Development of syntheses that define the size and shape of the magnetic nanoparticle and that
modify the surface chemical functionality have been active areas for research.5-8 Chemically
functional magnetic particles have applications that range from drug delivery and
chemotherapeutics in biomedicine9-11 to magnetic field induced separations and analyses.12-16
Polyfunctionality built on the surface of magnetic nanoparticles will ultimately enable
opportunities for using these for complex chemical/physical tasks. It is known that the magnetic
moments of nanoscale magnetic materials depend on both their size and composition,17 and can
be exploited for magnetic based separation devices, hyperthermia treatment for malignant cells,18
and magnetic resonance imaging (MRI) contrast agents.19,20
Standard synthetic methods exist with which a wide range of magnetic nanoparticles of
desired size and shape and that are highly crystalline can be prepared.21-27 Electrostatic or steric
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stabilization of the particles is necessary to prevent agglomeration and induce solubility in the
solvent system of interest.28,29 Because aqueous methods for magnetic nanoparticles provide
electrostatic stabilization of particles, slight changes in the pH or ionic strength of the solution
can result in particle agglomeration and precipitation. For some applications greater control of the
shape and size of the particles is needed.30,31 For these reasons and others, an alternative synthetic
approach is high-temperature synthesis.21-27
A larger and more active research area is the development of synthetic methods by which
the surface chemistry of magnetic particles can be modified, tuned to specific applications, and
understood at the molecular level. Along with new methods development, there exists a growing
need to establish stronger synthetic control over the surface chemistry of these materials and a
complete understanding of their interactions with their local environments.

The following

chapter describes some of the chemistries that are used to prepare magnetic nanoparticles, but
focuses mostly on recent contributions from ourselves and others to the current state of the field
of magnetic nanoparticle surface functionalization.

1.2 Magnetic Nanoparticle Synthesis
Common high-temperature synthetic methods utilize thermal decomposition,21,24,26,27 or
thermal reductive decomposition,22,23,25 of metal precursors in the presence of a stabilizing ligand
(or surfactant) to yield metal nanoparticles in diameters that range from 3 – 15 nm. Typical metal
precursors include carbonyl21 and acetylacetonate (acac)25 complexes (e.g. Fe(CO)5, Co(acac)2
and Fe(acac)3). The ligands are generally long chain carboxylic acids and/or amines (e.g. oleic
acid and oleylamine). These surfactants are required both to mediate growth during the reaction
and to prevent agglomeration of the prepared particles. Shorter chain lengths are sometimes
employed to facilitate surface modification post-synthesis,32 but generally chains with at least six
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carbons are necessary to provide sufficient stabilization.24,25,32 Magnetic nanoparticle synthesis
and modification is a vigorously studied field that continues to rapidly expand; the key papers
described in this article are representative of a much larger and growing body of work.
Modification of the reaction parameters tunes the nanoparticle size and shape and
therefore magnetic moment of a nanoparticle sample. Magnetic moment is intrinsically related to
composition: incorporation of Co2+ into an Fe oxide matrix (i.e., CoFe2O4) increases the magnetic
anisotropy relative to an Fe3O4 iron oxide nanoparticle of equivalent size. Insertion of Mn2+ (i.e.,
MnFe2O4) however decreases the anisotropy.33

Boiling point (BP) of the solvent (that is,

temperature of the reaction), relative molar quantities of metal and ligand, mixing rate, and time
further affect size and morphology. For example, when synthesizing CoFe2O4 particles, changing
the solvent from phenyl ether (BP ~265 °C, 30 min) to benzyl ether (BP ~298 °C, 2 hr) causes a 7
nm increase in nanoparticle diameter.25

It has been shown during synthesis of MnFe2O4

nanoparticles that a surfactant to Fe ratio of 3:1 yields spherical particles while a 1:3 ratio results
in the synthesis of cube-like particles.34 These examples illustrate that choice of reaction
parameters exerts control over size, shape, composition, and magnetic properties.
Over the past decade, a wide range of magnetic nanoparticle compositions and structures
has been synthesized. The most common of these materials are the Fe oxides (Fe2O3 and Fe3O4),
known most likely because of their potential for biological compatibility, and their corresponding
ferrites (e.g. MnFe2O4 and CoFe2O4). Metals and alloys such as Mn3O4,35 Fe,24 Co,36 Ni,37 FePt,22
and FePd38 are less commonly employed, in part because of their rapid oxidation in air and/or
potential cytotoxicity in biomedical applications. Unlike well known monolayer-protected Au
clusters,2,3 the preparation methods for magnetic nanoparticles do not tolerate the presence of
reactive termini on the stabilizing ligands (i.e., -Br, -SH, etc.), either because of thermal
instability or bonding of the transition metals to the ligands. Therefore the synthesis of magnetic
nanoparticles in the presence of functional groups has been largely unsuccessful. As a result, the
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as-prepared particles often must undergo further modifications and post-synthetic reactions to
render them chemically functional.

1.3 Nanoparticle Functionalization
Functionalizing and characterizing the surfaces of magnetic nanoparticles continues to be
an important and challenging task. Surface functionalization provides the means to add chemical
stability, in situ and in vivo function, and specific molecular recognition to these materials,
allowing scientists to take advantage of their intrinsic magnetic properties in a wide variety of
systems. This chapter highlights recent accomplishments in this area while providing a sense of
breadth of the field to the reader. The intrepid researcher is also directed to other more detailed
reviews from the primary literature such as those published by Latham and Williams,39 Schüth et
al.,40 Sun,41 and others.

1.3.1 Surface Adsorption
Surface adsorption can be considered one of the simplest functionalization strategies. As
the field of nanotechnology matures, adsorption continues to be a widely used technique for
appending a variety of functional molecules to particle surfaces. We define surface adsorption as
a process by which ionically stabilized nanoparticles are coated by a functional moiety through
either electrostatic interactions or covalently attached to the naked particle surface. This is
differentiated from ligand exchange, which is the replacement of one covalently attached surface
coating for another, which will be discussed separately in the following section.
Like most nanoparticle functionalization methods, surface adsorption strategies derive
from routes developed for monolayer formation on two dimensional surfaces,42 and was followed
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shortly thereafter by modification of citrate stabilized Au colloids.43 To date, the general method
for this approach is to add a surfactant or molecule of interest bearing charge (that is, ionic),
either a carboxylic acid (CO2-),44 phosphate (PO3-),45 ammonium, (NR4+, where R is either H or
C),46 or other surface-binding group (for example, OH47 or SH48), to a solution of ionically
stabilized particles. The particles are then separated by magnetic decantation or centrifugation to
remove unassociated material, yielding functional particles. The effectiveness of this approach is
dictated by the surface charge or zeta potential of the nanoparticles and the strength of the
surface-ligand interaction.
Many of these methods make use of particles that have been produced by coprecipitation
and are most common for the metal oxides such as iron oxide. As mentioned previously particles
produced by this method are often synthesized in the presence of hydroxide, leaving the native
surface terminated with deprotonated hydroxyl groups and an associated counterion of
tetramethylammonium in solution. Lucas et al. have reported detailed investigations into the
nature of surface charge density under acidic, neutral and alkaline conditions for iron oxide
nanoparticles; from zetometry and potentio-conductometric titrations, they concluded that the
surface charge density under basic conditions was larger than those under acidic conditions.49
Recently, surface adsorption has been applied to magnetic nanomaterials in a variety of
forms.

Stabilization

by

simple

organic

compounds

such

as

sodium

oleate,44A

citrate/dimercaptosuccinic acid (DMSA) mixtures,50 and biotin/phosphates,51 have all been used.
In the case of citrate and citrate/DMSA, Wilhelm and Gazeau showed that iron oxide particles
coated with these anionic "monomers" experienced more rapid uptake into mammalian cells
compared to particles passivated with dextran or albumin.50 Wan and coworkers showed that the
adsorption of block copolymers of MPEG (methyl-terminated polyethylene glycol, molecular
weight ~106 g/mol) and oligo-aspartic acid could stabilize iron oxide nanoparticles over a broad
pH range.52 Furthermore, their investigations revealed that the MPEG copolymer produced
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significantly higher relative cell viability compared to that of poly acrylic acid and MPEG-poly
acrylic acid.52
Surface adsorption is also finding an ever growing base as a method of bio-molecule
immobilization. Rotello and coworkers have used surface adsorption of bovine serum albumin
(BSA), under ultrasonication conditions, to effectively heat the surrounding aqueous solution
using alternating applied magnetic fields.53 Particles such as these have potential applications in
localized heating of cells for hypothermia induced cell death.53 Ivanisevic et al. demonstrated
that DNA adsorbed onto cobalt ferrite nanoparticles could still be effectively cleaved using
restriction enzymes, even in the presence of excess CoFe2O4.54 Deng and Zhang demonstrated
through progressive surface adsorption, imine formation, and then reduction, that trypsin could be
attached effectively to iron oxide particle surfaces while still maintaining its ability to digest
proteins.55 The researchers further used these magnetically separable enzymatic nanoreactors for
rapid mass spectral analysis sample preparation, showing that the particle-protein conjugates
maintained statistically equivalent activity for the first eight digestions with activity rapidly
diminishing thereafter.55
Surface adsorption has also seen use in the biological materials with nanorods. Keating
et al. have shown that adsorption of thiolated ssDNA to segmented nanowires containing
magnetic Ni segments provides an effective barcode based visual assay for fluorescently tagged
complementary oligonucleotide strands.56 The research team has continued on to incorporate
ssDNA hairpin molecular beacons for more direct analysis, and have chosen to focus on Au and
Ag.57 Surface adsorption of proteins to nanowires has also been of recent interest. Meyer and
coworkers were able to adsorb palmitic (pentadecanoic) acids to Ni segments of Au/Ni nanowires
to selectively target immunoglobulin G (IgG) to the magnetic segments of the wire by
hydrophobic/hydrophobic interactions.58 Adsorption was found to take place following a classical
Langmuir isotherm with an equilibrium constant on the order of 106 M-1.58
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1.3.2 Ligand Exchange
Nanoparticles can alternatively be synthesized in the presence of species that covalently
bind to their surfaces, acting as ligands that passivate the surface through ionic or Van der Waals
interactions. The majority of these surface ligands contain little to no chemical functionality for
further reactivity or interaction with species other than the particle surface. To impart chemical
and/or biological functionality, these ligands therefore must be "exchanged" for other molecules
that serve some chemically or biologically relevant function. While the debate of the exact
mechanism by which this process occurs is ongoing and outside the scope of this review, ligand
exchange is broadly classified as the addition of a surfactant or molecule which has a favorable
covalent interaction at the particle surface which, upon addition in excess, eventually reaches an
equilibrium state with the existing surface moiety. This approach was originally established as a
displacement style functionalization technique of two dimensional Au monolayers;42,59 the most
widely recognized studies have been the seminal work of Murray and coworkers on small Au
nanoclusters.3,60 These fundamental investigations of the mechanism of ligand exchange on Au,
and its use in laying the ground work for further Au monolayer reactivity, are relevant to
magnetic particles and should be considered core materials for any investigator considering this
approach even if the mechanisms and specific chemistries differ.
In this chapter, we will highlight some of the more recent uses of ligand exchange to
form functional magnetic nanoparticle systems, noting that there are inherent difficulties in
characterizing the products of these reactions. Many of the early reports on ligand exchange on
Au nanoclusters used nuclear magnetic resonance (NMR) spectroscopy as the primary
characterization tool for confirming the identity and number of the molecules on the surface
following exchange. Magnetic nanoparticles do not lend themselves to NMR as a method of
analysis because their magnetic core causes inhomogeneities in the magnetic field, leading to
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broadening, large paramagnetic shifts, and/or loss of signal. Several reports in the literature
describe using NMR spectroscopy to analyze magnetic nanoparticles,61 however readers are
cautioned to support such methods with additional analytical evidence of surface attachment
versus co-location in solution.

Confirmation of the molecular composition of nanoparticle

surfaces poses a significant challenge, since most analytical methodologies provide an ensemble
average of the bulk sample and cannot distinguish between a molecule attached to the
nanoparticle surface and those free floating in solution or physisorbed in the solid state. There
are clear opportunities for future research in the realm of surface characterization of
functionalized magnetic nanomaterials.
Ligand exchange has most often been applied to metal oxide and alloy (for example,
MPt) nanoparticles. An early report by Rotello demonstrated that for iron oxide, the ligand
geometry, steric bulk, and denticity were significant factors that determined the stability of the
magnetic nanoparticles both in solution dispersions and in the solid state.62 These studies revealed
that a bidentate binding motif (for example, using 1,3-propanediol) provided the best solution
stabilization of iron oxide, whereas steric bulk was necessary for solid state stability.62 Choice of
ligand to employ on the particle surface is therefore dictated by the desired application of the
material in the solid or solution state. Recent studies by the Xu group have shown that a catechol
(that is, orthohydroxyphenol) style binding group is extremely effective for both ligand exchange
and phase transfer of oxide nanoparticles.63

Since this report, a series of publications has

followed that describe the use of dopamine-based ligands for applications ranging from
biological,32,64 catalytic,65 and fluorescent labeling.66 Although a recent report has questioned the
long-term stability of these materials,67 the effectiveness of dopamine-based ligands for surface
stabilization and functionalization of magnetic oxides is undeniable.
Replacement of carboxylic acid containing surfactants on oxide nanoparticle surfaces
with other organic acids, hydroxide and polyols has also been widely studied. The exchange of
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surface acids for strongly ionic compounds has been used on several occasions to impart water
solubility, for example with citrate,68 tetramethylammonium hydroxide,69 and acetate.70 Lattuada
and Hatton reported the use of retinoic acid as an exchangeable group for further
functionalization.71 The terminal OH group of the acid moiety was used for further synthetic
reactions that ultimately led to polymerization with acrylic acid.71

While polymer coated

particles will be discussed in a separate section, it is interesting to note that together with the
ligand exchange methods, this chemistry was leveraged to add polymer to only one side of
particles, forming small Janus-type (that is, heterogeneity between hemispheres) nanoparticle
polymer composites.71 Baldi and Franchini used glycol-terminated cobalt ferrite nanoparticles
and exchanged these with alkylphosphonic acids and alkylhydroxamides by utilizing the
preferential binding of these ligands to the native oxides,72 to form both water- and organicsoluble CoFe2O4 nanoparticles.73
Thiol-containing ligands have been investigated for functionalization of FePt
nanoparticles: following exchange of amine-containing ligands for the thiols, Johnson et al.
concluded that during this process the Pt-N bond is replaced by the Pt-S bond.74 This has been
exploited to produce water soluble FePt nanoparticles bearing terminal amine or pyridine
groups.75 In the case of the amine-functionalized particles, these were titrated with the molecule
fluorescamine in a fluorescence assay to determine the amine content per milligram of FePt
particles.75 Rotello et al. also have used thiol and carboxylic acid ligand exchange chemistry to
functionalize FePt nanoparticles. These particles were reacted to form magnetic superstructures
by linking with metal ions,76 ferritin proteins,77 and DNA.78 This research group also employed
the amine-thiol and acid-acid exchange to form superhydrophobic nanoparticles containing
perfluorinated ligands.79
Several recent reports describe the use of mercaptoalkanoic acids of varying lengths as
phase transfer agents for FePt and ferrite nanoparticles.

Cheon and coworkers used 2,3-
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dimercaptosuccinic acid to cap and link MnFe2O4 nanoparticles to virus capsids via covalent
linkers.80 Tanaka and Maenosono demonstrated that aminoethane thiol was also an effective
aqueous phase transfer agent for FePt particles,81 while Chiang et al. made use of mercaptoacetic
acid.82 Cobalt ferrites have also been successfully transferred to aqueous dispersions using 11mercaptoundecanoic acid.83

1.3.3 Silanes & Siloxanes
Strong surface bonds can also be achieved via silane or siloxane reaction with hydroxyls
on the magnetic oxide nanoparticle surfaces. Note that here we refer to only functional silanes
bonded directly to the metal oxide surface, and that related reactions that are used following
introduction of a SiO2 shell are discussed below.

While this could fall under our definition of

surface adsorption, it is discussed in this section because of the prevalence with which it has been
applied to nanoparticles containing existing monolayers. Silane/siloxane functionalization of
magnetic oxide nanoparticles resembles ligand exchange in that the Si-O-M bond replaces the HO-M or C-O-M bond at the surface. However, unlike ligand exchange, the Si-O-M bond may not
be removed or further exchanged without etching the particle.
There have been several reports of direct siloxane attachment to nanoparticles surfaces;84
a general reaction scheme for this process (on Fe2O3 particles) is shown in Figure 1-1. While the
exact reaction conditions vary between reports, the general strategy is to add a functional siloxane
(for example aminopropyltriethoxy silane (APTES) or the methoxy analog (APTMS)) to
nanoparticles that have been dispersed by sonication (for example, in ethanol, toluene, water or a
combination of these under slightly acidic or basic conditions). Following heating for several
hours (3 – 24 h), the magnetic particles are isolated by magnetic precipitation and washed to
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Figure 1-1: Reaction of a trimethoxy-alkyl silane with the surface hydroxyls of iron oxide
nanoparticles to modify the surface with alkyl silanes. (not to scale).
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remove excess siloxane. These procedures typically form densely linked network shells with a
large number of functional moieties exposed to the solution.85,86
Some research groups have sought to avoid reaction in water or alcohol, and so have
explored synthetic alternatives to these reactions. For excellent example, CoFe2O4 nanoparticles
produced by high temperature reduction in organic solvents were dispersed in hexanes with
0.01% acetic acid by volume, and then reacted with siloxanes that formed covalent bonds to the
nanoparticle surfaces.86 Siloxanes containing NH2, COOH and PEG resulted in particles with the
highest solubility and good stability.86 This strategy will likely serve as a starting point for the
general use of this functionalization strategy on nanoparticle surfaces. In a similar approach, Shen
and coworkers modified the surface chemistry of iron oxide nanoparticles with oleic acid
surfactant by reacting these with trichloroalkyl silanes in chloroform to attach octadecyl chains.87
Although HCl is produced during the reaction with the surface, this did not dissolve the
nanoparticles, although it is known to do so in water.87
In almost all cases, silane and siloxane chemistry is a means by which to covalently
attach a simple pendant chemical functionality such as an amine, carboxylic acid or thiol to the
particle surface. This species can ultimately be used for further reaction of the nanoparticle
monolayer to create more complex and multifunctional particles.

