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ABSTRACT
A wide range of metal, magnetic, semiconductor, and polymer nanoparticles with
tunable sizes and properties can be synthesized by straightforward wet-chemical
techniques. Magnetic nanoparticles are particularly attractive because their inherent
superparamagnetic properties make them highly desirable for medical imaging, magnetic
field assisted transport, and separations and analyses. With such applications on the
horizon, synthetic routes for quickly and reliably rendering the surfaces of magnetic
nanoparticles chemically functional have become an increasingly important focus. This
dissertation describes synthetic routes for making and functionalizing magnetic
nanoparticles and also discusses their characterization and initial applications in magnetic
field induced separations.
Herein, the synthesis of a trifluoroethylester-PEG-thiol ligand (TFEE-PEG-SH)
and its use to create water soluble, chemically functional Au metal and FePt magnetic
nanoparticles is discussed in Chapter 2. The trifluoroethylester terminus facilitates
attachment of any primary amine containing molecule via amide bond formation at room
temperature without the use of coupling agents. Three possible routes of nanoparticle
functionalization are demonstrated: synthesis of Au nanoparticles in the presence of
functionalized R-PEG-SH; ligand exchange of R-PEG-SH onto both Au and FePt
nanoparticles; and exchange of TFEE-PEG-SH onto Au nanoparticles, followed by
subsequent amide condensation. A series of primary amine containing molecules,
including biotin and fluorescamine, are easily attached to the water soluble particles and
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the resulting materials are characterized by NMR, UV Visible absorption and emission
spectroscopies.
In terms of characterization, significant changes to the morphology of amorphous
metal oxide (Fe, Co, and Ni) nanoparticles caused by exposure to the high energy
electron beam of a transmission electron microscope (TEM) are reported in Chapters 3
and 4. The studied particles were synthesized via literature methods and fully
characterized by X-ray powder diffraction and time-resolved TEM. As a result of
electron beam irradiation, these particles are observed to transform from an initially solid
particle to one with a core/void/shell structure eventually leading to a hollow
nanoparticle. These results indicate that TEM-induced structural evolution is a general
observation and not unique to one specific system. These data have significant
implications for the structural analysis of nanomaterials via TEM.
The purification and analysis of magnetic nanoparticles using capillary magnetic
field flow fractionation, which utilizes an applied magnetic field oriented orthogonal to
the capillary flow, is also discussed in Chapter 5. To validate this approach as a
separation method for nanometer-scale particles, samples of magnetic nanoparticles
composed of either -Fe2O3 (maghemite) or CoFe2O4 with average diameters ranging
from 4 to 13 nm were prepared and characterized by transmission electron microscopy
and SQUID magnetometry. Retention of the samples on the capillary was investigated as
a function of solvent flow rate and the nanoparticle size and composition; the elution
times of the nanoparticles are strongly dependent on their magnetic moments. The use of
this method to separate a mixture of nanoparticles into size monodisperse fractions is
demonstrated. The magnetic moments of the particles are calculated based on analysis of
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the retention parameters and are compared to values obtained in separate SQUID
magnetometry measurements.
Finally, the manipulation of magnetic nanoparticles between microfluidic
channels by the application of an external magnet is discussed in Chapter 6. Two
orthogonal channels were prepared using standard PDMS techniques with pressuredriven flow used to deliver the mobile phase. To study the ability to control magnetic
nanoparticles within micrometer-sized channels, Fe2O3, MnFe2O4, and Au nanoparticle
samples were compared. For the magnetic particles, transfer between flow streams is
greatly increased by placing a permanent magnet beneath the intersection of the channels,
but no change is observed for the nonmagnetic Au particles. More nanoparticles are
magnetically transferred into the orthogonal channel as the solvent flow rate decreases.
The ability to use this technique to perform multiple injections of plugs of magnetic
particles by periodic application of a magnetic field is also demonstrated.
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Chapter 1
Controlling Transport and Chemical Functionality of Magnetic Nanoparticles

1.1 Introduction
The intrinsic interaction of magnetic nanoparticles with applied magnetic field
gradients makes these particles attractive for directing transport and separation of
attached material that can range in size from molecules to cells.1 This approach is a
powerful way with which to interact with matter at the nanoscale that is complementary
to optical methods employing nanoscale noble metal2,3 and semiconductor particles.4 As
a result, magnetic nanoparticles have garnered wide-spread attention in recent years to
develop and understand synthetic means to control their size, magnetic behavior, and
chemical reactivity.5-8 Simultaneously tuning surface chemistry and physical properties
enables preparation of functional magnetic nanoparticles that can be vehicles to
manipulate, track, and deliver attached cargo. Varied applications in biomedicine9,10,11
and magnetic field assisted separations and analyses12-16 are envisioned for nanoscale
magnets. Extension of the chemistries used to impart surface functionality will give rise
to multifunctional magnetic probes and open up new opportunities to perform a wide
range of operations using the same particle. Conversely, the size- and compositiondependent magnetic moments17 hold the potential to be exploited in the development of
magnetic based separation devices. A host of other applications, such as hyperthermia
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treatment for malignant cells18 and magnetic resonance imaging (MRI) contrast
agents,19,20 stand to benefit from the unique properties observed in nanoscale magnets.
With recent advancements in synthetic methods has come the ability to easily
prepare a wide range of magnetic nanoparticles that are highly crystalline and uniform in
size.21-27 Stabilization of the particles is necessary to induce solubility while preventing
agglomeration, and, similar to Ag or Au nanoparticles, can either be electrostatic or steric
in nature.28,29 While aqueous methods for magnetic nanoparticles provide electrostatic
stabilization of particles, we typically avoid employing these because they often yield
particle samples with poor shape and size control, and because slight changes in ionic
strength or pH can result in precipitation.30,31 Our interest in bottom-up assembly of
nanometer scale materials has led us to adopt high-temperature synthetic methods21-27 to
investigate and explore the characterization, functionalization, and field-assisted transport
of magnetic nanoparticles. Applications requiring tunable surface chemistry and
magnetism directly benefit from these studies. This introduction describes some of the
chemistries that we and others have used to make functional nanomagnets and then
discusses recent investigations of magnetic field assisted transport of these particles.