A common goal is the

attachment of biologically relevant species to the particle via imine coupling with aldehydes or
amide coupling with carboxylic acids. For example, Katz et al. attached microperoxidase-11 via
an amide bond using EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide).88 English and
coworkers used APTES to coat commercially available 32 ± 18 nm diameter magnetic iron oxide
nanoparticles with amine termini, and subsequently used these to imine-link gluteraldehyde.89
These gluteraldehyde-modified particles were employed to evaluate the on-particle activity of
mouse IgG antibodies; studies showed that approximately 34 antibodies could be bound to each
particle while retaining ~50% of their native activity.89 Kawamura and Sato used crown ether
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functionalized siloxanes to modify iron oxide nanoparticle surfaces, and demonstrated using these
structures as magnetically separable phase transfer catalysts.90

In simple nucleophilic

substitutions, the yields of the reactions were comparable or improved versus free crown ether.90
Gao et al. have used siloxane chemistry to conjugate Pd cross-coupling catalysts to the surface of
magnetic nanoparticles for the synthesis of biaryl products.91 Figure 1-2 shows the Suzuki
catalysts bound to an Fe2O3 nanoparticle surface along with the well-known general organic
transformation. Using resin bound starting materials and magnetically recoverable imidazole
ligated Pd Suzuki catalysts, reasonable yields with excellent purity were achieved for several
aromatic products.91 Further investigations of the effect of particle size on the reaction revealed
that smaller (~ 4 nm diameter) particles provided the best synthetic yields, which was attributed
to the ability of the resin to incorporate the magnetic particles.91

1.3.4 Monolayer Reactions
Reactions of molecular monolayers to make functional nanomaterials have an enormous
variety, yet the available chemistries for magnetic nanoparticles are relatively limited. While the
intrinsic magnetic properties of magnetic nanomaterials have been investigated for some time,
there has been limited interest in their chemical functionalization. The chemistries that have been
developed are rarely generally applicable methodologies. Several have already been discussed in
the previous sections (imine and amide coupling, radical polymerization, ester formation) and
readers are again referred to the Au nanoparticle monolayer chemistry of Murray,3,60B,92 Fan,93
and Williams94 for examples of the breadth of monolayer reactions. In this section we will visit
these general methodologies already demonstrated on magnetic nanoparticles as examples of the
chemistries that remain untested but should ultimately be applied for magnetic nanoparticle
functionalization.
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General Suzuki Reaction

Figure 1-2: (Top) Pd cross coupling for the Suzuki reaction of Fe2O3 particles, compared to
(Bottom) the general Suzuki reaction. (not to scale).91 Reprinted with permission from Zheng,
Y.; Stevens, P. D.; Gao, Y. J. Org. Chem. 2006, 71, 537-542. Copyright 2006 American
Chemical Society.
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Due to its high specificity and mild conditions, the 1,3-dipolar cycloaddition reaction of
azides with alkynes shown in Figure 1-3 has been broadly applied in materials chemistry
including several reports on the surfaces of magnetic nanoparticles. Originally applied as a
functionalization strategy to polymeric nanoparticles,95 this reaction was adapted to metallic Au
nanoparticles by Williams et al. for the attachment of functional moieties.94A

Chapter two

discusses the feasibility of the uncatalyzed reaction for modification of Au particle surfaces using
a variety of ligands. Surface yields of cycloaddition were found to be low even after stirring for
extended periods of time (96 h).94A A subsequent study described in chapter 3, infrared
spectroscopy was used to show that similar reaction rates were observed for nanoparticle
monolayers and small molecule analogs in solution.94B These results showed that the presence of
the nanoparticle had little effect on the efficacy of the cycloaddition reaction, and only small
steric effects due to crowding of the azides proximity were observed.95B These and other general
trends of cycloaddition will be discussed in more detail in chapter three.
Several reports subsequently used Cu+1 catalysts for the click (Cu catalyzed 1,3-dipolar
cycloaddition) reaction on magnetic nanoparticles: Turro and coworkers demonstrated the use of
phosphonic acid terminated alkyl azides to covalently attach alkyne-containing polymers and
small molecules.61A

Concurrently, Weissleder et al. reported that simple carboxylic acid

terminated alkyl azides and alkynes on magnetic particle surfaces could be used to attach
biologically active molecules or biomolecular dyes.96 The in vivo function of these materials was
examined using optical microscopy. Similar chemistry was used to attach 2,4,6-trinitrophenol to
iron oxide nanoparticles bearing alkyl azides to demonstrate the use of 1,2-diols as surface
ligands.97 Lin et al. have also adopted this chemistry for functionalizing iron oxide core/silica
shell particles with biologically active agents and proteins.98
Other chemistries besides 1,3-dipolar cycloaddition have been used to functionalize the
pendant groups on as-prepared magnetic nanoparticles. Ponti et al. first demonstrated tosylation
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Figure 1-3: General reaction scheme for the 1,3-dipolar cycloaddition ("click chemistry") of an
azide (N3) and an alkyne to form a triazole ring.
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of the pendant alcohols and conversion to thioethers, followed by esterification via anhydrides
and carbodiimide coupling reagents.99 In another reaction, tertbutyldiphenyl siloxane was shown
as an effective protecting group for alcohols during ligand exchange which could be removed
with tetrabutylammonium fluoride.100

Using this synthetic building block, the deprotected

alcohol esterified to the 2-bromo-propionate ester, groups that could polymerized on the surface
of the particles.100 Instead of reaction of the pendant hydroxyls, Harris and Lee took advantage of
the double bonds present in oleic acid and reacted these with ozone to form pendant aldehydes
and carboxylic acids.101 It is hypothesized that the resulting aldehyde-containing particles could
be used in standard organic reactions to further modify the particle monolayers.101

1.3.5 Encapsulation
Many of the envisioned applications of functional magnetic nanoparticles involve
complex environments (for example, in cells and biological fluids) and the stability of the particle
must be considered. The potential for particle decomposition or metal leaching could very
negatively impact the performance of engineered nanomaterials; for biological systems, toxicity
of nanomaterials is an ongoing and enormous challenge. Many species present in complex media
may be capable of undergoing ligand exchange reactions on the nanoparticle surfaces, displacing
the surface molecules and potentially leading to particle insolubility and agglomeration. To
address the issue of particle stability, one strategy has been to encapsulate nanoparticles in a
complete shell of another material (often denoted as Core@Shell or Core/Shell). Nanoparticles
have been encased in a wide range of materials from polymers, to noble metals, and glass, which
are discussed below. The composite materials are designed to protect the magnetism of the core
material and at the same time incorporate an outer shell surface that can serve as a robust handle
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for further chemical modifications. In this section each of the major types of shell formation, and
some recent work in this area with more exotic materials, will be described.

1.3.5.1 Encapsulation: Silica (SiO2)
Probably the most well known and widely applied method of nanoparticle encapsulation
is the formation of a glass or silica shell. Siloxane chemistry (Section 1.3.3) provides robust
surface bonds to many metal oxide nanoparticles; oxide-based materials represent the bulk of the
papers that report the encapsulation of magnetic particles by silica shells. These core@SiO2
materials have the added advantage of well-known silica surface chemistry, and a wide range of
chemically functional chlorosilanes and siloxanes are commercially available. However, the
silica shell thickness can be difficult to control and many synthetic techniques do not selectively
coat individual nanoparticles but instead result in aggregates of many particles conjoined by the
silica.
The synthesis of core@SiO2 materials is straightforward and, although many variations
exist, is generally known as the Stöber process shown schematically in Figure 1-4.102
Commercially available tetraethylorthosilicate (TEOS) is combined with a sample of metal oxide
nanoparticles that have been dispersed in water or water/ethanol. Polymerization is initiated by
addition of aqueous hydroxide (most commonly ammonium hydroxide), and the material is
allowed to polymerize for several hours, after which it is washed and dried. Yang and coworkers
carefully investigated the effect of tetramethylammonium hydroxide (TMAOH) on Fe2O3@SiO2
nanoparticles, and showed that the number of particles per silica shell decreased with increasing
TMAOH concentration.103
Often the addition of an amphiphile that forms reverse micelles can improve the quality
of these structures; both encapsulating a single particle in a shell and the shell thickness are
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Figure 1-4: General reaction scheme for the Stöber synthesis, during which an alcoholic solution
containing water, ammonia and an alkyl silicate are reacted to form silica spheres of relatively
uniform size.102
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reported to be controllable based on the size of the micelle. For example, Korgel and coworkers
used Igepal CO-520 in cyclohexane to individually and uniformly coat 6 nm diameter FePt
nanoparticles with a 7 – 23 nm thick SiO2 layer, whose thickness was controlled by variation of
the TEOS to FePt ratio.104 Transmission electron microscopy images of the FePt nanoparticles
before and after encapsulation in the SiO2 shell using this approach are shown in Figure 1-5.
However, this method was effective for only larger particles – similar reaction with smaller 2.7
nm diameter FePt particles resulted in agglomerates.104 Lee and Lee later demonstrated that ~30
nm diameter Fe2O3@SiO2 nanoparticles with good size uniformity could also be synthesized by
this approach.105 Rossi et al. employed polyoxyethylene(5) isooctylphenyl ether emulsions in
cyclohexane to produce Fe3O4@SiO2 particles which were then further functionalized with
APTMS and RhCl to produce magnetically recoverable nanoparticle hydrogenation catalysts.106
Recently Duran and coworkers have investigated the interplay of the relative amounts of
surfactant (Triton X-100 in 1-hexanol), water, and cyclohexane to control silica shell formation
on Fe2O3 nanoparticles.107 By varying the amount of total water in the system, it was found that
the number of particles per core@shell structure could be controlled, and the total diameter was
tunable between ~34 – 120 nm.107
Methods that were initially developed for noble metal particles suffice to encapsulating
non-oxide magnetic particles such as cobalt. These techniques can uniformly and controllably
encapsulate the particles in a silica shell by first using amino silanes as an initial "sticky" group
for the surface from which a shell can grow.108 Recently Dravid et al. used pure Co nanoparticles
prepared by aqueous reduction with NaBH4 and modified their surfaces with APTES as an initial
binding layer.109 This report demonstrated that the Co core size was a function of the initial
Co/citrate ratio, and more importantly the SiO2 shell thickness was determined by the subsequent
APTES/TEOS ratio.109

21

Figure 1-5: Transmission electron microscopy images of A) FePt particles before reaction and
B) FePt particles following encapsulation in silica and C) a higher resolution image of the
particles in B.104 Reprinted with permission from Lee, D. C.; Mikulec, F. V.; Pelaez, J. M.;
Koo, B.; Korgel, B. A. J. Phys. Chem. B. 2006, 110, 11160-11166. Copyright 2006 The
American Chemical Society.
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Ultimately, the goal of these encapsulating procedures is to produce nanoparticles
capable of simple functionalization via siloxane reagents. Undoubtedly the majority of these
reports involve the use of trialkoxy-aminopropyl silane reagents for the attachment of metals
salts,110 biomolecules,111 or fluorophores.112

However, there have been many reports of

alternative applications of these materials. Chen and Chen attached octadecyl chains to iron
oxide@SiO2 as a method of rapidly desalinating DNA samples.113 By employing microwave
heating, these composite particles trapped DNA at concentrations of up to 625 pmol per mg of
nanoparticles.113 Xue and coworkers employed Fe3O4@SiO2 particles as the substructure for
magnetic fluorescent structures.114 Magnetic nanoparticles were first encapsulated with a SiO2
shell in a reverse micelle, and then quantum dots were added directly to the silanization solution
together with additional reactants to form more SiO2 on the particle surface.114 The ~ 80 nm
diameter composite particles retained the strong quantum dot luminescence (blue shift ~20 nm),
however the magnetic moment was reduced to 7% of the pure Fe3O4 sample.114
Silica shells have also been used as intermediates for subsequent encapsulation in other
materials. Chen and coworkers reported the use of SiO2 as an intermediary for TiO2 shells that
could then be used to break down biological materials under UV irradiation.115 Sunkara and
Misra on the other hand used TiCl4 to directly form a titanium oxide shell on the surface of
NiFe2O4 nanoparticles (that is, NiFe2O4@TiO2).116 Tungsten doping of the TiO2 shell further
enhanced the effectiveness of the photocatalyst.116 Qian et al. recently prepared Fe2O3@SiO2
particles with an outer shell of lanthanide-doped NaYF4, yielding magnetic particles with
luminescent surfaces that could also be functionalized with siloxane chemistry.117 Finally, in a
pair of recent papers Chen and coworkers used a thin layer of SiO2 to coat iron oxide
nanoparticles and enable subsequent deposition of a shell of Al2O3 using aluminum
isopropoxide.118
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1.3.5.2 Encapsulation Metallic & Semiconductor Shells
Au thiol monolayer chemistry is arguably the most recognizable method of
functionalizing nanoparticles. Significant efforts have therefore been made toward encapsulating
magnetic nanoparticles in Au or analogously in Ag. In addition to their well defined surface
chemistry, noble metal shells are expected to have surface plasmon waves with resonant
frequencies in the visible to near IR region of the spectrum.119
Encapsulating magnetic nanomaterials in metallic shells can be synthetically difficult
because of the surface energies, lattice matching, and wettability in addition to the need to
selectively deposit metal on the surface of existing particles rather than nucleation and growth of
new particles in solution. In many instances, the reduction potential of a metal salt at an existing
surface is lower than in solution,120 however careful control over experimental conditions and
extensive characterization is needed. Many analytical techniques, such as UV-visible absorbance
spectroscopy (for plasmon resonance) and powder x-ray diffraction, provide an ensemble average
of the entire sample and therefore do not conclusively confirm shell formation. Detailed highresolution TEM and EDX measurements, with sampling of many particles and statistical analysis,
are critical to substantiate formation of the shell on the outer magnetic particle surface.
Despite these challenges, magnetic core@Au or other metallic shells have great potential
in the field of functional magnetic nanomaterials.

While there is no standard method of

producing Au shells for magnetic nanoparticles, methods can be grouped into two categories:
those that use Au salts (generally AuCl4-) and those that use Au nanoparticles. Here we will
provide a brief discussion of both methods along extension to other metallic shells and
semiconductors.
In 2004 Williams et al. reported the use of hydroxyl amine seeding to form Au shells on
iron oxide magnetic nanoparticles, confirmed by TEM and EDX.121 In addition, it was observed
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that Au preferentially deposited on γ-Fe2O3 versus Fe3O4, and the Au shell did not affect the
individual particle magnetic moment.122 Additional methods of producing Au shells have
emerged for iron oxide and other magnetic nanoparticles. For example, Tarr and coworkers first
deposited amorphous TiO2 shells on iron oxide nanoparticles and the TiO2 then served as a
photocatalyst for the surface reduction of AuCl4-.122 The quality of the Au shell was seen to be
directly correlated with Au concentration; roughly shaped aggregates formed at low levels of
Au.122 Inverse micelles made from cetyltrimethylammonium bromide (CTAB) were reported to
produce Fe2O3@Au.123 Comparison of the properties of these materials to particles coated in
MPEG and starch, determined that the Au coated particles had the best long term stability.123 Pal
et al. also used the inverse micelle approach with glucose to prepare Fe3O4@Au nanoparticles,
which were later used for bioelectrochemical detection of DNA, antibody capture, and
horseradish peroxidase.124
In contrast, Sun et al. used oleyl amine and oleic acid stabilized iron oxide particles with
excess amine in chloroform as a reducing agent for Au3+ ions to preferentially deposit Au on the
particle surfaces.125 Continued deposition of Au or Ag while in the CTAB micelle was used to
increase and control the thickness of the outer metal shell, effectively controlling the resonant
plasmon wave absorbance band over a 60 nm wavelength range.125 Majectich and coworkers
demonstrated the use of a covalent linkage to attach small Au clusters (~2 nm diameter) to iron
oxide nanoparticles as surfaces which act as initiators for Au shell growth.126 Oleic acid and oleyl
amine surfactants were first stripped from the magnetic particle surface using TMAOH, and the
particles stabilized with 11-mercaptoundecanoic acid.126 The terminal thiol groups were used to
capture added Au particles, and these subsequently used as nucleation points for further
tetrachloroaurate reduction by formaldehyde.126 Small attached Au particles have also been used
as the source of the shell by heating these to cause them to coalesce, producing a highly uniform
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Au shell around iron oxide nanoparticles.127 A review has been recently published describing this
work and other Au shells on iron oxide particles.128
There have been several types of magnetic nanoparticles coated with Au shells that have
cores made of materials other than iron oxide. Wei et al. demonstrated encapsulating FePt
nanoparticles with Au by reduction of Au acetate.129 Wang and coworkers have reported
preparation of both FeCo@Au and FeCo@Ag particles by magnetron sputtering, a technique that
produced particles that were spherical and cubical in shape and had very thin Au or Ag shells.130
Co@Au particles have been made in solution using a displacement reaction between the Co
nanoparticle core and dissolved AuCl4- according to the reaction:131

Con + N[(CH2)7CH3]4(AuCl4) → Co(n-1)@Au + CoCl3 + N[(CH2)7CH3]4Cl

Eq (1)

This method was reported to be able to carefully control the thickness of the Au layer, however,
because of removal of Co atoms during the reaction the magnetic particle size (and therefore the
magnetic properties) decreases as additional Au is deposited on the surface.131
Using this range of methods, several other types of metallic shells on magnetic particles
have been reported in the recent literature. Ag shells are of particular interest for their plasmonic
properties and lower cost relative to Au: Inglesias-Silva et al. produced Ag-coated iron oxide
nanoparticles by glucose reduction of AgNO3 in a microemulsion.132 Poddar and Srinath used a
displacement reaction analogous to Eq (1) to make Co@Ag nanoparticles.131,133

Encasing

particles in a Pt shell has been of interest for generating magnetically recyclable catalysis: Cheon
and coworkers demonstrated that Co@Pt particles could be prepared by using cobalt
nanoparticles as ‘seeds’ for preferential deposition of thermally decomposed Pt(hfac)2
(hexafluoroacetylacetonate).134

More recently the Co@Pt particles were used for catalytic

reduction of alkenes under hydrogen, and magnetically recovered from the solution following the
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reaction.135 Core@Shell Ni@Pt nanoparticles were reported to be produced by addition of KBH4
into a solution of 1,2-propane diol containing Ni acetate and oleic acid.136 The borohydride
caused nucleation and growth of small Ni particles, after which H2PtCl6 was added to the hot
reducing environment to form the reduced Pt on the outer surface of the Ni particles.136
In addition, several groups have reported deposition of luminescent semiconductor shells,
building on the studies of concentric shell formation and encapsulation in semiconductors and
quantum dots,137 and this discussion is limited to the recent reports of magnetic particle cores
with semiconductor shells. We distinguish these from methods that incorporate quantum dots
with magnetic particles in oxide or polymeric materials.138 For example, a recent report describes
a method by FePt@CdSe or FePt@CdS nanoparticles are formed in a single step, although the
products contained both particles with the desired core/shell structure and interconnected
agglomerates.139 Using CdO as the initial shell surface precursor enabled the controlled formation
of the core/shell nanoparticle; the CdO layer was subsequently converted to the semiconductor by
addition of Se or S.139 Parak and coworkers performed a detailed investigation of a variety of
semiconductor shells on FePt nanoparticles,140 and demonstrated that by beginning with a
sulfurous layer on the particle surface, CdS, CdSe, ZnS, and PbS could all be layered onto FePt
surfaces giving FePt@shell structures. Further heating of these caused de-wetting of the surface
and spontaneous formation of discrete heterodimer particles of FePt-semidconductor.140

1.3.5.3 Encapsulation: Polymeric and Carbon Shells
By far the largest class of functional magnetic nanomaterials is core@polymer structures.
These materials comprise a vast amount of literature and easily warrant a full review in their own
right. In the interests of space we will instead attempt to provide a broad overview of reports that
have appeared in the recent literature. Polymeric shells are generally formed by applying the
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methods described in sections 1.3.1 and 1.3.2 (surface adsorption, ligand exchange for surface
initiated polymerization) or synthesis in the polymeric media. Surface adsorption and in situ
synthesis represent the bulk of the reports on the topic. In addition, the types of polymers that
have been coated on magnetic nanoparticle surfaces fall into three categories: naturally occurring
polymers (for example, polysaccharides), synthetic polymers, and block copolymers.

1.3.5.3.1 Encapsulation: Biopolymers
The literature contains several reports of the use of polysaccharides to coat magnetic
nanoparticles. For example dextran, the structure of which is shown in Figure 1-6A, was reacted
in the presence of urea and iron oxide nanoparticles to form dextran-coated magnetic
nanoparticles.141 Fernández-Lafluente et al. showed that dextran could be attached to the surface
of

carboxyl

terminated

iron

oxide

particles

using

EDC

(1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide) and butylenediamine, and that these nanomaterials could be
used as solid supports for polymerase chain reaction (PCR) amplification of DNA.142

The

combination of on-particle PCR with enzyme-linked immonosorbtion assay (ELISA) enabled the
detection of 10-19 g target DNA in the presence of excess non-complementary oligonucleotides.142
Alternatively, Chen and coworkers used EDC to directly attach carboxymethyl chitosan
(an aminated polysaccharide, Figure 1-6B for the structure of chitosan) to iron oxide nanoparticle
surfaces.143 The chitosan was crosslinked by gluteraldehyde to form a polymeric shell.
Crosslinked chitosan shells have been used by Zhang et al. to link the enzyme papain to magnetic
nanoparticles; an increased hydrolysis rate of casein and longer stability was observed when the
enzyme was conjugated to the sugar coated particles.144 Imine crosslinking between a chitosan
shell and alcohol dehydrogenase has also been used to link the enzyme to magnetic particles, and
was shown to improve the stability of the enzyme although the activity was diminished.145 All of
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Figure 1-6: Structures of A) branched polysaccharide dextran and B) polysaccharide chitosan.
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these magnetic nanoparticle conjugates have applications in biological systems, and Zhu et al.
recently investigated their cytotoxicity. Using succinic acid terminated chitosan shells on iron
oxide nanoparticles, no increased toxicity relative to the free polymer was observed over a 72
hour period, however, the long term in vitro cell viability was not yet studied.146
A number of other biopolymer shells have been attached to magnetic nanoparticles. Iron
oxide particles with polyaspartate acid shells were prepared by adsorption of the ionically
charged polymer to the particle surface.147 Compared to polymethyl dextran, the iron oxide@
polyaspartate particles were found to have better uptake in cancer cells and leukocytes and did
not inhibit cell growth.147 Alginate protected iron oxide nanoparticles were produced by
coprecipitation of the iron salts, immediately followed by addition of alginate.148 Layer by layer
assembly has been used to sequentially deposit carboxymethylpullulan and chitosan on the
surface of magnetic Ni nanowires to increase solubility and biocompatibility.149

1.3.5.3.2 Encapsulation: Synthetic Polymers
An enormous body of literature describes the encapsulation of magnetic nanoparticles
with synthetic polymer shells; we have selected key examples from the recent literature as a
starting point for this broad area of active research.
Surface adsorption of polymers to the magnetic nanoparticle surfaces is one major
strategy for formation of a polymeric shell. As an example, the trifunctional copolymer shown in
Figure 1-7 was used to link to the surfaces of iron oxide nanoparticles.150 The dopamine groups
in the copolymer reacted with the hydroxyls on the surface of the iron oxide to form covalent
linkages; other species present in the polymer provided fluorescent (for imaging) and amine
groups.150 The free amine groups in the polymeric shell were reacted using amide coupling
chemistry (using EDC) to attach dsRNA-polyinosinic-polycytidyl acid to enable particle
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Figure 1-7: Copolymer modification of an iron oxide nanoparticle surface by attachment through
dopamine(s). The polymer also contains multiple dopamine substituents (x), a fluorescent
monomer piperazinyl-4-chloro-7-nitrobenzofurazane (y), and amine terminated monomer (z)
for protein conjugation.150 Mohammed Ibrahim Shukoor, Filipe Natalio, Nadine Metz,
Natalie Glube, Muhammad Nawaz Tahir, Helen Annal Therese, Vadim Ksenofontov, Patrick
Theato, Peter Langguth, Jean-Paul Boissel, Heinz C. Schröder, Werner E. G. Müller,
Wolfgang Tremel: dsRNA-Functionalized Multifunctional γ-Fe2O3 Nanocrystals: A Tool for
Targeting Cell Surface Receptors. Angewandte Chemie International Edition. 2008. 47.
4748-4752. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.
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localization at the cell wall of Caki-1 cells.150 Yao et al. used methylacrylic acid and N,N'methylene-bis-acrylamide to coat magnetic nanoparticles in a polyacrylate shell for αchimotrypsin immobilization, which was determined to have 82.7% of its native activity.151
Surface-initiated polymerization of magnetic nanoparticles to form polymer shells is an
alternative and effective route. As a representative example, iron oxide nanoparticles were coated
in thermally responsive poly(2-methoxyethyl methacrylate) (PMEMA) by surface initiated atom
transfer radical polymerization (ATRP).152 The Fe2O3@PMEMA particles remained soluble in
50oC methanol but completely precipitated when the temperature was lowered to 20oC.152
Solubility was impacted at a critical temperature that was inversely related to the chain length,
and was attributed to steric inhibition of chain coiling.152 More recently, Schmidt and coworkers
used surface initiated ATRP to coat cobalt nanoparticles in poly-ε-caprolactone.153

These

particles were used to heat solutions under an AC magnetic field; as the thickness of the polymercoating increased, the heating ability of the nanomaterials increased, likely a result of weaker
interparticle magnetic coupling.153 Takahara et al. investigated both surface-initiated ATRP and
nitroxide-mediated radical polymerization (NMRP) on iron oxide nanoparticle surfaces.154
Surface initiators were bound through siloxane or phosphate groups to the nanoparticle surfaces,
and subsequently polymerized with styrene or 3-vinylpyridine.154 Efficiencies of the surface
radical initiation processes varied between 10 and 30%, and the resulting solubilities of the
nanoparticles were a direct result of the type of polymer shell.154
Solution synthesis of nanoparticles in the presence of polymers is the final route for
preparation of core@polymer materials.

Gedanken and coworkers have used sonochemical

methods to produce iron oxide nanoparticles in the presence of polyvinyl alcohol.155 These
nanoparticles were then functionalized with APTMS, giving spherical particles with a final
particle diameter of ~11 nm and amine termini.155B After attachment of anti-PKCα, the particles
were loaded into sperm cells and the antibody was shown to remain active.155B
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Microgels encapsulating magnetic iron oxide nanoparticles were synthesized by iron
coprecipitation in the presence of a copolymer containing N-vinylcaprolactam, acetoacetoxyethyl
methacrylate, and vinylimidizole.156 The researchers found that the resulting gel coated magnetic
particles had smaller hydrodynamic radii compared to the pure polymer, and this was a function
of temperature and pH. The critical temperature of these responses was also dependent on the
presence of magnetic nanomaterials.156 Another interesting nanoparticle composite material was
described by Pyun and coworkers, who developed a method to form long chains of Co
nanoparticles.157 Thermal decomposition of Co2(CO)8 in the presence of a polymer mixture
containing amino phosphine oxide, alkyl phosphine oxide, amine, and/or carboxylic acid binding
groups self-assembled the particles into linear structures.157
In some cases multifunctional nanoparticles have been used during polymer synthesis
(that is, as a monomeric building block) to form a cross-linked dense networks. For example,
Park and coworkers utilized dopamine as the surface binding group and cross-linking agent for
polydimethylsiloxane.158 The researchers saw an impact on the overall mechanical properties of
the elastomer: the particle composite was nearly twice as rigid and slightly harder.158

1.3.5.3.3 Encapsulation: Block Copolymers
Recently there have also been several reports of block copolymers for formation of shells
and encapsulation of magnetic nanoparticles. These types of materials are advantageous because
of the intrinsic and controllable structure of the polymer blocks. This is useful for promoting
particle interactions, solubility, and potentially uniform shape of the core@shell nanocomposite.
Kim and Taton have used block copolymers to encapsulate iron oxide, CdSe@ZnS, and Au
nanoparticles into multiparticle composites with polyfunctionality.138A To do this, the block
copolymer polystyrene-b-polyacrylic acid was added with hydrophobic nanoparticles to a
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microemulsion in water, and a cross-linker was subsequently added.138A, 159 Co-encapsulation of
the quantum dots with iron oxide nanoparticles was found to significantly reduce the quantum
yield of the semiconductors.138A Gao et al. encapsulated iron oxide nanoparticles with
doxorubicin (an anti-cancer agent) in block copolymer shells of maleimide-poly(ethylene glycol)block-poly(D,L lactide).160 The external surface was functionalized with cyclic Arg-Gly-Asp
peptide (cRGD) to specifically target αvβ3 endothelial integrins and promote cellular uptake.160
Doxorubicin release from the polymer was found to increase at higher pH.160
In another example, Belfield and Zhang used ring opening metathesis polymerization
(ROMP) to form di-block copolymers for the synthesis and stabilization of iron oxide
nanoparticles.161 Block copolymers were synthesized from norbornene and the 2-cyanoethyl ester
of norbornene carboxylic acid; more stable and crystalline iron oxide particles were observed
when the cyano ester block was larger than the norbornene.161 Very recently Svergun, Bronstein
and coworkers produced magnetic iron oxide core@block copolymer shell nanoparticles with
good size monodispersity.162 The iron oxide nanoparticles were produced through standard high
temperature reduction routes with oleic acid to yield highly uniform magnetic nanoparticle
sizes.162 Poly(maleic anhydride-alt-1-octadecene) was added, and the hydrophobic chains of the
octadecene block interpenetrated the surface-bound oleic acid ligands.162 Using small angle x-ray
scattering (SAXS), these researchers demonstrated that 99.9% of the polymeric shells contained
only a single nanoparticle. 162

1.3.5.3.4 Encapsulation: Carbon Shells
There is growing interest in using carbonaceous shells to encapsulate magnetic
nanoparticles.

These materials are attractive because it is believed that carbon will be

biocompatible, and because of the large amount of known chemistries for functionalizing carbon
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surfaces.163 For example, Ni@C nanoparticles were made by laser-induced metal complex
heating and then functionalized by oxidizing with sulfuric and nitric acids to give a carboxylic
acid terminated surface.164 The carboxylic acids were then used for acid chloride condensation
with amines to form amide surface bonds. Alternatively the carbon shell has been functionalized
via radical addition to peroxides to form acid termini.165 In this report, Hu and coworkers used
the base catalyzed reduction of KPtCl4 to form small Pt nanoparticles on the carbon shell surface;
the Pt particles were used as hydrogenation catalysts on a magnetically recyclable particle.165 A
recent paper by Wei et al. described the use of sugar dehydration to form carbonaceous shells on
Ni and FeNi nanoparticles.166 The resulting carbon shells were determined to be ~8 nm thick
(total particle diameters 28 - 65 nm) and contained hydroxyl and carboxylic acid functional
groups.166

1.3.6 Lipids and Dendrimers
Nanoparticle surfaces have been modified with both dendrimers and phospholipids,
which we group into a separate category for the purposes of organization since neither can be
considered polymeric. The long aliphatic chain of phospholipids will insert into the hydrophobic
molecular monolayer on nanoparticle surfaces, forming a micelle-like structure without formation
of direct bonds or electrostatic attraction to the particle. Dendrimers have also been used to
encapsulate nanoparticles and act as a template for their synthesis.
The encapsulation of magnetic nanoparticles by lipids or phospholipids has been
explored most heavily by the biological community because of their potential relevance to this
field. Phospholipids are commercially available with a large assortment of appended fluorescent
dyes, chain termini (such as amine, carboxylic acid, biotin, His-tags, and so on), PEG chains, and
ionic charge.167 Incorporation of phospholipids on magnetic particles is employed so that the host
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of biocompatible functionalization methods can be applied. Encapsulation by phospholipids is
straightforward and relies on favorable van der Waals interactions between the lipid alkyl chains
and the particle monolayer. Using the methodology that was originally applied to quantum dots,
chloroform solutions of phospholipid are added and stirred with magnetic particles bearing long
chain alkyl ligands.168 These solutions are evaporated and suspended in warm water, and purified
by standard methods.13 A general schematic of phospholipids on the surface of a magnetic
particle is shown in Figure 8, which has attached polyethylene glycol (PEG, molecular weight
3000) termini to promote solubility in aqueous solutions.

An in depth discussion of lipid

chemistry on magnetic nanoparticles has recently been published.169 Here we touch on some of
the recent work performed in this area.
The use of phospholipids or lipid bilayers has been of interest for applications in
functional materials, separations and microfluidics. Because of the ease with which these highly
crystalline, monodisperse nanoparticles are functionalized and rendered water soluble, this has
been exploited by a number of groups. For example, Held and coworkers used phospholipids
terminated in either single strand oligonucleotide DNA or biotin on MnFe2O4 and Fe2O3 particles
to pattern these onto surfaces containing complementary DNA or streptavidin.168B Chung et al.
used functional phospholipids containing either PEG or Ni nitrilotriacetic acid complexes (NiNTA) to separate proteins,170 relying on the preferential binding of the Ni for His-tagged
proteins.171 The PEG lipids served to suppress nonspecific adsorption and therefore improve
selectivity of the nanoparticle capture agent.170 Due to the increased surface to volume ratio, the
magnetic nanoparticles were almost two orders of magnitude more effective at capturing Histagged protein than commercial beads.170
Honda and associates developed methods for forming complex lipid bilayers on iron
oxide nanoparticle surfaces, with the aim of using these for hypothermia treatment of
melanoma.172 Iron oxide nanoparticles with 10 nm diameters were coated in a bilayer containing
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Figure 1-8: Representation of a PEG-phospholipid encapsulated nanoparticle (not to scale).
Reprinted in part with permission from Latham, A. H.; Williams, M. E. Acc. Chem. Res. 2008,
41, 411-420. Copyright 2008 American Chemical Society.
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chemotherapy

drug

4-S-cysteaminylphenol

trimethylammonioacetyl)-didodecyl-d-glutamate

and
chloride,

three

lipid

materials:

(N-(α-

dioleoylphosphatidyl-ethanolamine

and dilauroylphosphatidylcholine).172 Encapsulating the nanoparticles in the lipid bilayers
controlled release of the chemotherapy drug, and alternation of an applied magnetic field caused
localized heating that induced cell death.172 Williams, Hancock, and coworkers used biotinterminated PEG-phospholipids on large CoFe2O4 (~15 nm diameter) nanoparticles to
magnetically label microtubules, whose transport over kinesin-covered surfaces was magnetically
manipulated.173 In these studies, streptavidin or neutravidin was used as a linker unit between the
nanoparticle and the biotinylated microtubule.173B
Dendrimers have been of recent interest as functional groups for modifying magnetic
nanoparticle surface chemistry. Dendrimers are highly branched, generational macromolecules
with defined three-dimensional structure174,175 and synthetically controlled terminal reactive
groups (that is, surface chemistry). One of the major challenges for the functional nanoparticle
community is to determine and control the exact number of surface molecules and reactive groups
per particle. Since nanoparticle samples have a distribution in size, there is also a distribution in
the number of attached molecules. Using dendrimers to functionalize nanoparticles however
circumvents this issue of population dispersity, since only a finite number of these
macromolecules will stabilize a single nanoparticle. Particles synthesized in the interior of a
dendrimer template (that is, one particle in one dendrimer) have an exactly known number of
functional groups that are dictated by the chemical makeup of the macromolecule.
Crooks and coworkers have pioneered the use of dendrimers to encapsulate
nanoparticles.176 In one report, Ni nanoparticles were synthesized in the interior of generation six
poly(amidoamine) (PAMAM) dendrimers by adding Ni2+ and sodium triethylborohydride as the
reducing agent.176A The size of the resulting nanoparticles was shown to depend on the molar
ratio of Ni2+ to dendrimer, and were protected from oxidation by the dendrimer shell.177A Since
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then, Atwater and coworkers have demonstrated the use of amine-terminated, generation five
PAMAM dendrimers for Co nanoparticle synthesis,177 and Chandler et al. synthesized NiAu
nanoparticles in hydroxyl terminated, generation five PAMAM dendrimers.178
Ligand exchange of dendrimers has also been recently investigated.

Carboxyl-

terminated, generation three dendrimers were adsorbed to stabilize iron oxide nanoparticles.179
These were characterized by a variety of techniques including polyacrylamide gel electrophoresis
(PAGE) to measure the binding strength of the ligand and the ionic charge of the particles.180
While several different dendrimers were tested, the PAGE results showed that dendrimers bearing
folic acid and succinic acid termini were most effective.180 Banaszak, Holl and Orr used fifth
generation PAMAM dendrimers terminated in folic acid and fluorescent dyes to phase transfer
iron oxide nanoparticles from organic solvents into water and characterized their interaction with
human KB cells.180 The folic acid in these experiments acted as both a nanoparticle surface
ligand and as a substrate for cell surfaces.180 The researchers employed x-ray fluorescence to
determine the iron content of KB cells, which have folic acid receptors, and UM-SCC-38 cells,
which were folic acid knockouts. These experiments showed that significant nanoparticle uptake
was only seen in the KB cells.180

1.4 Conclusions
In this chapter we have attempted to convey the current state of the field for chemical and
biological functionalization of magnetic nanomaterials. The wide range of surface chemistries
that have been developed continue to expand, and will ultimately enable applications in
nanomedicine, manipulation and separation of target analytes, separations, and in sensor devices.
Continued expansion of the synthetic tools is necessary so that these materials can be fully
exploited. Coupled with this remains an ongoing challenge to apply analytical tools to quantify
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and understand the surface chemistry of paramagnetic and superparamagnetic particles.
Furthermore, little is known about the bioactivity of nanoscale particles in nature – extensive
characterization of the fate and reactivity (of the surfactant or shell as well as the nanoparticle
core) in complex natural environments will be necessary. Nonetheless, chemically functional
nanomaterials hold great promise for creating single nanoparticle vehicles capable of analyte
targeting and delivery, while their intrinsic magnetic properties enable directed transport and
diagnostic imaging.
The following chapters discuss in more detail the recent contributions we have made to
this field of functional nanomaterials using Au nanoparticles as model systems. Two general
methodologies are presented (chapters 2 - 4) by which the monolayers of Au nanoparticles may
be modified using simple organic transformations to impart solubility, electrochemical activity or
fluorescence. These studies seek to lay the initial foundation upon which to translate these
methods to magnetic nanoparticle surfaces for the development of advanced functional materials
With an example of how one such general methodology developed by our group is being applied
to form environmentally responsive FePt nanoparticles (chapter 5). Ultimately, general methods
such as these will provide the tools to synthesize multiresponse sub-cellular sensors, composite
recyclable catalytic systems and ultrasmall separations devices.
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Chapter 2

Triazole Cycloaddition as a General Route for Functionalization of Au
Nanoparticles

2.1 Foreword
This chapter was an equal contribution work between Dr. David Fleming and myself.
The original publication text and figures (with the exception of Fig 2-1, which is now colorized
and Figure 2-2 which has been reprocessed for clarity) are reproduced below, interspersed with
additional material from my work pertaining to this project not included in the original
submission. At the end of the chapter is a section listing each author's contributions to the work
along with a list of the additional material that was included.

2.2 Introduction
Functional nanomaterials designed to perform a specific reaction are of intense interest
because of their potential uses in medical diagnostics,1 drug delivery,2 and catalysis.3 The
majority of reports have sought to leverage the intrinsic physical properties of the nanomaterials,
such as magnetic nanoparticles for high-density magnetic data storage,4 or noble-metal particles
for nonlinear optics.1,5 Efforts aimed toward control and improvement of these properties have
largely focused on modifications of the nanoparticle synthesis. Nanoparticle magnetic moments,
for example, have been adjusted by careful modification of the chemical composition,4A,6 size, and
crystal structure,4A while the fluorescence emission wavelengths of semiconductor nanocrystals
are known to be strongly dependent on particle size.7 An alternative approach is to impart
Reprinted with permission from Fleming, D. A.; Thode, C. J.; Williams, M. E. Chem. Mater. 2006, 18,
2327-2334. Copyright 2006 American Chemical Society.
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chemical functionality to nanoparticles, and the most well-understood method is the use of placeexchange 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 ωfunctionalized alkanethiols. A significant 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 goal 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 for the modification of Au
nanoparticles’ surface structure and chemistry.11 However, these chemistries are not always
compatible with the desired applications so that the development of additional, general routes
toward nanoparticle functionalization is still necessary for their use 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 renewed attention with the advent of “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 chemistry15 and has
been recently used to modify electrodes,16 glass surfaces,17 and to create fluorescent polymer
nanospheres.18 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 2-1. As a model system to demonstrate use of this synthetic
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Figure 2-1: “Click” Functionalization of Au Nanoparticle Surfaces. (i) Br(CH2)11SH in DCM, 60
h at room temperature; (ii) 0.25 M NaN3 in DCM/DMSO solution, 48 h; (iii) R ) propyn-1-one
derivatized compounds as in Figure 2-2, 24-96 h in dioxane or 1:1 hexane/dioxane.
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Figure 2-2: Propyn-1-one Compounds for Attachment via Triazole Ring Formation.
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approach, we have initially chosen to employ Au nanoparticles because their analysis and
characterization using NMR and IR spectroscopies are well-precedented in the literature.19 This
chapter describes the synthesis of a series of redox active, fluorescent, and solubilizing species
and the use of click chemistry as a facile route toward functionalization of monolayer-protected
Au nanoparticles. We demonstrate the ability to link more than one moiety to the particles,
paving the way for the creation of chemically useful, multifunctional particles for complex
chemical reactions.