1.2 Nanoparticle Synthesis
Common high-temperature synthetic methods utilize the thermal
decomposition,21,24,26,27 or thermal reductive decomposition,22,23,25 of metal precursors in
the presence of a stabilizing ligand to yield metal nanoparticles ranging in diameter from
approximately 3 – 15 nm. The transmission electron microscope (TEM) images in
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Figure 1.1 demonstrate the range of the sizes and types of materials that are made using
the routes shown in Figure 1.2. Typical metal precursors include carbonyl21 and
acetylacetonate (acac)25 complexes (e.g. Fe(CO)5, Co(acac)2 and Fe(acac)3), and 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 particles. Shorter chain lengths are sometimes
employed to facilitate surface modification post-synthesis,32 but generally chains with at
least six 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 introduction are representative of a much
larger and growing body of work.
Modifications of the reaction parameters serve as a simple way to tune particle
size and shape and therefore magnetic properties of a nanoparticle sample. Magnetic
moment is intrinsically related to composition: incorporation of Co2+ into an Fe oxide
matrix (i.e., CoFe2O4) significantly enhances the magnetic anisotropy relative to an iron
oxide nanoparticle of equivalent size; conversely, insertion of Mn2+ (i.e., MnFe2O4)
decreases the anisotropy.33 Boiling point (Tb) of the solvent, molar ratio of metal to
ligand, and reaction time further affect size and morphology. For example, when
synthesizing CoFe2O4 particles, changing the solvent from phenyl ether (Tb ~265 °C, 30
min) to benzyl ether (Tb ~298 °C, 2 hr) yields a 7 nm increase in size.25 It has been
shown during synthesis of MnFe2O4 nanoparticles that a surfactant to Fe ratio smaller
than 3:1 yields spherical particles while increasing that ratio to 3:1 results in the synthesis
of cubic shapes.34
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Figure 1.1: TEM images of (A) Au, (B) Fe2O3, (C) FePt, (D) CoFe2O4, (E) MnFe2O4,
and (F) Fe2O3 (aq) nanoparticles. Scale bars are 100 nm.
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Figure 1.2: Synthesis of Fe oxide nanoparticles.

6
These examples illustrate that exerting control over size, shape, composition, and
magnetic properties can be accomplished by judicious choice of reaction parameters.
Over the past decade, a wide range of magnetic nanoparticle compositions and
structures have been demonstrated, such as the examples shown in the TEM images in
Figure 1.1. The most common of these materials are the Fe oxides (Fe2O3 and Fe3O4),
known for their high magnetic moments and 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 the
more 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 as-prepared
particles often must undergo further modifications and post-synthetic reactions to render
them chemically functional.

1.2.1 Core-Shell Nanoparticles
An alternate method of particle preparation involves passivation of the magnetic
nanoparticles by a secondary metal or polymer. Silica shells have been grown on
magnetic nanoparticles to provide a surface that is easily modified with silanes.39,40,41
Coating particles with a layer of Au is also highly desirable because of its known
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reactivity toward sulfur-containing ligands. In both cases, encapsulating particles in an
inert shell is thought to provide a protective barrier layer against oxidation or reaction
with solution species. Our group demonstrated a facile approach to encapsulate a metal
oxide core with Au; -Fe2O3 nanoparticles prepared by the coprecipitation of Fe salts
were used as seeds to nucleate the growth of Au under mildly reducing conditions
according to the reaction scheme in Figure 1.3A.42 By addition of sequential aliquots of
HAuCl4 and hydroxylamine in the presence of Fe2O3 particles, a shell of Au of increasing
thickness was deposited on the magnetic particles. This was further evidenced by the
growth of a peak in the visible absorption spectrum (Figure 1.3B) that is associated with
the plasmon band for Au. Superconducting quantum interference device (SQUID)
magnetometry (Figure 1.3C) revealed that these particles retained the magnetic
properties of the Fe2O3. These particles are therefore composite nanomaterials with
magnetic cores and a Au surface that enables further chemical functionalization.

1.3 Characterization

1.3.1 Magnetic Properties
As ferro- or ferrimagnetic materials decrease in size to the nanometer regime,
they change from multi-domain to single domain structures, and as a result
superparamagnetic behavior is observed.43 At room temperature superparamagnetic
materials have no net magnetization, and the magnetic spins are randomly aligned. These
thus act similar to non-magnetic (or paramagnetic) nanoparticles. However, upon

8

A

FeCl 2 + FeCl 3 NaOH
→ Fe 3 O 4 oxidation

→ − Fe 2 O 3
OH
− Fe 2 O 3 HAuCl
 4 /NH
2
→

Absorbance

0.8

B

0.6
0.4
0.2
0.0

400

500

600

700

800

Magnetization (emu/g)

W avelength (nm)
60
40

C

20
0
-20
-40
-60
-1.0

-0.5

0.0

0.5

1.0

Magnetic Field (T)
Figure 1.3: (A) Synthetic scheme for the synthesis of -Fe2O3/Au core/shell
nanoparticles. (B) UV-vis spectra of as-synthesized -Fe2O3 ( ) particles and following
iterative Au additions 1 ( ), 2 ( ), 3 ( ), 4 ( ), and 5 ( ). Inset: TEM image of Fe2O3/Au core/shell nanoparticles after 5 iterative additions. Scale bar is 200 nm. (C)
Magnetization at 5 K as a function of applied field for -Fe2O3/Au core/shell
nanoparticles.

9
exposure to a magnetic field, the magnetic spins in superparamagnetic particles are
spontaneously aligned and the particles are magnetized. When the applied magnetic field
is removed, thermal fluctuations result in the complete loss of magnetization and nonmagnetic behavior is restored. This behavior is highly dependent on temperature, and if
the temperature is sufficiently low, thermal fluctuations are not significant enough to
randomize the magnetic spins, and the material becomes permanently magnetized. The
temperature at which a superparamagnetic particle begins to behave ferromagnetically is
termed the blocking temperature and is important in the characterization of magnetic
nanoparticles. SQUID magnetometry is routinely used to assess these magnetic
properties. Monitoring magnetization as a function of temperature for particles cooled
with and without an applied magnetic field followed by warming in the presence of a
magnetic field allows the characteristic blocking temperature to be determined.