2.3 Materials and Methods

2.3.1 Reagents
11-Bromo-1-undecanethiol (BrC11H22SH),20 1-ferrocenyl-2-propyn-1-one (Fc),21 1(nitrophenyl)-2-propyn-1-one (NB),22 and propynoyl chloride23 were synthesized according to
literature procedures. Acetonitrile was distilled over CaH2 prior to use; water was purified 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 (DCM; Fisher), dioxane (ICN Biomedical), dimethyl sulfoxide
(DMSO; Alfa Aesar), and all other chemicals were used as received.
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2.3.2 Synthesis

2.3.2.1 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 tetrahydrofuran (THF), followed
by 14 mL of 0.5 M ethynylmagnesium bromide (7 mmol) in THF at rt. The solution was allowed
to stir overnight, the reaction was quenched with 20 mL of saturated aqueous ammonium
chloride, and the product (pyrene alcohol) was extracted from the aqueous phase three times with
30 mL of diethyl ether. The combined organic layers were dried over sodium sulfate, and the
ether was removed by rotary evaporation. The product was dissolved in 50 mL of anhydrous
acetone, and Jones reagent was added dropwise with stirring until a red color persisted. The
reaction was quenched with ~3 mL of isopropyl alcohol, changing the solution to a green color
after ~ 30 s. 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 from the aqueous
phase three times with methylene chloride, and the combined organic layers were dried over
sodium sulfate and filtered. Purification on a silica column with 1:1 hexanes/ethyl acetate
afforded 0.45 g of product (40% yield) as an intense yellow solid. 1H NMR (CDCl3, 360 MHz):
3.61 (1H, s), 8.22 (2H, t), 8.31 (3H, d), 8.49 (2H, m), 9.01 (1H, d), 9.55 (1H, d). FTIR (KBr, cm1

): 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.

2.3.2.2 1-Anthracen-9-yl-propyn-1-one (An)
Anthracene-9-carboxaldehyde (1.83 g, 8.9 mmol) 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
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ethynylmagnesium bromide (14 mmol) in THF at rt. The solution was allowed to react for 1 h,
was quenched with 20 mL of aqueous saturated ammonium hydroxide, and was allowed to stir
overnight. The product, anthracenyl alcohol, was extracted three times with 30 mL of 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.

Activated Mn(IV) oxide (23.2 g, 267 mmol) was added to the solution, and the

suspension was stirred for 1.5 h. The product was filtered through Celite and the Celite was
rinsed with methylene chloride until the washings were colorless. The filtrate was concentrated,
and the product was 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 ~ 53 % inseparable aldehyde
impurity and is used without further purification. 1H NMR (CDCl3, 360 MHz): 3.55 (0.87H, s,
specific for An), 7.53 (6.40H, m), 7.67 (2.04H, m), 8.04 (4.21H, d), 8.56 (1H, s), 8.70 (1.01H, s),
8.98 (2.02H, d), 11.53 (1H, s, specific for impurity). FTIR (KBr, cm-1): ν 3291 (H- C
(H-C=C), 2112 (C

C), 3053

C), 1653 (C=O), 1525 (C=C), 1447 (C=C), 1054, 1028, 916, 891, 790, 733,

638.

2.3.2.3 Propynoic Acid 2-[2-(2-Methoxyethoxy)ethoxy]ethyl Ester (PEG)
A 20 mL solution containing 2.9 mL (25 mmol) of triethylene glycol monomethyl ether
in anhydrous methylene chloride was prepared. To this was added 15 mL of a 1.8 M solution of
propynoyl chloride in toluene, and the reaction was stirred overnight. The organic phase was
diluted with methylene chloride and washed three times with 30 mL of water. The methylene
chloride layer was subsequently dried over sodium sulfate and filtered.

The solvent was

removed by rotary evaporation to yield a clear colorless oil, which was purified on a silica
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column using 1:5 acetone/methylene chloride as the eluent. A 0.58 g amount of the pure oil
(10.7% yield) was isolated. 1H NMR (CDCl3, 360 MHz): 2.65 (1H, s), 3.33 (3H, s), 3.64 (2H, t),
4.28 (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 (C-O-C), 1030, 944, 851, 733.

2.3.2.4 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 (24 mmol) of freshly distilled aniline was added
slowly via syringe, and the resultant cloudy yellow reaction mixture was allowed to stir
overnight. The resulting solution was washed three times with water, and the organic layer was
dried over magnesium sulfate. The solids were removed by filtration, and the solvent was
evaporated to give a yellow oil that was purified on a gradient silica column using 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 desired lemon yellow product. 1H NMR (CDCl3,
360 MHz): 2.96 (1H, s), 7.17 (1H, t), 7.38 (2H, t), 7.54 (2H, d), 7.71 (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.

2.3.2.5 Au Particle Synthesis and Exchange
Au particles were synthesized according to the two phase method of Brust et al.24 with
slight modifications. Briefly, 0.31 g of HAuCl4 (0.91 mmol) in 10 mL of water was transferred
into 80 mL of toluene using 1.5 g of tetraoctylammonium bromide (2.7 mmol). The organic phase
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was isolated, and 0.47 g of 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 of NaBH4
(10 mmol) was added. The reaction was allowed to stir for an additional 3 h 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
methods25 by dissolving 800 mg of synthesized Au nanoparticles and 800 mg of BrC11H22SH in
DCM and stirring the solution at room temperature for 60 h. The resulting particles were isolated
by evaporation of the solvent, rinsed with ethanol, and dried. Following standard characterization
methods,25 the NMR and Fourier transform infrared (FTIR) spectra are consistent with protective
monolayers containing both CH3- and Br-terminated ligands.

2.3.2.6 Synthesis of Azide-Functionalized Au Nanoparticles
The Au-ω-Br-functionalized particles were dissolved in DCM (~10 mg/mL) and added to
an equal volume of 0.25 M NaN3 in DMSO. The solution was allowed to stir for 48 h at rt, after
which water was added and the black organic layer was isolated. The organic layer was dried
over sodium sulfate, the solvent was evaporated, and the particles were washed with ethanol and
dried. The particles were subsequently dissolved in dioxane for further use.

2.3.2.7 Reaction of Azide-Functionalized Au Nanoparticles with Alkynyl Derivatives
In a typical reaction, ~50 mg of N3-functionalized particles and 0.1 mmol of the alkynylmodified compound (Figure 2-2) were codissolved in 6 mL of dioxane or 1:1 hexane/ dioxane
and stirred for 24-96 h at rt. After removing the solvent under vacuum, ethanol was used to
remove any unreacted alkynyl derivative, and the particles were dried and then redissolved in
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DCM. Insoluble material was removed by centrifugation, and the remaining decantate was
retained for further analysis.

2.3.2.8 Particle Decomposition Reactions
Au nanoparticle samples were decomposed using standard disulfide forming reactions,26
in which ~3 mg of I2 was added to ~25 mg of particles dissolved in DCM, and the reaction
mixture was stirred for 2 h. The resulting black precipitate was removed via centrifugation, and
the solution was evaporated to dryness.

2.3.3 Characterization

2.3.3.1 Transmission Electron Microscopy (TEM)
TEM samples were prepared by drop-casting a dilute nanoparticle solution in DCM onto
copper TEM grids coated with a layer of amorphous carbon. Images were obtained using a JEOL
JEM 1200 EXII transmission electron microscope operated at 80 keV and equipped with a Tietz
F224 digital camera.

2.3.3.2 Spectroscopy
1

H NMR spectra were obtained using either a Bruker AV 360 MHz spectrometer or a

Bruker DRX 400 MHz spectrometer using CDCl3 solutions. Diffuse reflectance infrared spectra
were measured with a Varian FTS 7000 using samples drop-cast onto powdered KBr.
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Fluorescence spectra were acquired with a Photon Technology International (PTI) fluorimeter
using solutions containing 0.01-0.06 mg/mL particles in filtered, stabilizer free DCM.

2.3.3.3 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 a 0.2 M TBAPF6 toluene/acetonitrile solution (2:1) that had
been thoroughly de-gassed. The electrochemical cell was kept 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.

2.4 Results and Discussion

2.4.1 Azide Functionalization of Au Nanoparticles
To test the functionalization approach shown in Figure 2-1, reactions involving triazole
ring formation were conducted using small Au particles because of their facile synthesis,
solubility, and rapid surface ligand exchange dynamics. We therefore synthesized monolayerprotected Au clusters using decanethiol as the surface ligand because this length sufficiently
stabilizes the particles from aggregation but is not so sterically hindered as to prevent ligand
exchange.8C The synthesized Au nanoparticles, shown in the representative TEM image in Figure
2-3A, are spherical and have an average diameter of 1.8 ± 0.4 nm. The decanethiol stabilized Au
particles were then stirred in a solution containing BrC11H22-SH to replace a fraction of these
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Figure 2-3: Representative TEM images of (A) as-synthesized C10H21SH-modified Au particles
and (B) azide-functionalized Au nanoparticles. Insets contain particle size distributions. Scale bar
is 50 nm.
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ligands with Br-terminated undecanethiol ligands. Confirmation of replacement was obtained
from the 1H NMR and FTIR spectra, which were consistent with previous reports of ligand
exchange of Au nanoparticles.25 Reaction of the Br termini via nucleophilic substitution with
NaN3 was used to append azide functionalities to the Au nanoparticles. Shown in Figure 2-3B,
the size and shape of the resultant particles are not affected over the course of this reaction.
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 to
determine the degree of functionalization. The FTIR spectrum of the alkanethiol stabilized
particles (Figure 2-4, solid line) 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,27 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 2-4, dashed line) 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 methylterminated particles), suggesting that ligand exchange and N3 substitution do not perturb 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 peaks are
significantly broadened by attachment to particle surfaces.28 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 1H NMR spectroscopy. Comparison of the spectra of the ligands
obtained from the decomposition of the Au nanoparticles before and after reaction with NaN3 is
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Figure 2-4: FTIR spectra of the as-synthesized C10H21SH-modified Au particles (solid line)
compared to azide-functionalized Au nanoparticles (dashed line).
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shown in Figure 2-5. The spectrum of the as-prepared particles (Figure 2-5A) contains triplets at
2.65 and 0.85 ppm that are attributed to the methylenes adjacent to the disulfide and the terminal
methyl group, respectively. In contrast, the NMR spectrum of the particles following reaction
with NaN3 (Figure 2-5B) 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, is also observed;
comparison of the integrated areas of the peaks reveals 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.

2.4.2 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
ethynyl and azide bearing molecules as in Figure 2-1. The six different alkynyl compounds
shown in Figure 2-2, the alkyne derivatives 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 to provide a more electronwithdrawing environment that is known to enhance the rate of triazole formation.12,16
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Figure 2-5: 1H NMR spectra of solutions containing the products of I2 decomposition of (A)
decanethiol-modified Au nanoparticles and (B) azide functionalized Au nanoparticles, in CDCl3.

81

2.4.2.1 Solvent optimization
The alkynyl ketones in this study (Figure 2-2) were chosen to test the viability of this
reaction for a variety of desirable functional groups such as electroactive, fluorescent, and
biologically relevant moieties. Fc was chosen as the starting point for determining the preferred
reaction conditions for the uncatalyzed reaction because of its previous performance on Au
electrodes.16 An equal volume of a Au nanoparticle stock solution was combined with an excess
of Fc and the samples allowed to stir for 24 h. Table 2-1 shows the NMR integration ratios of the
9 protons from the Fc peak vs. CH3 termini. A variety of solvent polarities and mixtures were
chosen to represent the bulk of the recent literature on the reaction.14,15 Special emphasis was
placed on mixtures containing water based on literature reports of the improved yields seen for
1,3-dipolar cycloaddition in water, even when the reactants were sparingly soluble.14A The data
in Table 2-1 shows clearly that dioxane is the preferential solvent for these transformations.

2.4.2.2 Size Analysis and Stability
Over the course of functionalization, a small amount of precipitation was observed that is
most likely the result of a minor amount of particle aggregation. However, the vast majority
(>90%) of the material remained soluble and was separated from the insoluble aggregates by
centrifugation. Comparison of the TEM images of the soluble Au nanoparticles indicates that
there is no appreciable change in their size or morphology (for example, Figure 2-6) after triazole
formation with each of the alkynyl compounds.
However, it was found that particle samples stored in dichloromethane increased in size
(3 - 4 times larger diameter) over long periods of time (weeks - months, depending on agitation),
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Table 2-1: Solvent Effect on the Extent of Reaction Between Au Nanoparticles Bearing
Terminal Azides and Fc
Solvent

% Conversion

Conc. Fc (mM)

Normalized %
Conversiona

(1:1:1) THF/EtOH/H2O
(1:1:1) THF/Acetone/H2O
(1:1) THF/CH3CN
Ethyl Acetate
Dioxane
(2.5:1) Isopropyl Alcohol/DCM
(1:1:1) Toluene/MeOH/H2O
Diethyl Ether (Reflux)b
3:1 Diethyl Ether/THF (Reflux)
1:1 Diethyl Ether/THF (Reflux)
Dioxane (Reflux)

4.2
0
3.7
0
20
1.2
1.6
0
2.1
5.7
0c

2.8
4.8
5.0
9.3
5.0
3.8
1.3
4.2
3.6
5.0
1.5

1.4
0
0.74
0
4.0
0.26
1.5
0
0.56
1.1
0

An equal mass of Au nanoparticles was stirred with excess Fc overnight at rt. The reaction was
quenched by precipitation and washing of the particles 3 times with ethanol. On-particle 1H
NMR analysis of the product was used to determine the listed % conversion, by comparison of
the integrated region for Fc protons (5H, 4.20 ppm) vs. the protons adjacent to the N3 group (3.22
ppm), in CDCl3. a) % conversion was normalized to the concentration of Fc (mM) in solution.
b) Reflux was allowed for 4 days instead of 24 h. c) Complete Au particle decomposition
occurred as a result of reflux overnight.
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Figure 2-6: Representative TEM images of Au nanoparticles after functionalization with Fc
propyn-1-one. Scale bar is 50 nm. Inset contains a histogram of the observed particle diameters
from different areas on the grid.
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particularly in dichloromethane that was purified on alumina columns and considered stabilizer
free. Figure 2-7 shows a representative TEM image and histogram of these "grown" particles.
Important to note is the relative uniformity in the shape of the particles though their size
distribution is quite broad.
Furthermore, particle samples that have experienced growth show a characteristic
plasmon band (Figure 2-8) indicative of a significant number of large Au nanoparticles in
solution.

The plasmon peak also remains after precipitation in ethanol and redispersion in

dichloromethane, implying that the large particles maintain their solvation properties and quite
possibly their alkyl thiol monolayer. No direct cause of growth has been conclusively isolated at
this time and is an area for future study in the group.

2.4.2.3 FTIR of the Triazole Product
We acquired FTIR spectra of the Au nanoparticles to monitor the extent of attachment of
the alkynyl compounds; examples of these spectra following reaction with each of the six
compounds are shown in Figure 2-9. In general, reaction of the N3-modified particles with the
propyn-1-one species results in the formation of several new peaks in the 1600-1800 cm-1 region
that are attributed to the C=O symmetrical stretching vibration. Universally absent from these
spectra is the peak at ~3300 cm-1 due to the H-C

C stretching mode, suggesting that the small

molecule reactants remained in solution and are not adsorbed to the particles upon precipitation.
However, the peak for the azide moiety at ~2094 cm-1 was present in all samples due to
incomplete conversion of the azide moieties to triazoles (Figure 2-9). All of the remaining peaks
in the FTIR spectra of the functionalized nanoparticles are consistent with those obtained for their
small molecule analogues, suggesting that other than the ring formation, the structures of the
compounds are not drastically affected upon surface attachment. In addition, the alkyl stretching
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Figure 2-7: A) TEM image of as synthesized Au nanoparticles with mixed monolayers of CH3,
Br, and N3 moieties. B) TEM image of Au nanoparticles with mixed monolayers of CH3, Br, and
N3 termini that have been allowed to sit in stabilizer free DCM for 1 month. C) TEM image of
post triazole formation with benzyl alkyne22,29 Au nanoparticles that have been allowed to sit in
stabilizer free DCM for 1 month. D) Histogram of the particle samples: A (■), B (■), C (■).
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Figure 2-8: UV-Visible spectra of Au particles with terminal azides in stabilizer free DCM after 9
days of agitation in the presence of excess benzyl alkyne.22,29 Particles directly from
dichloromethane growth media (─). Particles after precipitation in ethanol followed by dispersion
in dichloromethane (─).
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Figure 2-9: FTIR spectra of Au particles following reaction with the alkyne modified compounds:
(A) Fc; (B) NB; (C) Pyr; (D) An; (E) PEG; and (F) Ani. Spectra are offset for clarity. The full
spectrum of each nanoparticle sample is shown on the left, an expansion of the carbonyl and
fingerprint regions (2050-400 cm-1) is given on the right.
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vibrations of the alkanethiolate remain unchanged by cycloaddition, indicating that the protecting
surface monolayer is largely unaffected by triazole ring formation. Together, these data 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 alkynyl compounds present as impurities.

2.4.2.4 NMR of the Triazole Product
Figure 2-10 shows the NMR spectrum of azide terminated Au nanoparticles post reaction
with Pyr. Peak broadening is due to the slower rotation of the particle in solution and is
characteristic of species attached to a particle's surface.28 Pyr and Fc were the only samples that
had clearly distinguishable on particle diagnostic NMR signals. However, because the CH2Br
and CH2N3 peaks did not clearly resolve, on-particle quantitation of these samples was not
possible.
To assess the extent of particle functionalization via cycloaddition, we again turned to I2
decomposition and NMR spectroscopy of the liberated ligands. Upon triazole ring formation, the
ligands produce NMR signals that are readily distinguished from the unreacted alkynyl
compounds. Although the proton peak intensities are weak because of the relatively small
number of protons in comparison with the alkyl protons (Figure 2-11), the 1H NMR spectra for
Au nanoparticle samples following reaction with each of the six click compounds correspond
well with those of the small molecule analogues.
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Figure 2-10: 1H NMR spectrum of Au nanoparticles with appended Pyr molecules in CDCl3.
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Figure 2-11: 1H NMR spectra of CDCl3 solutions of the products of I2 decomposition of Au
nanoparticles containing attached propyn-1-one ligands (from reaction in dioxane:hexane
solutions): (A) Fc; (B) NB; (C) Pyr; (D) An; (E) PEG and (F) Ani.
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2.4.2.5 Multifunctional Au Nanoparticles
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 solution
containing both the Fc and the NB propyn-1-one species. The FTIR spectrum of the resultant
particles is shown in Figure 2-12A and, analogously to the spectra above (Figure 2-9), contains
vibrations between 1500 and 1700 cm-1 due to C=O and triazole 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
particles with I2 and collecting the 1H NMR spectra shown in Figure 2-12B. 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 are due to NB.

2.4.3 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 percentages of surface-bound ligands per Au nanoparticle, following
a method that has been previously described.19 Assuming that (a) no ligands are destroyed
through side reactions and (b) 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’ surfaces. Analysis of peak integrations in Figure 2-5 for
the N3-terminated particles reveals that there are ~1.2 N3-terminated thiols for every CH3-
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Figure 2-12: (A) FTIR spectra of Au nanoparticles following reaction with both Fc and NB alkynyl
derivatives and (B) 1H NMR of the CDCl3 solution containing the products of I2 decomposition of
the particle sample.
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terminated thiol. A 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 click compounds
enables determination of the efficacy of triazole formation.
In Table 2-2, the relative percentages of ligands in the Au nanoparticle monolayer
following 60 h of reaction in dioxane for each of the reactants in Figure 2-2 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 for this variation is a difference in the degree of solvation of the reactants.
Thus, to test the role of solvent 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 nonpolar organic solvents (DCM, THF,

refluxing ether, and dioxane) for a 24 h reaction period showed that dioxane solutions had the
highest yield. No reaction was observed for DCM solutions at this time scale. Complete (100%)
conversion of the N3 groups was never observed with any of the tested solvent systems, even over
time periods as long as 96 h, although conversion percentage increased as a function of time.
We reasoned that solubility was a primary factor in determining reactivity and observed
that solutions containing both hexane and dioxane would solubilize both the Au nanoparticles and
click compounds.

The percentage conversion using a 1:1 hexane/dioxane mixture is also

compared to pure dioxane solutions in Table 2-2. For each click compound studied, addition of
the more nonpolar (hexane) solvent resulted in an average threefold increase in the efficiency of
the azide conversion to triazole. These results are consistent with prior reports, in which
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Table 2-2: Relative Composition and Reaction of Au Nanoparticle Monolayers Following "Click"
Reactions
Dioxanea
Cmpd
Fc

NB

Pyr

Cmpd
Fc

NB

Pyr

ωtermini
CH3
N3
Fc
CH3
N3
NB
CH3
N3
Pyr
ωtermini
CH3
N3
Fc
CH3
N3
NB
CH3
N3
Pyr

%
ligandsb
5 x 10
4 x 10
6
4 x 10
5 x 10
3
4 x 10
5 x 10
7
%
ligandsb
5 x 10
4 x 10
1 x 10
4 x 10
5 x 10
7
5 x 10
5 x 10
9

%
Conversionc

Cmpd
An

1 x 10
PEG
6
Ani
1 x 10
Dioxane/Hexanesd
%
Conversionc
Cmpd
An
2 x 10
PEG
1 x 10
Ani
2 x 10

ωtermini
CH3
N3
An
CH3
N3
PEG
CH3
N3
Ani

%
ligandsb
5 x 10
5 x 10
4
5 x 10
5 x 10
1
5 x 10
5 x 10
3

%
Conversionc

ωtermini
CH3
N3
An
CH3
N3
PEG
CH3
N3
Ani

%
ligandsb
5 x 10
3 x 10
3 x 10
5 x 10
5 x 10
2
5 x 10
4 x 10
7

%
Conversionc

6

1

6

5 x 10

5

1 x 10

a) Reaction at room temperature for 60 h in dioxane. b) From analysis of the NMR spectra, the
percentage of ligands in the Au nanoparticle monolayer. c) From analysis of the NMR spectra, the
percentage of azide moieties that reacted to form triazole rings. d) Reaction at room temperature for
60 h in a dioxane/hexane (50:50) solution.
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hydrophobic solvents better stabilize the nonpolar transition state.30 It is also possible that this
effect arises from better solubilization of the hydrophobic monolayer on the Au nanoparticle
surfaces by addition of the nonpolar hexane to solution.

2.4.3.1 Catalyst Studies
It is well known that 1,3-dipolar cycloaddition between azides and alkynes is kinetically
very slow.12 Because it has been shown that Cu catalysts can greatly enhance the rate of triazole
formation, particularly in aqueous solutions,14 we also sought to increase the extent of reaction by
employing several different catalyst systems. However, the hydrophobicity of the monolayerprotected particles made them insoluble in aqueous solutions and prevented the use of the most
commonly employed CuSO4-sodium ascorbate system. We, therefore, attempted to use several
different organic soluble catalysts, including CuI,31 2:1 triphenylphosphine/CuBr,32 and (2,6methylpyridine)CuBr.33

Reaction for 24 h in the presence of the 2,6-methylpyridine CuBr

complex resulted in complete particle decomposition. Similarly, CuI failed to have a positive
effect on the reaction with azide terminated Au particles.
Unlike the other catalyst systems, 2:1 triphenylphosphine/CuBr under nitrogen did
produce an apparent increase in surface yields for the reaction with the Fc species (Figure 2-13).
Unfortunately, significant exchange of the triphenylphosphine group for surface thiols was also
observed, negating the ability to control surface composition or quantitate surface yield. Rapid
exchange for triphenylphosphine on Au nanoparticles with thiol monolayers has been observed in
the literature.34 Ultimately, this shows that given the correct conditions, Cu(I) catalysis of triazole
formation on Au nanoparticles is possible and was later demonstrated for Au citrate particles by
Brust et al.35 and more recently on thiol protected Au nanoparticles by Prez and coworkers.36

96

Figure 2-13: NMR spectrum of Au nanoparticles with appended Fc (1) molecules in CDCl3. A)
Protons associated with the triphenylphosphine of the catalyst. B) CH2N3.
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2.4.4 "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 Figure 2-2 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 shown in the inset of Figure 2-14A. The emission spectrum of the pyrene small molecule
contains a broad 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 2-14A). The
slight red shift of the fluorescence peak is attributed to an increase in conjugation upon formation
of the triazole ring, because the number of pyrenes per particle is so small that their coupling or
aggregation is unlikely.
Shown in Figure 2-14B are the fluorescence emission and excitation spectra obtained
using a Au nanoparticle sample which contained both Fc and Pyr attached species. Fluorescence
is again observed from the Pyr groups; however, the emission peak is significantly broadened,
and the maximum is red-shifted by 50 nm compared to the spectrum in Figure 2-14A. 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, similar to prior observations on glass surfaces.37 The
sensitivity of the Pyr emission peak to the presence of other attached species is potentially
important for sensing applications.
Analogous to literature reports for place-exchanged Au nanoparticles,38 voltammetric
methods were also used to confirm triazole ring formation on functionalized Au nanoparticles.
Among the reactants in Figure 2-2, both Fc and NB are electroactive so that Au nanoparticles
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Figure 2-14: Fluorescence excitation (····, λem = λmax) and emission (─, λex = 412 nm) spectra of
(A) Pyr-functionalized and (B) Pyr and Fc bifunctional 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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reacted with these compounds were examined by cyclic voltammetry. Figure 2-15 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.39 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 2-15 are voltammograms of Au nanoparticles with mixed
monolayers of NB/Fc and Pyr/Fc.

In each case, quasi-reversible waves are observed that

correspond to the redox reactions for each of the attached species. The voltammograms also
contain small prewaves for both the Fc and NB reactions, which are indicative of partial particle
adsorption to the electrode surface.40 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.

2.5 Conclusions
In this chapter we have shown that uncatalyzed 1,3-dipolar cycloaddition is an effective
route by which to append a variety of functional molecules to the surface of Au nanoparticles
under mild conditions. Both mono and difunctional particles could be produced in one step by
this process, suggesting that this approach is an excellent candidate for the synthesis of Au
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Figure 2-15: Cyclic voltammetry of Fc- (─ · ─); NB- (─ ─ ─); Fc and NB- (───); and Fc and
Pyr- (●●●●) functionalized Au nanoparticles (~2 mg/mL) in a 0.2 M TBAPF6 solution of 2:1
toluene/acetonitrile. All scans were performed at a potential scan rate of 20 mV/s using a 2 mm
diameter Pt working electrode, Pt wire counter electrode, and a Ag quasi reference electrode.
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nanoparticles with a large number of different functionalities per particle. In addition, we have
shown that catalysis of this reaction with an optimized catalytic system may be possible, which
was confirmed by later reports,36 and further expanding this reaction's promise for multifunctional
nanoparticles.

Finally, we have shown that while the reaction itself does not affect the

nanoparticles' stability, careful consideration of solvent media is necessary for long term storage
of these materials.
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Chapter 3

Kinetics of 1,3-Dipolar Cycloaddition of the Surfaces of Au Nanoparticles

3.1 Introduction
The tunable surface chemistry of multifunctional nanoparticles makes them candidates
for biomedical applications, catalysts, and highly controlled cargo delivery.1-6

Constructing

complex and multifunctional particle systems requires orthogonal synthetic methods of chemical
functionalization that do not react with the nanoparticle core. Because many synthetic methods
require highly reactive surface species such as active esters, nucleophiles, or siloxanes4-6 that can
lead to particle decomposition and undesirable cross reactions, new functionalization strategies
should ideally be both mild and specific. A detailed understanding of the kinetics of selective,
single step reactions on the particle surface will allow a high degree of control over the extent of
reaction, and will be especially important for one-pot reactions in which several different
functional molecules are simultaneously added to the surface.
A revived interest in 1,3-dipolar cycloaddition has occurred with the advent of "click
chemistry" because of its general applicability toward alkyne- and azide-containing species for
materials synthesis.7,8 Analogously, click chemistry represents an attractive general route by
which nanoparticle surfaces may be tailored.9-13 Although click reactions commonly utilize a
Cu(I) catalyst, the reaction mechanism is not completely understood,14 and triazole formation can
also occur at room temperature in uncatalyzed reactions following a concerted second order
mechanism.15,16 We have chosen to study the kinetics of triazole formation on Au nanoparticle
surfaces in uncatalyzed reactions; this paper examines the reactivity of Au nanoparticles in click
Reprinted from Journal of Colloid and Interface Science, Vol. 320, Christopher J. Thode and Mary
Elizabeth Williams, Kinetics of 1,3-Dipolar Cycloaddition on the Surfaces of Au Nanoparticles, 346-352,
Copyright (2008), with permission from Elsevier
http://www.sciencedirect.com/science/journal/00219797
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reactions and compares the kinetics to small molecules to understand this functionalization route
and enable control when applying it to multifunctional particle syntheses.
To initially use click chemistry to modify nanoparticle surfaces, Au monolayer protected
clusters (Au MPCs) were employed as model systems since these are well characterized, are
amenable to a variety of characterization methods, and can be synthesized in large quantities.4,17-20
The prior chapter used the general synthetic scheme for producing Au MPCs having multiple
functionalities with dipolar cycloaddition shown in Figure 3-1.9 The yields of the uncatalyzed
conversion of azide to triazole were lower on the Au nanoparticles' surfaces than previously
reported for reactions in solution or on Au electrodes.16,21-23 However, later experimentation
revealed that the I2 decomposition and subsequent NMR analysis underestimated the reaction
yields. We therefore sought to use an alternative quantitative measurement strategy that did not
require particle decomposition. The series of experiments in this chapter use quantitative FTIR
spectroscopy to elucidate the kinetic trends that govern azide/alkyne cycloaddition on Au
nanoparticle surfaces.

3.2 Materials and Methods

3.2.1 Instrumentation
Diffuse reflectance Fourier transform infrared (FTIR) spectra were acquired using a
Varian FTS 7000 spectrophotometer over a wavelength range of 3200 and 1900 cm-1 with a
resolution of 2 cm-1. All samples were ground immediately prior to measurement. KBr coated
with unreacted azide-terminated MPCs from the stock solution were used as standards for each
data set. 1H NMR spectra were acquired using either a Bruker AV 360 MHz or a Bruker DRX
400 MHz spectrometer. Transmission electron microscopy (TEM) images were obtained with a
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Figure 3-1: General scheme of triazole formation on Au MPCs.
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JEOL JEM 1200 EXII electron microscope operating at 80 keV, and equipped with a Tietz 224
digital camera.

TEM samples were prepared by drop-casting dilute particle samples from

dichloromethane (DCM) onto Cu grids coated with a layer of amorphous carbon.

3.2.2 Chemicals
ω-Bromoalkanols were prepared from the corresponding diol.24 All ω-bromoalkanols
were subsequently converted to the ω-bromoalkane thiols according to literature procedure.25 Au
MPCs were synthesized by the method of Brust et al.26

Phenylpropynones were prepared

according to the general procedure of Pigge et al., and were recrystallized from hexanes or
petroleum ether prior to use.27 Dichloromethane (DCM) and tetrahydrofuran (THF) were purified
under nitrogen using activated alumina columns. All other chemicals were purchased from
commercial sources and used as received.

3.2.3 Hazards
While the alkyl azides synthesized here are considered to be generally safe,28 dimethyl
sulfoxide (DMSO) solutions of sodium azide are potentially dangerous and caution should be
exercised when handling them.
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3.2.4 Synthesis

3.2.4.1 1-dodecyl azide (5)
A saturated solution of NaN3 (4.2 g, 64 mmol) in DMSO (50 mL) was prepared by
sonicating the suspension for ~30 min until a visible portion of the sodium azide had dissolved.
The warm DMSO solution was immediately added to a solution of 1-bromododecane (8 mL, 33
mmol) in THF (150 mL), and the reaction was stirred at room temperature for 3 d. The resulting
cloudy white mixture was diluted with ether and washed with sat. NaHCO3 (3 x 100 mL). The
organic layer was then dried over Na2SO4, filtered and concentrated in vacuo, to provide crude 5
as a clear oil. The crude product was purified by silica gel chromatography in hexanes to afford
4.08 g (58% yield) of pure compound 2. FTIR (neat): 2926, 2855, 2096, 1467, 1259 cm-1. 1H
NMR (CDCl3): δ 0.86 (t, 3H), 1.24 (m, 19H), 1.57 (p, 2H), 3.22 (t, 2H) ppm.

3.2.4.2 (1-dodecyl-1H-[1,2,3]triazol-4-yl)-phenyl-methanone and (1-dodecyl-1H[1,2,3]triazol-5-yl)-phenyl-methanone (6)
Synthesis depicted in Figure 3-2. 1-dodecyl azide (5, 1.49 g, 7.07 mmol) was combined
with 1-phenyl-propynone (1, 0.79 g, 6.10 mmol) in EtOH (20 mL). The solution was stirred for
24 h, with the color changing from yellow to orange. The reaction was continued for a further 6 d
(total reaction time of 7 d), the product solution was concentrated, and then purified by silica gel
chromatography (2:3 ether:hexanes) resulting in 1.18 g (3.44 mmol, 56% yield) of yellow solid.
The product was composed of a mixture of both the 4-yl and 5-yl constitutional isomers, which
remained unresolved for all experiments employing this compound. IR (KBr): 3125, 3066, 3027,
2921, 2848, 1632, 1597, 1597, 1575, 1523, 1465, 1347, 1239 cm-1. 1H NMR (CDCl3): δ 0.847 (t,
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Figure 3-2: Synthesis of 1-dodecyl-1H-[1,2,3]triazol-4-yl)-phenyl-methanone and 1-dodecyl1H-[1,2,3]triazol-5-yl)-phenyl-methanone (mixture is refered to as compound 6)
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3H), 1.22 (m, 19H), 1.94 (m, 2H), 4.42 (t, 2H), 7.49 (t, 2H), 7.57 (t, 1H), 8.23 (s, 1H), 8.41 (d,
2H).

3.2.4.3 General Au MPC Preparation
This procedure was modified from our previous method:9 Au MPCs capped with decane
thiol surfactant were prepared via NaBH4 reduction of HAuCl4 (~1 g, 2.9 mmol) in toluene/water
at 0oC.26 The particles were precipitated, washed 3x with EtOH, and redispersed in DCM. 11bromo-1-undecane thiol (~ 0.8 g, 3 mmol) was added and reaction allowed to equilibrate for 48 h
at room temperature. Precipitation and washing with EtOH resulted in Au particles with a mixed
monolayer of bromide and methyl functionality, as previously reported.4,20 The Br termini were
subsequently converted to azides by stirring in a 1:3 mixture of DMSO saturated with NaN3 and
THF for a further 48 h. The presence of the azide was confirmed by FTIR spectroscopy.9
Average core diameters were determined by the statistical analysis of TEM micrographs
of no fewer than 500 particles per sample. Because the average core radius slightly varies for
each preparation of Au MPCs (averaged 0.86 - 1.12 nm), only particles from the same batch are
compared in each of the kinetic studies.

3.2.5 Dipolar Cycloaddition Reactions
Because of inherent heterogeneity in particle sizes (i.e. molar mass), number of ligands
per particle, and percentage of azides within the particle monolayer, it is only possible to grossly
estimate the number of azide species per particle and therefore azide concentration in solution.
Therefore to control and normalize the experiments for quantitative comparison, stock solutions
of azide-containing Au MPC's were prepared in 1,4-dioxane using known amounts of particles (6
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- 30 mg/mL). For a given set of experiments, all variations were conducted using the same Au
nanoparticle stock solution. In each experiment, a large (~ 40 - 100 fold) excess of 1-phenylpropynone (1) was combined with 6 mL of the Au MPC stock solution, and the solution sonicated
for 30 - 45 sec to completely dissolve the alkyne. The reaction solution was divided into 3 equal
portions and stirred; a series of fractions (either 50 or 100 µL) were taken periodically,
precipitated and washed with EtOH (3x ~25 mL) to completely quench the reaction prior to data
acquisition. The washed particles were redispersed in DCM, the entire sample deposited on KBr
powder, and allowed to evaporate overnight.

3.3 Results and Discussion

3.3.1 Monitoring Cycloaddition Kinetics by FTIR Spectroscopy
We previously reported the use of click chemistry to modify Au nanoparticles with a
range of chemically functional species.9 However the slow reaction of uncatalyzed cycloaddition
made it difficult to quantify the formation of product using NMR spectroscopy. Cleaving the
functional thiols from the surface with elemental iodine4,9,19 required several mg of particles and
long data collection times to see quantifiable NMR signals. We have subsequently found that this
method underestimated the amount of triazole on the particle surface, most likely a result of
formation of Au (1,2,3-triazole) complexes in solution and adsorption to precipitated Au
aggregates.29-31 Chidsey and coworkers recently used quantitative FTIR spectroscopy in their
detailed investigation of the catalyzed click reaction on gold electrodes.32 We therefore chose to
quantitatively assess the azide/triazole surface coverage on the particles over the course of the
cycloaddition reaction using FTIR spectroscopy, which is highly sensitive and able to examine
molecules that remain attached to the particle surface.
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The FTIR spectrum of a typical azide-containing Au nanoparticle sample is shown in
Figure 3-3; the sharp absorbance peak at 2094 cm-1 corresponds to the N3 antisymmetric stretch,
while the peaks between 2800 – 3000 cm-1 correspond to the C-H vibrations of the particle
monolayer. During the reaction pictured in Figure 3-1, the number of aliphatic protons does not
change33 and therefore gives a constant total integrated area in the FTIR spectrum that is used as
the internal standard for the measurement of the reaction of N3 termini.
To test this analytical approach, an experiment using known quantities of small molecule
analogs in solution was conducted. The hydrophobic particle monolayer was approximated by
the use of a constant concentration of tetracosane in CCl4; the azide-terminated chains of the
monolayer prior to and after reaction were simulated with compounds (5) and (6), respectively. It
is important to note that while (6) is a mixture of two constitutional isomers the unresolved
reaction product is representative of the uncatalyzed reaction on the particle monolayer where no
isomer separation is possible.

Stock solutions of these compounds were combined in varying

relative amounts with a constant concentration of tetracosane. The FTIR spectra were normalized
to the area under the aliphatic peaks (2800 – 3000 cm-1), and these data are plotted in Figure 3-4
as the normalized area of the azide peak (2094 cm-1) versus the known mole percent of (5). The
linearity of this plot demonstrates that the alkyl region can be utilized as a suitable internal
standard for quantitative FTIR measurements of the reacted azide moiety. We therefore applied
this method to triazole formation on Au nanoparticle surfaces.

3.3.2 Quantitative FTIR for Measurements of Cycloaddition Rates
It is known that uncatalyzed azide/alkyne cycloadditions follow second order kinetics,
and it was expected that the cycloaddition of (1) to azide-modified particles would also obey a
bimolecular rate law.16 The second order rate constant for the reaction shown in Figure 3-1 was
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Figure 3-3: Representative FTIR spectra of 1.7 ± 0.5 nm diameter Au MPCs bearing undecyl
thio-azides with a decanthiol diluent.
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Figure 3-4: FTIR analysis of the amount of azide in CCl4 solutions with varying azide (5) to
triazole (6) ratios and 0.02 M tetracosane. The % azide (5) is calculated from the relative peak
area of the aliphatic (3000 - 2800 cm-1) and azide (2094 cm-1) regions, and is plotted against the
known mol % of azide (5) in solution. Symbols and error bars represent the average and standard
deviation of three separate trials.
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determined by comparison of the FTIR spectra for a series of click reactions of an azidecontaining Au nanoparticle sample with varying excess concentrations of 1-phenyl-propynone
(1). Following a literature procedure,18 the surface coverage of azide-terminated ligands was
determined by 1H NMR, and the average number of azide termini per particle was estimated
using the average core radius. Rough estimates of the solution concentration of particle-bound
azide were used to ensure the alkyne was added in 40 – 100 fold molar excess to establish pseudo
first order conditions.
The progress of the cycloaddition reactions were monitored using the FTIR spectra of
aliquots from the reaction mixture. In all cases, the integrated area under the azide peak at 2094
cm-1 was normalized to the area under the C-H vibrations (3050 - 2750 cm-1), and over the course
of these reactions the relative size of the azide peak decreased as the reaction proceeded. The
percent conversion of azide to triazole was calculated by comparison to the normalized azide
vibrational peak area in the unreacted starting material. Using values of the percent conversion
obtained as a function of time, the exponential rise (for each set of reaction conditions) was fit to
first order product formation kinetics with the equation:

(

% Conversion = α 1 − e − kobst
k obs = k 2 [alkyne]

)

Eq (1)
Eq (2)

where α is the maximum possible conversion determined from the fit and kobs is the
experimentally determined pseudo 1st order rate constant. The second order rate constant (k2)
can then be estimated by using equation 2 and plotting kobs vs. the alkyne concentration for
several different concentrations. Figure 3-5 shows a plot of kobs vs. the concentration of alkyne
(1). The points represent an average of kobs from three independent trials using an average value
for α obtained from five plots of % conversion to triazole vs. time and error bars were propagated
from the error in the kobs fit. k2 of the cycloaddition reaction on the nanoparticle surface with (1)
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Figure 3-5: Plot of kobs vs. concentration of alkyne (1) from the average of 3 independent trials.
kobs was calculated according to Eq (1); error bars are propagated from the error in the kobs fit.
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was determined to be ~ 6 x 10-5 M-1s-1, in good agreement with the solution phase reaction of
methyl propiolate (9.5 x 10-6 M-1s-1).34 To further study the factors that govern particle reactivity
in click reactions, we examined the kinetic trends of the cycloaddition under pseudo first order
conditions.