1.3.2 Core Size and Composition
Uniformity in both size and shape is highly desirable in nanoparticle synthesis
since physical properties strongly depend on both of these. Unlike noble metal and
semiconductor nanoparticles, magnetic particles posses neither fluorescence nor surface
plasmon absorption to assist in the characterization of particle size. Therefore, the most
common characterization method for magnetic nanoparticles is TEM. Low-resolution
TEM is used to measure core size and size uniformity (i.e., dispersity), and is typically
accompanied with energy dispersive X-ray spectroscopy (EDX) to provide elemental
analysis. High-resolution TEM can provide electron diffraction from a single
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nanoparticle and atomic resolution of the crystal lattice. In some cases, scanning TEM
(STEM) methods coupled with electron-energy loss spectroscopy (EELS) yield elemental
analysis at sub-nanometer lateral resolution.
Recently, while investigating the structure of nanoparticles using TEM, our lab
observed that electron beam irradiation can result in significant changes to particle
morphology.44 Amorphous Fe oxide nanoparticles synthesized using a mixture of
hexadecylamine and trioctylphosphine oxide initially appeared to be solid; however, less
than 2 minutes of electron beam irradiation resulted in the morphological changes shown
in Figure 1.4. Formation of hollow particles was attributed to electron beam induced
structural rearrangements, which suggested that TEM analysis of nanoparticle structure
can cause changes in particle shape and morphology that easily lead to misinterpretation
of the as-prepared particle structures. Since the original work, discussed in more detail in
Chapter 3, our continuing studies (Chapter 4) of TEM-induced transformations have
shown that this effect appears to be more general and occurs in additional amorphous
systems (i.e., varied ligands and metal oxides). These data imply that time-resolved TEM
analysis is ultimately necessary to rule out structural transformations caused by the
microscope versus particles that form hollow shells via the Kirkendall effect.45,46

1.4 Functionalization
Development of methods aimed at the post-synthetic surface modification of
magnetic nanoparticles is important to render them chemically functional and to control
their solubility. For biomedical applications and bioanalysis, the ability to solubilize the
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Figure 1.4: TEM images of amorphous Fe oxide nanoparticles synthesized with
hexadecylamine/trioctylphosphine oxide (A) before and (B) after 2 min of electron beam
irradiation. Scale bars are 100 nm.
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nanoparticles in water and to modify their surfaces with molecules, proteins,
oligonucleotides, or other targeting agents, is a crucial step toward their wide-spread use.
Conversely, materials applications of magnetic particles will likely require a broad range
of chemical functionalization and solvent compatibility. We have therefore sought
synthetic routes by which these may be achieved; they are generally outlined and
contrasted to other available methods in Figure 1.5.

1.4.1 Ligand Place-Exchange
Place-exchange reactions on the surface of Au nanoparticles were pioneered by
Murray et al. and provide a way to append chemically functional species.3 To an extent
these reactions should be applicable to magnetic nanoparticles, but differences in metal
and metal oxide affinity for ligands is a key factor in the efficacy of place-exchange. One
of the first demonstrations of using place-exchange on magnetic particles used FePt,
which were stirred in a solution containing thiol-modified nitrilotriacetic (NTA) acid.
Formation of metal-sulfur bonds replaced the hydrophobic surface monolayer and
resulted in water-soluble and functional particles.47 Attachment of poly(ethylene glycol)
(PEG) to FePt nanoparticles was later demonstrated via ligand exchange, rendering the
FePt particles water soluble and potentially biologically compatible.32 However, the PEG
was methyl terminated so did not provide a tag to which additional molecules could be
readily attached. Place-exchange of dopamine onto Fe2O3 nanoparticles32,48,49,50 has also
been utilized to prepare water soluble magnetic particles that may retain some of the
biological and chemical reactivity of dopamine. The broad applicability of this approach
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is not yet known, but attachment schemes for molecules other than dopamine are clearly
needed.
To address this need for facile and broadly applicable methods to impart tunable
functionality to magnetic particles, our lab recently synthesized a trifluoroethylester
(TFEE) terminated PEG-thiol shown in Figure 1.6A and further discussed in Chapter 2.
This ligand was designed such that the PEG confers both water solubility and biological
compatibility, the thiol terminus provides an anchor to attach to metal particle surfaces,
and the TFEE terminus reacts with primary amines at room temperature to form amide
bonds without the need for coupling reagents. This ligand was attached to FePt and Au
nanoparticles using the methods shown in Figure 1.6B.51 The resulting particles were
solubilized in aqueous solutions and could be reacted with a range of primary amine
containing molecules, including fluorescamine, biotin, pyridine, and aliphatic reactants.
Biotinylation rendered the particles compatible with existing bioconjugation methods.
The TFEE ligand could also be reacted with diethylamine to produce amine termini, and
then attached to FePt nanoparticles. A titration of these amine-terminated FePt
nanoparticles with fluorescamine is shown in Figure 1.7; the emission spectra show that
the product particles are fluorescent, in addition to being water soluble. This route thus
provides attractive agents for both fluorescence based detection and magnetic separation
of biological species. Ligand exchange of TFEE-PEG-thiol onto alkyl amine coated
magnetic nanoparticles is however precluded because of the potential cross-reaction of
the ligands. This remains a useful route for these particle surfaces by reaction of the
TFEE-PEG-thiol with the target primary amine prior to ligand exchange.
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Silanes bind to ferrite nanoparticles (MFe2O4, M = Fe, Co, Mn) and can be placeexchanged onto particles as an alternate method of tuning surface chemistry and
solubility.19,20,52 For example, attachment of silane monolayers containing amino,
aldehyde, thiol, cyano, and isocyanate has been demonstrated.20 Silane-modified Fe2O3
nanoparticles have been used in vivo as MRI contrast agents and as a detection scheme
for monitoring glioma cells.19,20

1.4.2 Click Chemistry
A new functionalization route that holds great promise as a general method for
materials applications is the use of ‘click’ chemistry and was initially reported for
nanoparticles by our lab53 and further studied by others.54 Although click chemistry
refers to a class of reactions, herein we use the term to describe 1,3-dipolar
cycloadditions that occur by combination of an azide-containing species with an ethynyl
group to form a 1,2,3-triazole ring as shown in Figure 1.8.55 Although this has been
widely used in organic chemistry and for the modification of Au electrode surfaces,56 our
group was the first to apply it to the modification of Au nanoparticles by reacting azideterminated ligands with alkyne-containing species at room temperature in uncatalyzed
reactions. The general utility of this approach lies in the ability to react an alkyne
containing molecule, which was demonstrated with species including ferrocene, pyrene
and PEG.
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The Turro group further elaborated on this method to functionalize Fe2O3
nanoparticles; alkyne containing organophosphates and carboxylates were exchanged
onto the surface of oleic acid stabilized Fe2O3 nanoparticles.54 Organophosphates and
carboxylate groups provided a strong bond to the particle surface. Cu catalyzed triazole
formation was used to append alkyl halide, benzene, and polymeric (α-acetylenepoly(tert-butyl acrylate) species. Taken together, these papers53,54 point toward a
potentially broad adaptability of click chemistry for nanoparticle functionalization.

1.4.3 Micelle Encapsulation
One of the most versatile routes developed for quantum dot modification57 that
was subsequently adapted to magnetic nanoparticles by our group13,58 and others,59 is the
encapsulation of hydrophobic nanoparticles within a phospholipid micelle. To
accomplish this, modified lipids containing an attached polyethylene glycol chain are
added to solutions of nanoparticles passivated with a monolayer of alkyl chains (e.g. oleic
acid). Lipid alkyl chains intercalate into the nanoparticle monolayer because of favorable
partitioning and intermolecular forces, which results in a micelle-like structure with the
PEG termini forming a hydrophilic shell as depicted in Figure 1.5. It has recently been
shown that charge-neutral amphiphilic polymers60 and fatty alcohols61 could similarly be
used to encapsulate nanoparticles.
The ω-terminal end of a PEG chain attached to the phospholipid can contain a
range of chemical functionalities including biotin, acid, amine, maleimide, and folic acid
groups. The extent of particle functionalization is determined by controlling the relative
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amounts of ω-substituted versus methyl-terminated lipids. The assumption is generally
made that this solution ratio is translated to the relative percentages surrounding the
nanoparticle, although it remains an analytical challenge to confirm this without digestion
of the particles. Our lab has demonstrated that phospholipid encapsulation is generally
useful for magnetic nanoparticles synthesized with a hydrophobic monolayer, including
Fe2O3,13 MnFe2O4,13 and CoFe2O458,62 nanoparticles. We have therefore used
phospholipids to prepare water-soluble and functional magnetic nanoparticles for use in
microfluidics, and for attachment to motor proteins to control patterning and transport.

1.5 Magnetic Field Assisted Transport
Application of an external magnetic field gradient to a magnetic nanoparticle
causes spontaneous magnetization and subsequent movement due to the force acting on it
as defined by Equation 1.1.15,16
Fm =

V∆χ

µo

( B ⋅ ∇) B

Equation 1.1

where V is the volume of the particle, ∆ is the difference in magnetic susceptibilities of
the particle and solvent,

o

is the vacuum permeability, B is the magnetic field strength

and ∇ is the field gradient. In the absence of a field gradient, the net force acting on the
particle is zero. However, when a gradient is applied, a force (Fm) acts on the particles
and results in movement toward the highest field strength. Surfactant monolayers
prevent irreversible aggregation and precipitation when the field is applied. For very
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concentrated solutions of magnetic nanoparticles (i.e. > 100 mg/mL) called ferrofluids,
the attraction to the magnetic field gives rise to the well-known Rosensweig effect,63
shown in Figure 1.9, in which the entire solution of magnetic particles (including the
solvent) conforms to the magnetic field lines. Applications of ferrofluids include cooling
systems for loudspeakers and bearings for frictionless sealing.1

1.5.1 Magnetic Field Flow Fractionation
Magnetic nanomaterials will ultimately be able to perform specific chemical tasks
dictated by their attached groups and be manipulated with a magnetic gradient to an
extent governed by the particles’ magnetic properties. While above we have briefly
described our efforts toward chemical functionalization, to investigate magnetic field
manipulation of particles, our group turned to magnetic field flow fractionation (MFFF),
which separates species on the basis of their magnetic susceptibility and is applicable to
material with sizes from nanometers to micrometers.64 Shown schematically in

Figure 1.10, MFFF causes sample injected into a capillary to interact with an external
magnetic field gradient that forces it toward the accumulation wall (i.e., at higher field
strength) of the channel. Material which interacts strongly with the field is restricted to
the slower flow streams near the walls of the channel while material which interacts
weakly is free to experience the faster flow streams towards the center of the channel.
Discussed in greater detail in Chapter 5, our group was the first to demonstrate
successful implementation of MFFF in a capillary geometry to separate and purify
magnetic nanoparticle samples.12 Although theoretically the ideal channel geometry is
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Figure 1.9: Photograph of a concentrated solution of CoFe2O4 nanoparticles in hexane
placed on top of a permanent magnet (~ 0.4 T). Scale bar is 1 cm.
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Figure 1.10: Diagram of magnetic particle separation in capillary MFFF. Weakly
interacting particles have a larger average layer thickness (hA) and elute at shorter times;
strong interaction results in the smallest layer thickness (hC).
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rectangular,65 the use of flexible fused silica capillary in our experiments allowed the use
of a NdFeB permanent magnet and a simple system using relatively standard laboratory
components. This magnet had a relatively strong magnetic field (~0.3 T) applied roughly
orthogonal to the flow within the capillary. This simple bench-top method was employed
to demonstrate the retention of nanoparticle samples as a function of the solvent flow rate
and nanoparticle size and composition. In Figure 1.11, a mixture of Au and Fe2O3
nanoparticles was separated into size-monodisperse fractions using MFFF. Ongoing
improvements to this method and the inclusion of a tunable magnetic field strength will
ultimately allow for the simple purification of highly multiplexed and functionalized
magnetic nanoparticle mixtures for biological analysis and detection.

1.5.2 Applications to Microfluidics
Controlling the placement and movement of nanoparticles within microchannels
via an external magnetic field precludes the need for microfabricated components, is
compatible with existing magnetic bead bioassays, and provides a tempting alternative to
standard methods of analyte control and injection. Chapter 6 discusses our group’s
recent studies involving the ability to move, manipulate, and inject magnetic
nanoparticles within the simple crossed-channel microfluidic device shown schematically
in Figure 1.12A.13 The transit of particles through the channels was monitored using an
absorption detector, which confirms the presence of nanoparticles in each flow stream. A
permanent magnet placed beneath the channel intersection selectively redirected
magnetic nanoparticles from one channel to the other but did not affect the motion of
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Figure 1.11: (A) TEM image of a mixture of 6 nm Fe2O3 and 13 nm CoFe2O4
nanoparticles. (B) MFFF of a 1.3 L injection of a hexane solution of this mixture in the
presence of the magnet. Arrows indicate times when the samples shown in the TEM
images in (C) and (D) were collected. Scale bars are 50 nm.
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Figure 1.12: (A) Diagram of the crossed channels (arrows indicate direction of pressuredriven flow) with a NdFeB permanent magnet placed beneath the channel intersection.
Red and blue designate upper and lower channels, respectively. (B) Absorbance versus
time for both the upper (red) and lower (blue) channels while varying the magnet
placement (~10 s on/~20 s off) with a continuous stream of Fe2O3 nanoparticles flowing
through the upper channel at 15 L/min.
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nonmagnetic Au nanoparticles. In Figure 1.12B, when the magnet position was varied,
the magnetic nanoparticle solution was periodically pulled into the lower flow stream,
which was monitored by the change in absorbance of each channel. Thus, this is a simple
method to control the injection of nanoparticle reactants in a microchannel. For future
applications, this demonstrates the ability to use weak and inexpensive magnets to inject
and manipulate molecules, catalysts, or reagents that are bound to the magnetic particle
surface.