3.3.3 Substituent Effects on Kinetics: Hammett Parameters
Triazole formation requires orbital overlap of the azide and alkynyl species, and it has
been experimentally shown that the rate of the reaction has a linear dependence on the electronic
substitution of the reactants.16 To therefore assess any differences in this mechanism on Au
nanoparticles, the kinetics were observed using a series of alkynyl species with varying
substituents. The rates of triazole formation on Au nanoparticle surfaces were measured by FTIR
and these are compared in the simple Hammett plot in Figure 3-6. The data contain a general
increase in the reaction rate for more electron deficient alkynes, the expected trend based on
literature reports of solution phase reactions with alkyl azides.16 However, in all cases the rates
are slower than for (1). A likely cause is the role of steric interactions of the incoming alkyne
with the monolayer surface. Mrksich et al. observed that Diels-Alder reactions on electrode
surfaces could result in adsorption of the dienophile to the monolayer prior to cyclization.36 While
the Au nanoparticle monolayers are not expected to be as crystalline as a well-ordered monolayer
on flat Au surfaces, it is plausible that substituents on the benzene ring could have steric
interactions with neighboring chains of the monolayer and subsequently depress the rate. The
results shown in the Hammett plot are therefore a combination of steric and electronic effects.
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Figure 3-6: Hammett substituent plot for triazole formation on 1.7 ± 0.5 diameter Au
nanoparticles: the experimentally determined rate constant, kobs, versus the Hammett constant (σ)
for the substituent on the phenyl ring:35-●- H (1), -▼- p-NO2 (4), -■- m-NO2 (5), -♦- m-Cl (6). All
kobs values were determined using Eq. (1) and FTIR data from two to three independent trials, and
are normalized to the concentration of the respective alkynyl species. Error bars were propagated
from the error in the kobs fit; line is to guide the eye.
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3.3.4 Solvent Effects on Cycloaddition Kinetics
Although polarity and hydrogen donating ability of solvent molecules can affect reaction
rates, it has been shown that solution phase 1,3-dipolar cycloaddition reactions are largely
unaffected by solvent polarity.16 However, we previously observed that click chemistry on Au
nanoparticle surfaces had a substantially greater reactivity in dioxane. This was attributed to the
solvent’s role in solubilization of the particle monolayer.9 To more fully investigate the impact of
solvent on the kinetics of the reaction, the rate constants for triazole formation in several solvents
were measured using quantitative FTIR. Figure 3-7 contains a plot of the change in the observed
pseudo first order rate constant (kobs) as a function of the solvent polarity (using the polarity
parameter ETN ).37 A slight (~ 4 x 10-7) increase in rate with solvent polarity was observed, which
is qualitatively similar to the trend in solubility of azide terminated particles. Particle stability
and monolayer solvation are therefore the likely contributors to the observed solvent dependence.

3.3.5 Effect of Surfactant Length
Effects of surfactant length and relative azide location within the particle monolayer
(buried or free) on the triazole cycloaddition rate were also examined. Mrksich et al. observed
that rates of Diels-Alder cycloaddition reactions can vary significantly between buried and
sterically free reactive termini of monolayers on two dimensional electrodes.36 Chidsey and
coworkers recently investigated the effect of ligand length for triazole formation on modified Au
electrode surfaces, and showed that the reaction did not occur when the azide-terminated
alkanethiol was significantly (4 carbon-carbon bonds) shorter than the coadsorbed diluent.32
However, the length of the surfactant on the Au nanoparticles' surfaces impacts the crystallinity
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Figure 3-7: Plot of the observed triazole formation rate constant, kobs, for the reaction of azidecontaining 1.9 ± 0.5 nm diameter Au nanoparticles with (1) versus the solvent polarity factor ETN
37
(-●- 1,4-dioxane, -▼- toluene, -■- DCM, -♦- diethyl ether) kobs values are obtained using Eq (1)
and FTIR data from two or three independent trials, and were normalized to the mol ratio of
alkyne: azide. Error bars were determined from the error in the fit of kobs.
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of the monolayer and as a result, Au particles containing sites buried below the monolayersolution interface can remain accessible to SN2 style substitution.20
To study the role of relative surfactant lengths in triazole forming reactions, a large
sample of Au MPCs with a protective monolayer of decanethiol was prepared so that the particle
size and average ligand order remained relatively constant. The particles were divided and
separately exchanged with ω-terminated Br alkanethiols in which the number of carbons in the
chain was varied from six to sixteen. The Br termini were converted to azides as before. In all
cases, the resulting monolayers contained decanethiol diluent, the azide-containing ligand, and a
small but measurable amount of unreacted Br-terminated alkanethiol. Each of these nanoparticle
samples was then reacted with an excess of compound (1) and the course of the reaction again
monitored by FTIR spectroscopy. Unlike the prior report of 2D monolayers, cycloaddition was
observed for all of the examined azide-terminated chains, regardless of chain length.
Although there was not an apparent dependence of reaction rate on chain length, the data
revealed a striking difference between Au particles bearing high and low percentages of terminal
azides. Representative data for the reaction of azide-terminated decanethiol in two different
surface coverages (relative to decanthiol diluent ligands) with (1) are shown in Figure 3-8A.
These data show a higher percent conversion to the triazole (i.e. extent of reaction) when the
azide is present at a lower surface coverage. A compilation of the measured maximum percent
conversion for a series of experiments in which the length of the azide-containing ligand and its
relative surface coverage with a decanethiol diluent were varied are shown in Figure 3-8B. As
before, triazole formation was found to readily occur at all ligand lengths, though measured
percent conversions were dependent on the relative amount of azide on the particle surface.
The data in Figure 3-8B is considered in terms of relative trends for high and low azide
surface coverage: a likely source of the differences in maximum conversion is steric crowding on
the particle surface. Conversion of azides to triazoles by reaction with (1) increases the size of the
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Figure 3-8:
(A) Percent conversion of azide to triazole with time under pseudo first order
conditions for 2.2 ± 0.8 nm diameter (low azide surface coverage) and 2.0 ± 0.6 (high azide
surface coverage) Au particles bearing decyl azide with a decane thiol diluent. (-●- 45%, -∇22%) (B) Plot of the maximum conversion of azide to triazole vs. the composition of the
monolayer. ω-terminated azide ligand alkyl chain lengths (-●- C6 azide, -∇- C8 azide, -■- C9
azide, -◊- C10 azide, -▲- C12 azide, -□- C16 azide). Circles qualitatively denote high versus low
relative azide surface coverage.
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terminal group, so that at high azide surface coverage the large polycyclic aromatic product could
sterically block the reaction of neighboring azides. At lower surface coverage, the motion of the
azide terminated ligand is less restricted and these therefore have a higher probability of adopting
a favorable conformation for cycloaddition. Because a rigid transition state is necessary for
reaction,16 it is plausible that these steric interactions are responsible for decreasing the overall
extent of reaction.

3.4 Conclusions
FTIR spectroscopy was used to examine the rates of triazole formation on Au
nanoparticles, and the general trends of uncatalyzed 1,3-dipolar cycloaddition have been
established. Triazole formation was found to occur at approximately the same rate as small
molecule solution reactants and to proceed by an analogous mechanism to solution. Monolayer
solubility qualitatively appears to follow the trend for triazole cycloaddition, with changes in
solvent polarity only modestly affecting the rate of reaction. A general trend in the extent of
reaction relative to the surface coverage of azide-terminated alkanethiolates exists, in which
greater overall yields are observed at lower azide surface coverages. Future studies will focus on
a more quantitative understanding of the relationship between surface coverage, chain length and
extent of reaction.

These general trends provide a functional understanding of triazole

cycloaddition at the nanoparticle surface that may allow careful design of complex systems and
ultimately lead to greater control in forming multifunctional monolayers.
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Chapter 4

Grignard Functionalization of Weinreb Amide-Modified Au Nanoparticles

4.1 Introduction
Nanoparticle functionalization strategies that have been introduced over the last 10 - 15
years generally employ mild conditions to prevent the degradation of the inorganic particle core.
Although many have acceptable reaction yields on particle surfaces, requiring mild conditions
limits the utility of many basic organic reactions and can require long reaction times,1-2 high
pressures,2 or expensive organometallic catalysts.3-5 There is a dearth of approaches for carboncarbon bond formation on particle surfaces,2-5 most likely because some of these typically require
harsher conditions than thought to be compatible with metal nanoparticles. Because of this
perceived limitation, most nanoparticle functionalization methods fail to take advantage of the
most basic organic transformation for carbon-carbon bond formation, which uses addition of
organometallic reagents to carbonyls.2-5 Indeed the power of organic chemistry is the ability to
use a wide range of possible transformations to produce the desired product. Improving the scope
of synthetic methodology that is useful on nanoparticle surfaces by including this fundamental
subset of organic transformations is important for emerging applications of functional
nanomaterials. This study describes the first example of rapid and broadly applicable carboncarbon bond formation directly on monolayer protected Au clusters without significant particle
degradation using "Weinreb amide"-modified nanoparticles and Grignard reagents, as a proof of
concept system that can ultimately be extended and applied to other nanomaterials.
Grignard and organolithium reagents are extremely strong nucleophiles,6 and therefore it
is not surprising that their use for nanoparticle functionalization has been largely
Reproduced with permission from Thode, C. J.; Williams, M. E. Langmuir. 2008, 24, 5988-5990.
Copyright 2008 American Chemical Society
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uninvestigated.7,8 Yet their utility in organic transformations is broad because of the ease with
which organometallic reagents are formed or found commercially. Our approach to Grignard
functionalization of Au particle monolayer surfaces is shown in Figure 4-1; particles are protected
with a mixture of methyl- and N-methoxy-N'-methyl amide (i.e. Weinreb amide9) terminated
alkanethiol surfactants. This latter species is known to react rapidly with organometallic reagents
in high yields and permit only single addition at the carbonyl.9 We reasoned that a stable, wellpacked surfactant monolayer and rapid reaction would make this family of organic
transformations feasible for Au nanoparticle functionalization (Figure 4-1).

4.2 Materials and Methods

4.2.1 Instrumentation
1

H NMR spectra were acquired using a Bruker AV 360 MHz spectrometer. FTIR spectra

of particle samples and compounds were obtained on a Varian FTS 7000 spectrophotometer
operating in diffuse reflectance or transmission mode respectively, over a range of 4000 to 500
cm-1 with a resolution of 2 cm-1. Particle samples were deposited on KBr powder as solutions in
tetrahydrofuran (THF) and allowed to dry overnight, then ground prior to data collection.
Transmission Electron Microscopy (TEM) images were collected with a JEOL JEM 1200 EXII
electron microscope with an accelerating voltage of 80 keV. Digital images were taken using a
Tietz 224 digital camera and samples were prepared by drop-casting dilute samples of particles in
THF onto Cu grids precoated with a layer of amorphous carbon.
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Figure 4-1: General reaction scheme for Grignard reagents and Weinreb amide terminated Au
nanoparticles.
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4.2.2 Chemicals
Grignard

reagents

were

purchased

from

Aldrich,

with

the

exceptions

of

phenylmagnesium bromide and phenyl lithium, which were purchased from Acros Organics.
THF was purified under nitrogen using activated alumina columns. Mg ribbon was purchased
from Aldrich chemical and kept under a nitrogen atmosphere prior to use. All other chemicals
were purchased from commercial sources and used as received.

4.2.3 Synthesis

4.2.3.1 11-mercapto-N-methoxy-N-methyl undecanamide (ω-terminated Weinreb

amide thiol ligand) (1)
A solution of 0.99 g (4.5 mmol) of 11-mercaptoundecanoic acid in DCM (50 mL) was
cooled to 0oC. A 1.0 g (4.9 mmol) amount of dicyclohexylcarbodiimide (DCC) and 82.5 mg
(0.675 mmol) of 4-dimethylamino pyridine (4-DMAP) were added and the solution stirred for 15
min at 0oC. Next 5.0 mL (45 mmol) of N-methylmorpholine (NMM) was added and the reaction
solution stirred for an additional 10 min. N,O-dimethylhydroxylamine hydrochloride (0.94 g, 9.6
mmol) was added and the reaction was allowed to warm to room temperature overnight and
continued to react for an additional 24 h. Following reaction, the remaining DCC was quenched
with 1 mL of acetic acid (17 mmol) and the DCM removed under reduced pressure. The white
residue was subsequently resuspended in ~50 mL of ether, filtered to remove dicyclohexylurea
(DCU), and washed with an additional ~25 mL of diethyl ether. The combined filtrates were then
washed with three ~50 mL portions of 10% HCl (emulsions took several minutes to separate),
dried over Na2SO4 and concentrated, resulting in a cloudy, colorless solution with some
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suspended DCU.

The crude product was purified on silica gel in 50% hexanes/2%

triethylamine/48% ethyl acetate, to yield 0.42 g (1.59 mmol, 35%10) of pure (1) as a clear oil.
(note: in some cases DCC/DCU streaked through the column and was seen as a white solid that
precipitated in the collection vials. In these cases the fractions were concentrated and the product
dissolved in a small amount of ethyl acetate. The ethyl acetate solution was subsequently cooled
to 0oC and filtered to remove this impurity). 1H NMR (CDCl3, 360 MHz): 3.60 (3H, s), 3.09 (3H,
s), 2.43 (2H, q), 2.33 (2H, t), 1.51 (4H, m), 1.30-1.19 (14H, broad sloping multiplet); IR (KBr,
cm-1): 2927 (C-H), 2853 (C-H), 2555 (S-H), 1668 (C=O), 1464, 1414, 1384, 1177, 1116, 999,
722.

4.2.3.2 Au MPCs with mixed monolayers of octanethiol and Weinreb amide alkane

thiol
Au MPCs were prepared by the method of Brust et al. with 2 equivalents of tetra-N-octalammonium bromide, 3 equivalents of octanethiol and 40 equivalents of NaBH4.11 Subsequent
ligand exchange in toluene with (1) afforded Au MPCs bearing a mixed monolayer of methyl and
N-methoxy-N'-methyl-amide termini.12 The majority of particles were precipitated in hexanes at
0oC overnight and recovered by centrifugation. The recovered particles were then placed through
5 more cycles of dispersion in a minimal amount of THF, followed by precipitation in hexanes at
room temperature.

Following the wash cycles the particles were redispersed in THF and

centrifuged to remove any insoluble material. A stock solution of the recovered particles in THF
was then used for all experiments.
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4.2.3.3 General addition of Grignard and organolithium reagents to Au MPCs
A 4 mL amount of a 7.15 mg/mL Au MPC stock solution in THF was concentrated in
vacuo to relative dryness and placed under N2. A 10 mL amount of fresh anhydrous THF was
then added, followed by a solution of the desired organometallic reagent in THF (see Table 4-1
specific particle and organometallic concentrations). The solution was stirred for between 1 to 48
h (Table 4-1). Addition of the organometallic reagent caused an apparent aggregation of the
particles followed by a slow and incomplete return to solution with time. Subsequently the
reaction was quenched with 1 mL of water and the entire solution was poured into 100 mL of a
basic EDTA solution (~180 mg EDTA, ~200 mg NaOH). A cloudy dark suspension formed and
was extracted 3 times with ~30 - 50 mL portions of EtOAc or until the water layer was colorless.
In some cases a thin layer of particle aggregates formed at the phase boundary and these were
collected along with the organic layer (Figure 4-2). The organic layers were combined and
washed once with 100 mL of 5% acetic acid, which caused most of the agglomerated particles to
return to solution (Figure 4-2). The organic layer was dried briefly over Na2SO4 to avoid any
possible adsorption, filtered and concentrated. The particles were dissolved in a minimal amount
of EtOAc and precipitated in hexanes and isolated by centrifugation.

These were then

redispersed in THF and precipitated in cycles repeated 3 times for small very volatile compounds
(ethyl, isopropyl, ethynyl) and 6 times for all others. After a thorough washing, the particles were
dissolved in THF and centrifuged to remove any insoluble aggregates.

4.2.3.4 Addition of 9-pyrenylmagnesium bromide to Au MPCs
A 62.8 mg amount of magnesium ribbon (0.3 mm thickness) was roughened with sand
paper and cut into small pieces (about 2 mm x 3.5 mm). The Mg was placed under N2 and to it
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Table 4-1: Reaction Conditions for Commercially Available Organometallic Reagents.

Organometallic Reagent
Ethynyl MgBr
Ethyl MgBr
Isopropenyl MgBr
Isopropyl MgCl
Phenyl Li
Phenyl MgBr
3-Methyl-2-thiophenyl MgBr
9-Phenanthrenyl MgBr

Concentration (M)a
0.5
0.5b
0.5
0.226b
1.46
0.67
0.5
0.33

mmol added
0.250
0.125
0.250
0.113
0.365
0.362
0.250
0.165

mg of particles
28.6
15.2
28.6
8.5
28.6
28.6
28.6
28.6

a) All concentrations were determined by titration with diphenylacetic acid in dry THF at rt. b)
ethylmagnesium bromide and isopropylmagnesium chloride were diluted to the values listed from
their as-purchased concentrations under N2.
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Figure 4-2: Extraction method for Au nanoparticles.
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was added 0.292 (1.04 mmol) of 9-bromopyrene in 5 mL of anhydrous THF.13 The solution was
refluxed for 2 h and subsequently cooled to room temperature. Meanwhile, 2 mL of a 7.6 mg/mL
stock solution of Weinreb amide modified particles were dried in vacuo and placed under N2. 5
mL of fresh anhydrous THF was added to the particles followed by 1 mL of the cooled 9pyrenylmagnesium bromide solution. The solution was stirred for 3 h, followed by quenching
with 1mL of water. At this point the reaction followed the standard work up outlined above.

4.3 Results and Discussion

4.3.1 Synthesis of Au Nanoparticles with Terminal Weinreb Amides
The Weinreb amide ligand was synthesized in reasonable yield (35%) from commercially
available 11-mercaptoundecanoic acid in a single step without the need to protect the thiol
functionality. Following literature protocols,12 the ω-N-methyoxy-N'-methyl amide alkyl thiol
was efficiently exchanged onto octanethiol stabilized Au nanoparticles (1.5 ± 0.4 nm diameter)
by stirring 1.36 g of these in a solution containing 290.7 mg of amide in 40 mL of toluene for 48
hours. Following purification of the particles from hexanes, the monolayer composition was
analyzed by 1H NMR (Figure 4-3) and FTIR (Figure 4-4), and found to be ~ 50% Weinreb amide
terminated ligands by 1H NMR integration analysis.

4.3.2 Quantitative Assessment of Surface Yield
Nine organometallic reagents in Table 4-2 were selected for reaction with the modified
Au nanoparticles to test the feasibility and scope of this approach. The compounds in Table 4-2
allow for comparison of reagents with primary and secondary carbons, and with sp, sp2 and sp3
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Figure 4-3: 1H NMR spectra of Au nanoparticles bearing mixed monolayers of CH3 and Weinreb
amides (CO(CH3NOCH3) in CDCl3. Sample contains ~ 56% Weinreb amide and ~ 44% CH3 by
integration.
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Figure 4-4: FTIR of Au nanoparticles bearing mixed monolayers of CH3 and Weinreb amides
(CO(CH3NOCH3)).
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Table 4-2: Organometallic Reagents Used in Reactions with Modified Au Nanoparticles

Compound

Small
Timea %Conversionb Molecule
Yieldc

R or R'

2

MgBr

1h

NA

d

99%14

3

CH3CH2-MgBr

1h

61%

96%15

4

MgBr

1h

76%

98%16

5

MgCl

1h

50%

61%17

6

Li

3h

>95%

85%18

7

MgBr

3h

>95%

85%19

8

48 h

N.R.