1.6 Conclusions
In this introduction we have described contributions from our lab and others
toward the advancement of characterization, functionalization, and use of magnetic
nanoparticles to control transport. Exploiting the tunable surfaces of these materials
holds great promise for creating single nanoparticle vehicles capable of analyte targeting
and delivery, while the intrinsic magnetic properties of the particles enable directed
transport and diagnostic imaging. With great interest in microfluidic devices capable of
performing highly multiplexed analytical tasks, development of magnetically controlled
transport of these particles will ultimately provide a unique way to manipulate mixing,
switching and analyte capture. For example, we envision that selective separation of
particles based on their size dependent magnetic moments will be leveraged to bind and
purify complex mixtures into individual components. Further expansion of magnetic
nanoparticles as analytical tools will require continued expansion of the library of
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functional nanoparticle surface chemistries and will build on these methods for magnetic
manipulation.
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Chapter 2
Versatile Routes toward Functional, Water-Soluble Nanoparticles via
Trifluoroethylester-PEG-Thiol Ligands

2.1 Introduction
It has been postulated that the small size and synthetic tunability of nanometerscale particles can be leveraged to render them both physiologically compatible and
chemically functional, which has led to substantial effort toward their development as
biological probes and pharmacological agents. Magnetic nanoparticles,1 for example, are
emerging as leading nanotechnologies in magnetic resonance imaging (MRI) contrast
agents,2 hyperthermia treatment for cancer cells,3 and magnetic field assisted drug
delivery.4 In contrast, the size-dependent emission wavelengths of semiconductor
nanocrystals5,6 hold promise for selective fluorescent biolabeling. Neither magnetic nor
fluorescent, Au nanoparticles possess a strong surface plasmon that enables
spectrophotometric detection using peptides for cellular recognition7 or DNA
hybridization8 or use as photothermal agents for selective targeting and destruction of
malignant cells.9 An ongoing and key challenge for future bio-applications of
nanomaterials is the development of surface chemistries that provide stability and
solubility under physiological conditions while facilitating the incorporation of
chemically functional groups that provide both selectivity and reactivity. A general route
that simultaneously addresses these would be a vitally important advancement.
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Place-exchange reactions,10 which involve the dynamic substitution of stabilizing
ligands under nonequilibrium conditions, have become a primary method for metal
nanoparticle surface modification. This approach has been used to exchange
alkanethiolates onto Au,10 magnetic,11-14 and semiconductor nanoparticles.15,16
Alternatively, Au nanoparticles can be directly synthesized in the presence of thiolated
ligands, including chemically functional species such as tiopronin and coenzyme A,17,18
to circumvent the need for ligand-exchange. This is not possible with particles that are
prepared by high-temperature methods in hydrophobic solvents, including MFe2O4 (M =
Co, Mn, Fe),19 FePt,20 or CdSe,5 eliminating this method for incorporation of chemical
functionality.10-23
An important water-soluble ligand that is known to be biologically safe and has
been used for drug delivery is poly(ethylene glycol) (PEG). This attribute makes PEG
highly desirable for attachment to nanoparticles, and Au nanoparticles functionalized
with both high-molecular-weight24 and oligomeric25 PEG thiols have been reported.
These works demonstrated the ability to perform exchange reactions with thiolated PEG
chains, as well as the resulting aqueous solubility of the particles.24,25 The addition of
thiol-terminated PEG to magnetic FePt nanoparticles by formation of Fe-S and Pt-S
bonds has also been shown to result in their aqueous solubility.11,12,13 However, in the
cases of both the PEG-stabilized Au and FePt nanoparticles, the chains were methyl
terminated and so did not add chemical functionality. This is contrasted with a recently
reported PEG-silane ligand,26 which binds to metal oxide particles by reaction with
surface hydroxyl groups; the silane terminus does not enable stable attachment for
unoxidized particles. Other methods (e.g. coupling reactions) developed for creating
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functional PEG ligands are specific to the molecules being installed at the terminal end,
rather than applicable to a wide range of molecules.27
In this paper, we report the synthesis of a trifluoroethylester-PEG-thiol (TFEEPEG-SH) molecule, which combines the properties of the previously described thiolated
O
F3C

O

O

O
n

H
N

SH

O

PEG ligands24,25 with a trifluoroethylester group, an excellent leaving group for amide
condensation at room temperature without coupling reagents.2,26,28,29 Taken together,
there are several possible avenues for the creation of functional, water-soluble particles
(Figure 1.6B): following modification of this ligand with a range of primary amine
containing molecules, these can be attached to Au nanoparticles during synthesis or used
for ligand-exchange onto Au and FePt particles. Alternatively, the unmodified TFEEPEG-SH ligand can be exchanged onto particles, and amines reacted with the surface. In
this paper, we test and compare each of these routes and examine the functional
properties of the resultant water-soluble Au and FePt nanoparticles. These experiments
demonstrate a general method by which the chemical functionality of water-soluble
nanoparticles may be tailored, advancing their development for ultimate use in biological
applications.
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2.2 Experimental

2.2.1 Chemicals
All chemicals were acquired from commercial sources and used as received
without further purification. Solvents were either used as received or purified with a
solid-phase purification system. Dichloromethane (DCM) was aerated prior to exchange
reactions.

2.2.2 Synthesis

2.2.2.1 Synthesis of TFEE-PEG-SH
Ditrifluoroethylester-PEG (TFEE-PEG-TFEE) was synthesized according to a
literature method:26 a 100 g quantity of dry PEG biscarboxylate (av MW = 596.6 g/mol,
0.168 mol) was combined with thionyl chloride (35 mL, 0.48 mol) under nitrogen. The
solution was heated for 3 h, the excess thionyl chloride removed via distillation, and the
solution placed under vacuum overnight to remove volatile byproducts and excess thionyl
chloride. To the crude diacid chloride (av MW = 633.6 g/mol) was added 2,2,2trifluoroethanol (32 mL, 0.44 mol), and the mixture was stirred for 2 h followed by
refluxing for 3 h under nitrogen. Residual trifluoroethanol was removed under vacuum,
giving TFEE-PEG-TFEE (av MW = 760.7 g/mol); the 1H NMR spectrum agreed with
literature values,26 confirming the purity of the product.

38
A 100 g quantity of the TFEE-PEG-TFEE (0.131 mol) was combined with 2aminoethanethiol (10.1 g, 0.131 mol) and stirred vigorously under vacuum to remove
trifluoroethanol as it evolved. The initially insoluble aminoethanethiol slowly dissolved
over 24 h to give the TFEE-PEG-SH (av MW = 737.8 g/mol). 1H NMR in (C6D6): 7.3
(s, 1H), 4.1 (bm, 2H), 3.8 (bm, 4H), 3.5 (bm, 42H), 3.2 (s, 2H), 2.4 (q, 2H), 1.3 (t, 1H).
See Figure 2.1.

2.2.2.2 Synthesis of Butane-PEG-Thiol
To the neat TFEE-PEG-SH (1.0 g, 1.4 mmol) was added excess butylamine (208
µL, 2.1 mmol). This solution was stirred for 2 h followed by the removal of excess
butylamine via distillation. 1H NMR in (C6D6): 7.3 (s, 1H), 6.9 (s, 1H), 3.8 (bm, 4H),
3.5 (bm, 42H), 3.2 (bm, 4H), 2.4 (q, 2H), 1.3 (bm, 3H), 1.2 (sx, 2H), 0.8 (t, 3H).

2.2.2.3 Synthesis of Pyridine-PEG-Thiol
To the neat TFEE-PEG-SH (1.0 g, 1.4 mmol) was added excess 4(aminomethyl)pyridine (213 µL, 2.1 mmol). This solution was stirred for 2 h followed
by removal of excess 4-(aminomethyl)pyridine by rinsing with diethylether. 1H NMR in
(C6D6): 8.5 (t, 2H), 7.6 (s, 1H), 7.3 (s, 1H), 7.0 (d, 1H), 6.9 (d, 1H), 3.8 (bm, 4H), 3.5
(bm, 42H), 3.2 (bm, 4H), 2.4 (t, 2H), 1.3 (s, 1H).
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Figure 2.1: 1H NMR spectrum of the trifluoroethylester-PEG-thiol in C6D6.
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2.2.2.4 Synthesis of Amino-PEG-Thiol
To a large excess of ethylenediamine (4 mL) was added neat TFEE-PEG-SH (1.0
g, 1.4 mmol). This solution was stirred for 2 h followed by complete removal of excess
ethylenediamine via distillation. 1H NMR in (C6D6): 7.5 (s, 1H), 7.3 (s, 1H), 5.5 (bs,
3H), 3.9 (bm, 4H), 3.5 (bm, 42H), 3.2 (bm, 4H), 2.7 – 2.4 (bm, 4H).

2.2.2.5 Synthesis of Biotin-PEG-Thiol
To the neat TFEE-PEG-SH (66 mg, 0.09 mmol) biotin-ethylenediamine was
added (25 mg, 0.09 mmol) and dissolved in ~2 mL of DMSO. After 2 h, the solvent was
removed and unreacted biotinethylenediamine (not soluble in the TFEE-PEG-SH itself)
was removed via centrifugation. 1H NMR in (DMSO): 7.9 (s), 7.8 (s), 6.4 (d), 4.3 (t),
4.1 (t), 3.8 (bm), 3.5 (bm), 3.2 (s), 3.1 (m), 3.0 (q), 2.8 (dd), 2.5 (m), 2.4 (q), 2.0 (t), 1.2 –
1.7 (m). The characteristic peaks correspond well with the literature, confirming
attachment.30

2.2.2.6 Synthesis of Au Nanoparticles
Hexanethiol-stabilized Au nanoparticles were synthesized according to the wellknown Brust method31 by dissolving tetraoctylammonium bromide (2.19 g, 4.0 mmol) in
80 mL of toluene and adding 30 mL of a 30 mM aqueous hydrogen tetrachloroaurate
(HAuCl4) solution. While vigorously stirring, hexanethiol (100 mg, 0.84 mmol) was
added, followed by the slow addition of 25 mL of 0.4 M aqueous sodium borohydride
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solution. After the mixture was stirred for 1 h, the organic layer was isolated, the solvent
evaporated, and the particles washed three times with ethanol. The Au nanoparticles
were redissolved and stored in DCM.
When Au nanoparticles were synthesized with thiolated PEG ligands (R-PEGSH) they were prepared similarly, except that the Au particles remained soluble in the
aqueous layer. To retain the Au in the organic layer where nucleation and growth is more
easily controlled, an aqueous tetrachloroaurate solution (30 mL, 10 mM) was added to
tetraoctylammonium bromide (0.21 g, 0.38 mmol) in 60 mL of toluene. Following phase
transfer of the Au into the organic layer, the aqueous later was discarded. The modified
TFEE-PEG-SH (0.050 mmol) was added to the toluene solution and allowed to stir for 5
min. An aqueous solution of sodium borohydride (30 mL, 0.10 M) was then added, and
the solution turned dark immediately. After 1 h of stirring, the aqueous layer containing
the particles was isolated, concentrated to a small volume (~10 mL), and purified by
dialysis using a cellulose membrane (Spectra/Por CE, MWCO = 3500) for 96 h. The
yield of the resulting purified nanoparticles was ~75%. The 1H NMR spectra of the
particle samples were used to confirm purity.

2.2.2.6.1 Au-PEG-CO2H
Upon synthesis of Au nanoparticles using the TFEE-PEG-SH, the TFEE terminus
was hydrolyzed by stirring the particles in water for 24 h. 1H NMR in (D2O): 3.9 (bm,
4H), 3.5 (bm, 42H).
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2.2.2.6.2 Au-PEG-Butane
1

H NMR in (D2O): 3.9 (bm, 4H), 3.5 (bm, 42H), 3.1 (t, 2H), 1.3 (bm, 2H), 1.2

(bm. 2H), 0.7 (t, 3H).

2.2.2.6.3 Au-PEG-Pyridine
1

H NMR in (D2O): 8.5 (d, 2H), 7.6 (d, 2H), 3.8 (bm, 4H), 3.5 (bm, 42 H), 3.3 (s,

2H).

2.2.2.6.4 Au-PEG-Biotin
1

H NMR in (D2O): 4.4 (t), 4.2 (t), 3.9 (bm), 3.5 (bm), 3.1 (m), 3.0 (t), 2.8 (dd),

2.5 (m), 2.1 (t), 1.2 – 1.7 (m).

2.2.2.7 Synthesis of FePt Nanoparticles
FePt nanoparticles were synthesized using shorter chain surfactants than
described in previous literature methods.20 Briefly, under air-free conditions platinum
(II) acetylacetonate (197 mg, 0.50 mmol), 1,2-hexadecanediol (390 mg, 1.5 mmol),
decylamine (78 mg, 0.50 mmol), decanoic acid (86 mg, 0.50 mmol), and iron
pentacarbonyl (0.13 mL, 1.0 mmol) were combined with 20 mL of dioctyl ether. The
reaction mixture was heated to reflux (~287 °C) for 30 min and cooled to room
temperature, and the particles were precipitated by the addition of ethanol. The particles
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were isolated and purified by a minimum of two centrifugation, redissolution, and
precipitation cycles, and the FePt nanoparticles were dissolved and stored in DCM.