69%20

9

3h

35%

N/A

22 h

24%

N/A

S

MgBr

MgBr

MgBr

10

a) Reaction time in THF at 22-24°C. b) % yield determined by 1H NMR analysis. c)
Literature % yield is from the highest reported yield found for the most similar smallmolecule reactants. N/A = data are not available in the literature. d) Instability and over
lap of the N-methyl and methoxy protons of the ethynyl species prevented the
determination of % yield.
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type carbons. Tertiary organometallics were not considered due to their preference for proton
abstraction over nucleophilic attack on the carbonyl.21 All reactions of commercial Grignard
reagents were performed at room temperature in dilute THF solutions with 6 - 13 µmol/mg Au
particle.
Both the reaction yield on the surface of the particles and literature yields for similar
solution phase reactions of small molecules (i.e. not on nanoparticle surfaces) are given in Table
4 - 2. 1H NMR was used to quantitatively measure the reaction percent yield by comparison of the
relative integration of proton peaks from the remaining Weinreb amides vs. diagnostic peak(s) of
the product. Figures 4 - 5 to 4 - 11 show the NMR spectra for Weinreb amide modified Au
nanoparticles following reaction with compounds 3 - 7,9,10. The diagnostic peaks for each
sample are indicated by the particle line structure contained within the figure. In Figure 4-5 and
4-7, peak overlap occurred between the protons adjacent to the carbonyl carbon and the product
diagnostic peaks. In this instance contribution from the Weinreb amide was subtracted from the
total peak integration prior to determining the on-particle yield. In addition, Figure 4-8 and 4-9
did not contain the characteristic Weinreb amide peaks, therefore, we consider the samples to
have near quantitative (>95%) surface yield for purposes of comparison. In all cases in which
reaction is observed on the Au particle surface, the yields compare reasonably well with values
reported for small molecule reactants.

4.3.2.1 FTIR Spectroscopy
To confirm conversion to the product, FTIR of all post addition products were acquired.
These spectra were critical in establishing the presence of the ethynylmagnesium bromide alkynyl

147

Figure 4-5: 1H NMR of Au nanoparticles post reaction with ethylmagnesium bromide (13mercapto-tridecan-3-one, 3), in CDCl3. The (*) indicates an unidentified impurity.
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Figure 4-6: 1H NMR of Au nanoparticles post reaction with isopropenylmagnesium bromide
(13-mercapto-2-methyl-tridec-1-en-3-one, 4), in CDCl3.
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Figure 4-7: 1H NMR of Au nanoparticles post reaction with isopropylmagnesium chloride (13mercapto-2-methyl-tridecan-3-one, 5), in CDCl3.
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Figure 4-8: 1H NMR of Au nanoparticles post reaction with phenyl lithium (11-mercapto-1phenyl-undecan-1-one, 6), in CDCl3.
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Figure 4-9: 1H NMR of Au nanoparticles post reaction with phenylmagnesium bromide (11mercapto-1-phenyl-undecan-1-one, 7), in CDCl3.

152

Figure 4-10: 1H NMR of Au nanoparticles post reaction with pyrenylmagnesium bromide (11mercapto-1-pyren-1-yl-undecan-1-one, 9), in CDCl3.
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1
Figure 4-11:
H NMR of Au nanoparticles post reaction with 9-phenathrenylmagnesium
bromide (11-mercapto-1-phenanthren-9-yl-undecan-1-one, 10), in CDCl3.
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ketone product (Figure 4-12) and in the case of isopropenylmagnesium bromide (Figure 4-13)
where two isomers could form.
Ethynylmagnesium bromide addition to Au nanoparticles with terminal Weinreb amides
results in the formation of 13-mercapto-tridec-yn-3-one (2). NMR spectroscopy was not able to
resolve the alkynyl diagnostic proton and the CH3 of the unreacted methoxy of the amide.
However, Figure 4-12 shows clearly the expected alkyne stretch for an alkyne adjacent to a
ketone at 2088 cm-1 and the characteristic alkynyl proton stretch at 3238 cm-1 confirming the
formation of the product. Additionally, because the C C is considered a weak intensity peak,
such a strong presence in the IR spectrum suggests reasonable surface yield, though quantitation
is not possible.
Isopropenylmagnesium bromide addition to Weinreb amides can result in two possible
isomers having either a cis or trans double bond (Figure 4-13).22,23 Rotations about the bond
between the carbonyl and alkene cause a splitting of the C=O stretching frequency and their
relative intensity is evidence of the more favorable confirmation.23

In the case of

isopropenylmagnesium bromide addition to Weinreb amide monolayers on Au particles, Figure
4-13 shows the product favoring a trans confirmation (A) based on the more intense stretch.

4.3.3 Extent of Particle Decomposition

4.3.3.1 Particle Return Yields
The extent of Au particle decomposition that occurs over the course of the reaction was
examined in terms of both the percent recovery and changes in the average diameter of the
particles. Percent recovery is quantitatively defined as the mass percent of soluble nanoparticles
recovered post-reaction compared to a control sample of similarly treated (i.e., dried, centrifuged,
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Figure 4-12: FTIR of Au nanoparticles post reaction with ethynylmagnesium bromide (13mercapto-tridec-1-yn-3-one, 2).
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Figure 4-13: FTIR of Au nanoparticles post reaction with isopropenylmagnesium bromide (13mercapto-2-methyl-tridec-1-en-3-one, 4). Peak assignments are based on references 22 and 23.
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and washed) but unreacted particles. These values are given in Table 4-3. The data in Tables 4-2
and 4-3 reveals that in general vinyl sp2 type reagents perform exceptionally well, with several
compounds reaching >95% surface yield within 1 - 3 h and simultaneously maintaining high
particle recoveries. Compounds 5 and 6 were used to compare organolithium and magnesium
bromide reactants. Both reagents provided equivalent surface yields, yet particle stabilities are
more sensitive to phenyl lithium concentration than phenylmagnesium bromide, reducing the %
recovery by reaction with the former. In contrast, reaction of compound 2 (a small, sp type
organometallic) resulted in unstable particles that precipitated from THF solution after several
days. The solution instability of particles reacted with compound 2 may also be the result of the
terminal alkyne species binding to the neighboring particle surface.24,25 When completely dried,
particles reacted with either compound 2 or 3 were largely insoluble, although compound 3
remained stable in solution. Among the nine reagents tested, only compound 8 did not react.

4.3.3.2 Particle Size Analysis
To assess the degree of reagent-induced decomposition on the Au nanoparticles, sample
sizes and shapes were observed by transmission electron microscopy (TEM). Examples of TEM
images of post-reaction particles, and histograms of the size distributions of these before and after
reaction, are in Figure 4-14. For product particle samples that were observed to be stable and
soluble, analysis of the TEM images reveals that the average particle diameter or dispersity does
not substantially change after reaction with Grignard reagents. This is consistent with the particle
recovery yields in Table 4-3. Consistent with our observation that reaction with 2 forms insoluble
species, the TEM images show larger particles and aggregates in the isolated product.
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Table 4-3: Assessment of Au Nanoparticle Stability.
a

% Recovery
Compound

(vs. Control)

Ave. Dia. (nm)

2
3

49%
88%

1.9 ± 0.6
1.6 ± 0.6c

4
5
6
7

95%
51%
78%
100%

1.8 ± 0.5
2.2 ± 0.9
1.6 ± 0.4
1.9 ± 0.5

9
10

100%
100%

1.6 ± 0.5d
1.7 ± 0.5

b

a) Particle return yields were calculated by comparing the solvent-free mass of the total recovered
sample from 2 mL of stock solution with the solvent-free mass of the total recovered sample from
a control experiment involving a full workup. b) Average diameter determined by TEM analysis
of no less than 500 particles after reaction (initial particle diameter = 1.6 ± 0.4 nm). c) Initial
particle diameter = 1.7 ± 0.5 nm. d) Initial particle diameter = 1.8 ± 0.6 nm.
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Figure 4-14: A) Histogram of particle size distributions of Au nanoparticles, measured for a
minimum of 500 particles per sample using TEM. Initial particles (■) and following reaction with
6 (■), 7 (■), and 3 (■). Representative TEM images of Au nanoparticles B) before reaction and
following reaction with C) 7 and D) 3.
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4.3.4 Steric Considerations
There appears to be an influence of sterics in the data in Table 4-2. Sterically bulky
reactants (e.g. 9 and 10) have lower overall reaction yields even if the time is extended to 22 h.
Small, less hindered nucleophiles (i.e., 2) are able to bypass the monolayer and cause particle
decomposition. On short time scales and at lower concentrations this may be minimized. A
notable exception to this is compound 5, which in general had poor reactivity and suffered an
uncharacteristic amount of particle decomposition that could be a result of the chloride.
However, the general trend is in agreement with prior reports of nucleophilic addition to Au
particle monolayers, which showed that at 23oC primary nucleophiles can access buried bromides
whereas secondary and tertiary nucleophiles could not.26

4.3.5 Concentration Effects
Concentration plays a strong role in both reaction yield and particle stability. For
example, pyrenylmagnesium bromide at a concentration of 13.7 µmol/mg reacts with modest
yield (35%) and excellent percent recovery (100%). However, using a higher relative
concentration (27.4 µmol/mg) causes significant particle decomposition. A common observation
for all of the reactions was an apparent relationship between concentration and decomposition,
although this varies according to the organometallic reagent. Conversely the overall yield of the
reaction also depends on the concentration of Grignard reagent. Therefore results reported in
Table 4-2 are for empirically optimized concentrations of organometallic reagent to minimize
particle degradation while maximizing yield. Utility of this reaction will require determination of
experimental conditions to maximize yield and stability on a case-by-case basis.
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4.4 Conclusions
Grignard reagents can be used as effective rapid functionalization agents for monolayer
protected Au nanoparticles. Particle stability depends on reactant bulkiness and concentration,
and tends to be greater for Grignard rather than organolithium reagents. Particle reaction can be
accomplished in high yields in short amounts of time while minimizing aggregation. Our ongoing
efforts focus on applying this strategy to other nanoparticulate systems and introduction of more
complex species onto the particle monolayers.
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Chapter 5

pH Sensitive Fluorescent FePt Nanoparticles for In Vivo Imaging

5.1 Introduction
As the fields of chemistry, biology and engineering converge upon nanotechnology for
new tools in the biomedical sciences, a mounting interest in multi-response nanoparticle probes
has emerged.1-3 Powerful techniques such as confocal microscopy, magnetic resonance imaging
(MRI) and fluorescence spectroscopy have become increasingly popular methods of monitoring
life in real time. Steadily growing along with these are new analytical techniques4 and sensors.5
One topic of heated interest is in vivo neurotransmitter vesicle trafficking.6 While many
methods of investigating vesicle trafficking exist, such as electrochemistry,7 visual techniques
with lower limits of detection and higher spatial resolution are becoming increasingly prevalent.8
However, many challenges still exist for methods of visualization and detection of synaptic
release from vesicles. When neurotransmitters are released upon a fusion event of the synaptic
vesicle with the neuronal cell membrane, the event is accompanied by a change in the local pH
from 5 to 7.9
Current techniques to study this release rely on fluorescent pH probes8,9 or quantum
dots,10 both having significant disadvantages. With small molecule fluorescent pH probes the
local concentration is variable and can lead to challenges for imaging.8B Conversely quantum dots
have exceptional luminescent properties capable of achieving single vesicle detection limits,10 but
are plagued by irreversible quenching due to surface adsorption when not coated in a protective
layer.11 Without the ability to have direct access to the core of encapsulated quantum dots, there
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can be no analyte dependent fluorescence, with the exception of Fluorescence Resonance Energy
Transfer (FRET).12
Magnetic nanoparticles have the potential to provide a high local concentration of surface
bound fluorescent molecules.13 In addition, these magnetic nanoparticles have advantages in that
their motion in solution can be directed by magnetic fields, they can act as MRI contrast agents14
and they can provide a localized surface for the transport of functional molecules that is on the
scale of sub-cellular biology. These advantages are further underscored by that fact magnetic
iron oxide nanoparticles are often considered "biologically friendly" compared to other classes of
nanoparticles, making them a more ideal system for in vivo study.15
Several recent reports of fluorescent magnetic nanoparticles have made use of fluorescein
as the surface bound moiety due to its well known use as a fluorescent biological tag.13,16,17
However, surprisingly few of these publications make use of fluorescein's well known pH
dependent fluorescence properties.16B In addition, the majority of these reports employ silica
shells for adsorption of the fluorophore either within the silica matrix or conjugated to a dense
aminosilane network, making it difficult to control the surface concentration and size of the final
probe.16 A notable exception to these is the work of Motte et al. who used 5-hydroxy-5,5bis(phosphono)pentanoic acid attached to 10 nm Fe2O3 nanoparticles, where the bis-phosphonate
groups bound to the particle surface leaving the carboxylate head groups to stabilize the particle
sample in water through electrostatic repulsion.13 The pendant carboxylic acid groups could then
be coupled to fluorescein amine with N-ethyl-N′-(3-dimethylaminopropyl)carbodiimide (EDC),
yielding the fluorescent magnetic nanoparticles.13 However, the pH sensitivity was not tested nor
was the surface coverage optimized.13
Based on such promising literature precedents we sought to develop magnetic
nanoparticles that could be used as in vivo pH sensitive probes for vesicle fusion and could act as
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general localized environmental reporters that can be manipulated in magnetic fields. In this
regard we were particularly interested in applying a strategy from our group's earlier work
involving the quantitative addition of primary amines to trifluoroethyl esters (TFEE) of
polyethylene glycol (PEG) and their subsequent exchange onto FePt nanoparticles for several
important reasons (Figure 5-1).18 The first was that PEG is well known to prevent nonspecific
adsorption of proteins to both planar and particle surfaces.19 In addition, because a pH sensitive
fluorophore bearing a primary amine (fluorescein amine) was already commercially available, the
formation of the required surface ligand was very amenable to the previously reported solvent
free PEG-TFEE method.18 Furthermore, FePt nanoparticles are considerably smaller (d ~ 4 nm)
than other superparamagnetic or ferromagnetic particles used currently in the literature,
potentially giving them wider access within biological systems.18,20 Finally, because we opted to
use a ligand exchange method to introduce the fluorescent tag to the nanoparticle surface, it
would be possible to control and optimize the surface coverage based on the initial ligand to
particle feed ratio if mixtures of fluorescent and non-fluorescent ligands were used.

5.2 Materials and Methods

5.2.1 Chemicals and Reagents
Dichloromethane (DCM) and tetrahydrofuran (THF) were filtered through activated
alumina columns under nitrogen.

Fluorescein was purchased from TCI Organics and

recrystallized 3 times by addition of hot saturated ethanolic fluorescein solutions into ~ 21
equivalents of water in a similar fashion to the literature procedure.21 Fluorescein amine was
purchased from TCI organics and used as received. Fluorescein amide was synthesized according
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Figure 5-1: General reaction scheme for ligand synthesis from PEG-TFEE and primary amines
with ligand exchange onto FePt nanoparticles.
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to Nagano, Fukuzumi and coworkers,22 then subsequently purified by column chromatography on
silica gel (gradient eluent of 10-20% Methanol in DCM). Water was purified by use of a
Barnstead NANOpure water filtration system. Di-TFEE-PEG600, TFEE-PEG600-SH, and NH2PEG600-SH were synthesized as per Latham and Williams.18 FePt nanoparticles were synthesized
according to the procedure of X. C. Sun et al. with the exception that oleic acid and oleylamine
were replaced with dodecylamine and dodecanoic acid.23 All other chemicals were used as
received.

5.2.2 Instrumentation
1

H NMR spectra were acquired using either a Bruker AV 360 MHz, a Bruker DRX 400

MHz or a Bruker DPX 300 MHz spectrometer. Fluorescence emission data were obtained from a
Photon Technology International (PTI) Fluorimeter.

UV-Visible absorbance spectra were

acquired on a Cary-50 Varian spectrophotometer.

5.2.3 Synthesis

5.2.3.1 Fluorescein-ω-PEG Thiol (1)
To 0.576 g (0.761 mmol) of TFEE-PEG600-SH was added 0.261 g (0.784 mmol) of
fluorescein amine. The reaction was stirred under vacuum for 24 h. Following the reaction, the
mixture containing product and unreacted fluorescein amine was diluted with DCM and placed in
a freezer overnight. The resultant mixture was filtered and concentrated under reduced pressure.
The crude product was used without further purification.
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5.2.3.2 Ligand Exchange of Fluorescein-ω-PEG Thiol onto FePt, (FePt@F*)
Ligand exchange was performed according to the literature.18 Briefly, 2.5 mL of a 10
mg/mL FePt nanoparticle solution in DCM was added to neat crude fluorescein-ω-PEG thiol
(0.321 g). The particles were allowed to stir for ~72 h followed by removal of the solvent under
an air stream at room temperature. Water was added to the resulting black viscous residue and
the sample sonicated for 30 sec to ensure complete dispersion of the PEG coated FePt particles.
Aggregates that formed during this process were removed by centrifugation and the remaining
supernatant was dialyzed against 3 L of pure water for 3 days. Water was changed twice daily, ~
12 h, which resulted in FePt@F* nanoparticles that were stable in pure water for months.

5.2.4 Determination of pH reversibility
A 200 mL stock solution of 41 µg/mL FePt@F* in pure water was prepared and allowed
to equilibrate with stirring for ~10 min. Meanwhile stock solutions of H3PO4 (0.148 M) and
NaOH (0.484 M) were prepared. The pH of the FePt@F* stock solution was measured by a pH
probe (93.3% confident against pH 4,7,10 standard buffers) in situ and incremental addition of
the acid and base stock solutions was begun. After each addition the integrated fluorescence
emission of the sample was recorded by diluting 1.5 mL of FePt@F* stock to 3.5 mL and
exciting the sample at 488 nm. Integrated fluorescence emission was baseline corrected and
normalized to concentration of FePt@F*. The pH was cycled four times between pH 3 and pH
10, followed by adjusting to pH 7 for storage.
fluorescence stability.

The sample was tested 1 week later for
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5.2.5 Quantum yield studies
Quantum yields were measured according to literature procedures by comparison to a
known standard.24 A 24.9 mg sample of fluorescein-ω-PEG thiol or a 1 mL portion of FePt@F*
was serially diluted to 0.08% of its original concentration in 0.1 M NaOH. Concurrently, a 0.453
mM fluorescein standard was prepared in 0.1 M NaOH.25 Sodium hydroxide was used in all
cases to ensure that all fluorescein species remained as the dianion (F2-).25 These formed the
stock solutions for the subsequent dilutions. Stock solutions were incrementally diluted (100 350 µL to 5 mL) in 0.1 M NaOH and their absorbance and emission (λex = 488 nm25) spectra
measured.

Baseline correction of all absorbance and emission spectra was performed by

manually subtracting the 0.1 M NaOH solution spectrum.

5.2.6 Determination of ε by Beer's Law
Beer's law plots were constructed by acquiring incrementally diluted spectra of solution
of fluorescein and fluorescein amide in 1.0 M NaOH. The absorbance spectrum of each sample
was measured and the absorbance at 491 nm was plotted vs. concentration. The slope of the line
was then used to calculate the molar absorptivity (ε).

5.2.7 Surface Concentration by Method of Standard Addition
FePt nanoparticles (1 - 6 mg) bearing a mixed monolayer of HS-PEG-COOH and (1) in 1
mL of pure water were placed in a centrifuge tube and to this was added 2 mL of a warm (slightly
above room temperature) solution of saturated NaOH (~15 g in 10 mL of water). Aggregates
immediately formed and were centrifuged from solution along with undissolved NaOH. The
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remaining cloudy viscous liquid (supernatant solution) was carefully separated from the
aggregates (Note: that some aggregates float to the surface due to buoyancy from the high salt
content). Concurrently, a stock solution (0.848 mM) of fluorescein in 1.5 M NaOH was
prepared. A 100 µL sample of the supernatant solution was diluted to five mL in 1.5 M NaOH
and the absorbance of the sample at 491 nm measured. Following this initial sample, five
solutions were made containing 100 µL of supernatant solution and 100 - 300 µL of fluorescein
stock solution and again the absorbance of each was measured at 491 nm. A plot of absorbance
vs. concentration of fluorescein was constructed and analyzed accordingly.

5.3 Results and Discussion

5.3.1 Synthesis and Characterization of Fluorescein-ω-PEG thiol
Trifluoroethyl esters of PEG are known to reacted rapidly and quantitatively with primary
amines both in DCM and under solvent free conditions.18 In addition, a variety of functional
ligands bearing a terminal thiol have been synthesized and attached to FePt nanoparticles via the
S-Pt bond.26 Seeking to employ these two broadly useful chemistries, we chose to prepare
fluorescein-ω-PEG-thiol using the TFEE chemistry developed in our lab.
However, the aniline style primary amine of fluorescein amine failed to react
quantitatively with the TFEE. In fact, regardless of the reaction conditions, poor yields were
always observed. Purification could be achieved by precipitation in cold DCM where fluorescein
amine is poorly soluble, although some sparingly soluble fluorescein amine may have remained
in solution. Amide formation was suggested by comparative 1H and 13C NMR measurements of
the TFEE-PEG600-SH (Figure 5-2), fluorescein amide and compound 1. The 1H NMR shows
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Figure 5-2: A) 1H NMR comparison of HS-PEG600-TFEE (─), fluorescein amide (─) and 1 (─).
Dotted lines represent the peaks corresponding to fluorescein amide. B) 13C NMR of the
carbonyl region of TFEE-PEG600-SH (─), fluorescein amide (─) and 1 (─). All spectra were
taken in deuterated dimethyl sulfoxide (d6-DMSO).
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some of

the characteristic proton resonances of the fluorescein amide small molecule in

conjunction with the characteristic resonances of the TFEE-PEG600-SH. In addition, two new
peaks at 9.00 ppm and 10.05 ppm appear in the spectra, possibly the result of interaction with the
PEG chain. Comparison of the peak integrations at 6.63 and 6.55 ppm (fluorescein amide, S+D,
6H) vs. 4.77 ppm (CH2CF3, S, 2H) allows for a rough estimate of the total yield, ~ 4 %.
Comparison of the carbonyl region of the 13C NMR spectra of the three compounds shows a new
carbonyl resonance at 169.33 ppm, possibly the result of the desired aniline amide with the shift
from the fluorescein amide being caused by the additional electron withdrawing power of the first
oxygen in the PEG chain.
The low yield achieved for this reaction was likely caused by combination of factors,
with the foremost being the poor solubility of the fluorescein amine. Some of the amine did
dissolve in the TFEE-PEG600-SH overnight under vacuum, but not to the extent seen by Latham
and Williams for other insoluble primary amines.18 It is also possible that the nucleophilicity of
the aniline amine is reduced by resonance into the extended conjugated system of fluorescein
amine.
It is well accepted that PEG surfactants can pose significant challenges to purification,
due to their size distribution and ease of solvation in most solvents. Williams and Latham
reported that under solvent free conditions functional-ω-PEG600 thiols could be formed by
sequential additions of primary amines.18 Even though a mixture of products was formed during
this reaction, PEG dithiol cross linked particles could be removed from solution by centrifugation
in water and unbound PEG chains could be removed via dialysis in pure water.18

Therefore,

while all synthetic attempts failed to yield pure 1, it was reasoned that extensive dialysis would be
effective in removing all but the fluorescein bound/adsorbed and any thiolated PEG bound to the
nanoparticle surface.
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Ligand exchange onto FePt nanoparticles proceeded smoothly using the literature
method, and after dialysis against pure water for 3 days, resulted in stable water soluble FePt@F*
samples exhibiting strong fluorescence. During the course of the dialysis, the water took on the
distinctive green coloration of fluorescein, but after exchanging the colored water for pure water
after 12 and 24 h no additional coloration was observed. Dialysis was continued for an additional
2 days to ensure that any trace unbound fluorescein was removed. FePt@F* particles following
purification were free of aggregates as evidenced by TEM (Figure 5-3).

5.3.2 Fluorescence properties of FePt@F*
FePt@F* nanoparticles demonstrated the strong characteristic absorption and emission
bands for the fluorescein moiety (Figure 5-4). Particle concentration vs. emission studies were
conducted at two different excitation wavelengths to ensure linearity. The λmax emission for
excitations at 488 nm and 468 nm, was found to be 509 nm and 514 nm respectively. Integrated
fluorescence emission intensity of the nanoparticle samples was linear in 0.1 M NaOH hydroxide
solution up to a concentration of ~13 µg/mL, and ~50 µg/mL in 0.1 M phosphate buffer (Figure
5-5).

This suggests that quenching between fluorophores was not occurring at these low

concentrations, but under irradiation at 468 nm nanoparticle solutions exceeding 60 µg/mL
showed signs of nonlinearity.

5.3.2.1 Determination of Fluorescein Surface Concentration
Determining the concentration of fluorescein on the surface of the particles presented a
daunting challenge. Unlike Au nanoparticles and quantum dots, FePt nanoparticles are
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Figure 5-3: TEM image of FePt nanoparticles with attached fluorescein-ω-PEG thiol (inset
contains the histogram of the distribution of sizes of the particles, determined by analysis of 250
particles).
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Figure 5-4: A) Absorbance spectra of FePt@F* nanoparticles in 1.5 M NaOH. B) Emission
spectra of FePt@F* nanoparticles in 0.1 M NaOH. Inserts show the equivalent spectra for
fluorescein-ω-PEG thiol.
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Figure 5-5: Integrated fluorescence emission intensity vs. FePt@F* nanoparticles excited at 468
nm (●) in 0.1 M phosphate buffer and 488 nm (●) in 0.1 M sodium hydroxide. Error in the
concentration was extrapolated from instrumental sources. Error in the integrated emission of (●)
represents the standard deviation of 3 independent trials. Error in the integrated emission of (●)
was extrapolated from the error in the photomultiplier tube response by means of the trapezoid
approximation.
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superparamagnetic, eliminating the use of NMR spectroscopy which has been so heavily
employed in the field for this purpose.27 Etching of the particles followed by extraction, which
has also been implemented previously,18 requires high surface concentrations or large sample
quantities to obtain detectable NMR signals. In the case of our FePt@F* nanoparticles, a high
surface concentration of the fluorophore was not expected and the PEG based ligand system
meant that extraction vs. water would have poor partition coefficients, making it unacceptable for
quantitation. Instead, the spectroscopic method of standard addition (MSA) was used to obtain an
estimated surface concentration.
Due to the difficulties encountered in obtaining a pure sample of 1, fluorescein was
chosen as a suitable standard. The experimentally determined fluorescein concentration was
converted through Beer's Law into fluorescein amide concentration to more closely approximate
the concentration of 1 in solution via equation 1.

ε 

If A1 = A2 , then C1  1  = C 2
ε2 

Eq. (1)

Where A is the absorbance of the samples at the same wavelength, C is the concentration, and ε is
the molar absorptivity of the respective species. Ideally this relationship performs best when the
molar absorptivities are of similar magnitude. Figure 5-6 shows the concentration vs. absorbance
plot for the fluorescein standard and the fluorescein amide small molecule. Comparison of the
slopes reveals that the molar absorptivity of the two compounds is indeed similar having a
εFluorescein/εFlourescein amide ratio of 1.28 ± 0.01 and this ratio was used to estimate the concentration of
fluorescein on the FePt@F* surface.
As a proof of method we determined a known concentration of fluorescein amide using
fluorescein as the standard. The data shown in Figure 5-7 has good linearity (r2 = 0.9999) and
passes through the origin. Back calculation to the X intercept and conversion from fluorescein
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Figure 5-6: Beer's law plot of fluorescein (●) and fluorescein amide (●). Error bars were
extrapolated from instrumental sources.
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Figure 5-7: Modified method of standard addition using fluorescein as the standard and
fluorescein amide as the unknown. Error bars were extrapolated from instrumental sources.
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equivalents to the concentration of fluorescein amide gave a value of 6.6 ± 0.7 x10-6 M, which is
a reasonable approximation of the concentration calculated by mass (5.81 ± 0.09 x10-6 M). The
accuracy was compared to that of pure fluorescein solution where 3.8 ± 0.1 x10-6 M was found
vs. the mass derived 3.357 ± 0.004 x10-6 M. In both cases there existed a constant ~ 13%
discrepancy between the concentration determined by MSA vs. the concentration determined by
mass, which is attributed to a constant instrumental error.
Before surface quantitation was possible, it was necessary to liberate the PEG chains
from the FePt nanoparticle surface and remove any absorbance contribution from the FePt core.
Attempts to completely dissolve the particles using HCl resulted in dark samples with similar
optical density to that of the starting FePt@F* particles and the use of 2:1 HCl:HNO3 solutions
did not retain the fluorescein absorbance band. Therefore, we instead employed the use of a
strong base to etch the fluorescein-ω-PEG thiol from the particle surface.
Addition of saturated NaOH (see section 5.2.7) immediately resulted in a massive
aggregation of the particles. Centrifugation and careful pipetting allowed the collection of the
supernatant, which could then be used directly as the stock solution for dilution. Figure 5-8A
shows the spectra obtained from the most concentrated particle sample and that of pure
fluorescein in 1.5 M NaOH. The shift in the baseline is most likely due to the change in
refractive index from the higher salt concentration vs. 1.5 M NaOH and some small yet soluble
aggregates.

Therefore, the baseline of the samples was corrected to the baseline of pure

fluorescein (Figure 5-8B). As can be seen from the figure, the expected absorbance spectrum is
retained following the basic etching process suggesting that the fluorescein moiety is not
damaged.
Application of the method of standard addition to the "brightest" nanoparticle sample
resulted in an estimated 13 ± 2 nmol of fluorescein per mg of FePt nanoparticles. By scaling the
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Figure 5-8: A) Raw absorbance of FePt@F* nanoparticles etched with NaOHsat. diluted with 1.5
M NaOH. B) Baseline corrected spectra of FePt@F* nanoparticles etched with NaOHsat. diluted
with 1.5 M NaOH. Where (─) is the fluorescein standard, (─) is the pure etch solution and all
other colors are various concentrations of fluorescein standard plus etch solution.
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earlier reported estimated mass of an FePt nanoparticle18 it is possible to convert this value to an
average number of fluorescein species per particle, which results for this sample in ~ 1
fluorescein moiety per 4 FePt nanoparticles. Because of the nature of our measurement technique
and the inability to use the exact surface molecule for MSA our result may be a slight (~ 12%)
over-estimate.
Calculation of an expected surface yield for comparison can be achieved by assuming
that the concentration of the ligand in solution is conserved on the surface of the nanoparticle. By
approximating the nanoparticles used in the exchange as a sphere of radius 0.6 nm and using the
surface area occupied by a single PEG thiol chain as 0.29 nm2 from Krozer et al.,28 it is possible
to estimate the total number of PEG thiols per FePt nanoparticle as ~ 16. Therefore, the molar
ratio on the surface for 1 in 4 FePt nanoparticles bearing a single fluorescein moiety is ~ 2%.
This is reasonably consistent with our estimate of ~ 4% fluorescein-ω-PEG thiol by mol from
NMR, especially considering that some unreacted fluorescein amine may have been present in the
crude ligand.

5.3.2.2 Quantum Yield
Quantum yields were measured by comparison with pure fluorescein in 0.1 M NaOH (Φ
= 0.92 ± 0.02) excited at 488 nm.24,25 To elucidate the effect of the nanoparticle on quantum
efficiency, we initially determined the quantum yield of fluorescein-ω-PEG thiol to be 0.084 ±
0.002. While some decrease in the quantum efficiency of the PEG appended fluorescein amine
was expected as compared to pure fluorescein, such a substantial decrease was not. The almost
10 fold reduction in quantum yield of the PEG ligand may be due to the presence of excess free
carboxylic acid moieties or impurities in the PEG.
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Figure 5-9 shows the quantum yield vs. surface coverage determined for 3 different
FePt@F* samples. In all cases the low surface concentrations equate to a one or none scenario in
terms of fluorescein ligands per FePt nanoparticle. The differences in the overall fluorescein-ωPEG thiol to nanoparticle ratio are therefore the result of the relative amounts of FePt@F*
particles to non emissive nanoparticles. Comparison of the PEG ligand to the quantum yield
obtained for all three samples finds these values to be similar, with the "brightest" FePt@F*
sample having a quantum yield of 0.101 ± 0.008 (▼). The distribution in the quantum efficiency
for the particle samples shown in Figure 5-9 is likely the result of differences in the individual
nanoparticle's size and morphology.

More importantly, because the statistically dominant

emissive species is an FePt nanoparticle with a single attached fluorophore these results suggest
that the large distance imposed by the PEG chain prevents significant quenching of the
fluorescein moiety by the FePt core.

5.3.3 pH Response and Reversibility of FePt@F*
Fluorescein has the unique property of pH dependent fluorescence emission which arises
from the multiple emitters that can form at different equilibria.29 Therefore, we investigated the
pH dependent fluorescent properties of FePt nanoparticles bearing a mixed monolayer containing
fluorescein amides. The pH response was tested for both magnitude of response and reversibility.
A dilute solution of FePt@F* nanoparticles was prepared for this experiment and the pH
monitored with a pH probe in the particle solution. Following the addition of acid (H3PO4) or
base (NaOH) the integrated fluorescence emission when excited with 488 nm light was plotted
vs. pH. Figure 5-10 shows the pH response of the FePt@F* particles after several cycles of acid
and base addition which moved the pH between 3 and 10. As can be seen from the graph, the pH
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Figure 5-9: Fluorescein-ω-PEG thiols per FePt nanoparticle vs. quantum yield. Nanoparticle
diameters were: (●) 1.4 ± 0.4 nm, (●) 1.5 ± 0.3 nm, and (▼) 1.2 ± 0.3 nm. The line (─) indicates
the quantum yield of the crude Fluorescein-PEG-SH, with the (─) lines showing the error
boundaries. Error bars were extrapolated from the errors in all fits and mg/mL of the particle
samples, error in the average particle diameter was not included.
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Figure 5-10: pH vs. integrated fluorescence intensity. Nanoparticles were ~ 41 mg/mL. The
sample was excited at 488 nm and the fluorescence intensity was normalized to the volume
change. The different symbols represent different additions of acid or base: (●) NaOH addition
1, (●) H3PO4 addition 1, (▼) NaOH addition 2, (▼) H3PO4 addition 2, (■) NaOH addition 3. The
inset contains the manually calculated 2nd derivative of the pH curve. Error bars for the solution
pH were extrapolated from the error in the electrode response. Error in the integrated emission
was extrapolated from the error in the photomultiplier tube response by means of the trapezoid
approximation. The inset contains no error analysis.
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response is reversible over the same pH range as pure fluorescein with a roughly 4 - fold increase
in fluorescence from pH 5 to 7. No reduction in emission intensity was observed one week after
titration suggesting that no ligands were removed from the particle surface during titration cycles.
Empirical determination of the inflection point of the acid/base equilibria (insert to Figure 5-10
shows 2nd derivative of all points) was found to be ~6.4 - 6.5, demonstrating the usefulness of
these particles over a biologically relevant pH range.

5.4 Conclusions
In this chapter we have demonstrated the use of PEG trifluoroethyl ester chemistry for the
production of fluorescent, pH sensitive FePt nanoparticle probes that have potential as localized
pH reporters in biological and microfluidic systems.

Fluorescence emission of the FePt

nanoparticles was linearly dependent with particle concentration, and good pH reversibility and
stability over a biologically relevant pH range. Additionally a modification of the method of
standard addition was employed to estimate the FePt nanoparticle fluorophore surface
concentration. FePt@F* nanoparticles were found to have either 0 or 1 attached fluorophores and
attachment to the particle surface did not significantly affect the quantum yield of the attached
fluorescent species.

5.5 Future Directions
Future work on this research topic will undoubtedly be focused on the improvement of
the synthesis of the fluorescein-ω-PEG thiol ligand. Several examples in the literature report
excellent results being achieved through the use of fluorescein isothiocyanate (FITC) attachment
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to surface bound amines via the formation of a thiourea linkage.16C,30 Latham and Williams
reported that quantitative yield could be achieved quite rapidly between ethylenediamine and HSPEG600-TFEE.18 Following exchange onto FePt nanoparticles the terminal amine was free for
reaction with fluorescamine in solution, like wise one could envision addition of these particles to
FITC in a similar manner.18 In addition, isothiocyanates provide strong signals in a relatively
empty region of the IR spectrum (2200 - 2050 cm-1).31 This allows for a simple test of product
formation by the absence of the isothiocyanate stretch in the IR and the growth of a new peak in
the 1400 - 1300 cm-1 region, indicative of thiourea.31
A straight forward method of employing isothiocyanates as the attachment chemistry for
FePt nanoparticles is shown in Figure 5-11. This reaction is known to proceed to reasonable
yield under a variety of conditions.32 The advantage of this strategy is that the reaction between
isothiocyanates and primary amines may be carried out on-particle (Figure 5-11) as well as in
solution. A strategy which allows for calculation of the amine surface density on the particles by
fluorescamine titration18 of a small aliquot of the amine bearing FePt nanoparticle sample prior to
reaction with FITC.
Furthermore, the synthetic scheme in Figure 5-11 is easily adaptable to iron oxide
nanoparticles through the use of dopamine TFEE chemistry.33 Figure 5-12 shows the key steps of
such a ligand synthesis with suggested reaction conditions based on similar literature reports.18,33
Alternatively, a carboxylic acid binding group can be easily incorporated into the TFEE reaction
motif by reaction of methoxy-12-amino laurate and followed by subsequent deprotection of the
ester (Figure 5-13). Ultimately both of these approaches rely on obtaining a primary amine at the
monolayer solution interface for further reaction and the selectivity of the isothiocyanate for
primary amines.
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Figure 5-11: The on-particle and off-particle routes for the synthesis of FePt@F* via TFEE and
isothiocyanate chemistry. Reaction of the isothiocyanate in DCM is from Liu et al.32A and in
THF/EtOH is from Chung and coworkers.32B
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Figure 5-12: Primary amine with dopamine binding group from TFEE chemistry. diBz-DOPA
can be synthesized and deprotected according to Xu et al.33
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Figure 5-13: Synthesis of a primary amine with a carboxylic acid head group from TFEE
chemistry. Methoxy-12-amino laurate can be synthesized according to the procedure of
Christensen et. al.34

194

Other alternatives exist for iron oxide nanoparticles as well. Starting from a completely
different approach it may be possible to adapt the bisphosphonate chemistry of Motte et al.
mentioned earlier in this chapter to the inclusion of diamine terminated PEG chains synthesized
from diTFEE-PEG600 (Figure 14).13 This chemistry could potentially combine the high surface
coverage seen by Motte et al. with the prevention of nonspecific adsorption to the particle surface
afforded by PEG.13,19 Furthermore, by adapting a known ligand exchange method35 for Fe2O3
nanoparticles synthesized by high temperature reduction, it will be possible to avoid the
polydispersity associated with coprecipitated nanoparticles.
Another feasible route is to react particles bearing a layer of aminopropylsilanes (See
chapter 1 section 1.3.3 for details) directly with TFEE esters that already contain a terminal
fluorescein.16C,16E,36 However, controlling the number and location of reactive amino termini
using this approach can be challenging. In addition to these potential starting points, silica shells
have been very useful in obtaining strongly fluorescent nanoparticles that also have pH
sensitivity.16B While these materials are outside the scope of this discussion details can be found
in references 16B,16D and chapter 1 section 1.3.5.1 on the synthesis of these core@shell particles
with a variety of magnetic cores and surface functional groups.
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Figure 5-14: Synthesis of Fe2O3 nanoparticles bearing terminal amines. Step 1: Modification to
the ligand exchange protocol developed by Lattuada and Hatton for citric acid on oleic acid
coated Fe2O3 nanoparticles.35 5-hydroxy-5,5-bis(phosphono)pentanoic acid can be synthesized
according to Guenin et al.37 Step 2: EDC coupling between primary amines and surface bound
5-hydroxy-5,5-bis(phosphono)pentanoic acid as described by Motte et al.13
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