2.2.2.8 Nanoparticle Ligand-Exchange Reactions
All exchange reactions were performed in aerated DCM.32 Hexanethiol-stabilized
Au nanoparticles or decylamine-stabilized FePt nanoparticles were dissolved in 10 mL of
DCM at a particle concentration of ~2 mg/mL. For each exchange reaction, to the 10 mL
particle solution was added a large (20-fold) excess of thiolated PEG ligand (R-PEG-SH,
364 mg, 0.50 mmol) and the solution stirred for 72 h at room temperature. For the Au
nanoparticle exchanges, after 24 h the DCM and hexanethiol were removed under
reduced pressure with mild heat, and the particles with excess PEG-SH were redispersed
in DCM and stirred for an additional 48 h. The particles were again evaporated to
dryness, redispersed in H2O, and centrifuged to remove insoluble particles. The watersoluble particles were then purified via dialysis as above. The yield of the purified,
ligand-exchanged nanoparticles was ~50%. 1H NMR spectroscopy of the exchanged Au
nanoparticles revealed similar NMR spectra to those of the Au particles synthesized in
the presence of the modified TFEE-PEG-SH ligand.
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2.2.3 Instrumentation

2.2.3.1 Transmission Electron Microscopy (TEM)
TEM samples were prepared by slow evaporation of DCM or H2O solutions of
nanoparticles directly onto a grid (300-mesh Cu, EM Science). Images were obtained
using a JEOL-1200EXII microscope operating at 80 keV equipped with a high-resolution
Tietz F224 digital camera. Particle sizes are reported as the mean ± the standard
deviation, based on the statistical analysis of at least 300 particles taken from different
areas on the TEM grid.

2.2.3.2 Spectroscopic Measurements
1

H NMR spectra were obtained with either a Bruker AV-360 or DPX-300

spectrometer using D2O, CDCl3, and C6D6 as solvents. Measurements monitoring ligandexchange kinetics used ~6 mg of hexanethiol-stabilized Au nanoparticles and ~4 mg of
TFEE-PEG-SH in 1 mL of CDCl3 and placed into an NMR tube. A Varian Cary 500
Scan UV-Vis-NIR spectrometer was used to collect all UV-Vis absorbance spectra using
DCM or H2O as solvents. Fluorescence spectra were acquired using a Photon
Technologies, Inc. (PTI) fluorimeter with a Hg arc lamp and steady-state source.

45

2.2.3.3 pH Titrations
Titration data were obtained using an Accumet Basic AB15 pH meter equipped
with a standard glass/SCE combination electrode. The pH was followed from the
ambient value to a pH of ~10 for samples of both the free hydrolyzed HS-PEG-CO2H and
Au nanoparticles passivated with HS-PEG-CO2H. For the titration of HS-PEG-pyridine
and Au nanoparticles with HS-PEG-pyridine ligands, the pH was followed from the
ambient value to a pH of ~3.5.

2.2.3.4 Fluorescence Titrations
Fluorescence emission spectra were collected using a 1 mL quantity of a stock
solution of 24.3 µM solution of fluorescamine in DCM. Spectra were collected for each
20 µL addition of solution containing 1.42 mg/mL of the NH2C2H4NH-PEG-SHstabilized FePt nanoparticles in DCM, and the resulting spectra corrected for dilution
using the total volume of the cell.

2.3 Results and Discussion
To demonstrate the ease and general utility of this reaction method, we first
describe the synthesis and modification of the TFEE-PEG-SH ligand, show Au and FePt
nanoparticle functionalization using three different routes and finally demonstrate the
preparation of functional particles by measuring the spectroscopic properties of
fluorescently tagged nanoparticles.
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2.3.1 Synthesis of TFEE-PEG-SH and Modified TFEE-PEG-SH Ligands
Following the method shown in Figure 2.2, the TFEE-PEG-SH molecule is easily
synthesized in three solvent free steps. Because 1 equivalent of aminoethanethiol is used
in the reaction, the resulting product is a mixture of unreacted TFEE-PEG-TFEE, TFEEPEG-SH, and HS-PEG-SH. Comparison of the NMR spectra before and after reaction
(Figure 2.3A and B) confirms the absence of any byproducts. Separation of the three
PEG molecules using column chromatography is both ineffective (because of oligomerinduced streaking on silica and hydrolysis of the TFEE) and difficult to analytically
assess. However, in subsequent synthetic steps, any unreacted TFEE-PEG-TFEE in the
mixture will not bind to particle surfaces and is removed via dialysis; any dithiol adduct
that forms particle cross-links results in precipitation of aggregates that are removed by
centrifugation. For these reasons, even though the product of this thiol addition reaction
is used without separation, subsequent reaction and purification steps serve to remove the
unwanted PEG chains.
Hydrolysis of the TFEE group is relatively slow compared to that of acid
chlorides and occurs over a 24 h period while stirring in H2O26,28,29 to give acidterminated ligands (i.e., HS-PEG-CO2H). To demonstrate the general utility of this
ligand to attach a range of amine-functionalized compounds, the series of molecules
shown in Table 2.1 (biotin ethylenediamine, 4-(aminomethyl)-pyridine, butylamine,
ethylenediamine, and fluorescamine) were reacted with the TFEE-PEG-SH and the extent
of reaction was monitored by 1H NMR. For example, an excess of butylamine was added
to neat TFEE-PEG-SH, and after being stirred for 2 h, unreacted butylamine and evolved
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49

Table 2.1: R-PEG-SH ligands prepared by the reaction of TFEE-PEG-SH can be easily
modified, demonstrated with the following functionalities, and attached to a nanoparticle.
Liganda

MPC
O
O

HO

H
N

O
n

SH

O

O
HN

NH
H
N

S

NH2

O

Interest

Synthesis Method

Diameter
(nm)c

Acid terminus allows
coupling chemistry
and biologically safe

Direct Synthesisb

4.1 ± 1.1

Biologically active, B
vitamin, essential
nutrient

Direct Synthesisb

3.8 ± 1.0

NH2

Direct Synthesisb

3.9 ± 1.2

Exchanged

3.2 ± 0.8

Direct Synthesisb

3.8 ± 1.0

Exchanged

3.2 ± 0.8

Multifunctionale

1. Exchanged
2. React

3.2 ± 0.8

Amine terminus
allows coupling
chemistry,

Exchanged

4.0 ± 0.5

Metal binding ligand

Exchanged

4.0 ± 0.5

Metal binding ligand

Au
N

Biologically safe
unreactive terminus

NH2

NH2

NH2

N

O

NH2

FePt

O

H2N

O

O
NH2

N

a

Ligand to the HS-PEG chain by displacement of CF3CH2OH. bAu nanoparticles
synthesized in the presence of R-PEG-SH ligand. cAverage particle diameter ± standard
deviation, determined from TEM images. dFunctionalization of particles by ligandexchange using R-PEG-SH as the incoming ligand. eRatio of pyridine to butane is 3:4
from NMR analysis.
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trifluoroethanol were removed under reduced pressure. Analysis of the NMR spectrum
(Figure 2.3C) reveals the appearance of a triplet at 0.8 ppm, two broad multiplets at 1.35
and 1.2 ppm, and a broad peak at 6.9 ppm that are attributed to the terminal methyl,
methylene, and amide protons, respectively, from the appended butylamine. The
disappearance of a peak due to the methylene protons of TFEE (4.1, not shown) and
comparison of the proton peak integrations over the entire spectrum indicates quantitative
conversion to HS-PEG-NHC4H9.33 Similar confirmation of reaction with each of the
primary amine species in Table 2.1 is gained from their NMR spectra.

2.3.2 Particle Functionalization
Following the strategy in Figure 2.1, we have used the TFEE-PEG-SH ligand and
its derivatives (R-PEG-SH) to functionalize nanoparticles by (2.3.2.1) direct synthesis in
the presence of the modified TFEE-PEG-SH ligand, (2.3.2.2) exchange of the modified
ligand onto the nanoparticles, or (2.3.2.3) exchange of the TFEE-PEG-SH onto the
particles followed by subsequent reaction. Ligand-exchange in order to functionalize
FePt magnetic nanoparticles is also demonstrated in (2.3.2.4).

2.3.2.1 Au Nanoparticles Prepared in the Presence of R-PEG-SH
A simple method for creating soluble and functional Au nanoparticles is to reduce
Au salts in the presence of alkanethiols24 since the thiol termini bind strongly to Au
nanoparticles’ surface. The length and hydrophobicity of the thiol ligand determines the
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overall solubility of the particles. Unfortunately, the thiolate route is not applicable for
the synthesis of magnetic nanoparticles which require long alkylamine and/or acids
during synthesis. To test the ability to rapidly functionalize metal particles, we
synthesized Au particles in a series of reactions with the modified R-PEG-SH ligands in

Table 2.1. The as-produced particles were highly soluble in a wide range of solvents
(Table 2.2), so that the standard protocol for their purification, precipitation with ethanol,
was ineffective. Therefore, purification was accomplished by dialysis of the sample
against H2O, a method previously shown to be successful in the purification of Au
nanoparticles.17,24
To examine the effect of the ligand on the size of the synthesized Au
nanoparticles, they were visualized using TEM and compared to images obtained of the
particles prepared with hexanethiol (Figure 2.4A). Shown in Figure 2.4A and C for
biotin and CO2H-terminated PEG-SH ligands, which are representative of each of the RPEG-SH derivatives, the synthesized particles are roughly spherical in shape. The
distribution of the diameters of the particle population depended on the ligand. For
example, using statistical analysis of the size distributions of the particles, the TEM data
reveal that the particles synthesized with HS-PEG-CO2H (Figure 2.4C) have an average
particle diameter of 4.1 ± 0.8 nm. Alternatively, reaction with HS-PEG terminated with
butane, biotin (Figure 2.4B), and pyridine resulted in particles with slightly larger size
distributions of 3.8 ± 1.0, 3.8 ± 1.0, and 3.9 ± 1.2 nm, respectively. Some aggregation
may be induced by hydrogen bonding of the terminal functional groups. In the case of
the HS-PEG-pyridine ligand, the large size dispersity may also arise from pyridineinduced particle cross-linking by weak binding to the Au surface.
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Table 2.2: Summary of solubility for Au and FePt nanoparticles with a range of solvents.
Solvent
Ethanol
Methanol
H2 O
THF
Acetone
Hexane
Toluene
DCM
Ether
Acetonitrile

Au Nanoparticles
v. soluble
v. soluble
v. soluble
s. soluble
s. soluble
not soluble
s. soluble
v. soluble
not soluble
v. soluble

FePt Nanoparticles
v. soluble
v. soluble
v. soluble
s. soluble
s. soluble
not soluble
not soluble
s. soluble
not soluble
v. soluble

v. soluble = very soluble, >10 mg/mL
s. soluble = slightly soluble, 1 – 10 mg/mL
not soluble = < 1mg/mL
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In all cases, the synthesized Au nanoparticle samples were purified by dialysis in water,
and Figure 2.3D contains a representative example of these 1H NMR spectra for a
sample containing HS-PEG-NHC4H9 ligands. For each of the ligands in Table 2.1, the
NMR spectra contain proton peaks that are attributed solely to bound R-PEG-SH ligands
but are broadened by longer T2 relaxation times that result from the attachment to the
nanoparticles. Also consistent with prior observations,24,25,34 the methylene protons

to

the sulfur do not appear in the NMR spectra; the absence of a peak for these protons
indicates unbound ligand (including both R-PEG-SH and HS-PEG-SH) has been
separated from the sample.
Quantitative pH titrations were also used to further assess the number of ligands
bound to the Au particles. For Au particles coated with HS-PEG-CO2H ligands, the acid
protons were neutralized upon additions of aliquots of a KOH solution (giving terminal
COO- species) shown in the titration curve in Figure 2.5A. The titration curve for free
ligand HS-PEG-CO2H (i.e., not attached to Au particles) is also shown in the

Figure 2.5A inset and contains a sharp transition that corresponds to a pKa of ~6.2. In
contrast, the titration curve of the HS-PEG-CO2H-modified Au particles is less welldefined and has a more basic pKa of ~6.8. The broadening of this equilibrium is similar
to previous reports for acid-functionalized Au particles17 and is attributed to electrostatic
interactions between neighboring PEG chains on the particle surface. Using the known
particle concentrations (in mg/mL) and the average particle mass (based on the average
diameter from the TEM analysis), the equivalence point of the titration leads to an
estimation of ~70 HS-PEG-CO2H ligands per Au nanoparticle.35 Since the exact
molecular weight of each particle is not known and we approximate this value without
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accounting for the mass of attached ligands (i.e., underestimate the particle mass and
therefore overestimate the number of particles in solution), these calculations likely
underestimate the number of ligands per particle by ~10 – 15%.
The HS-PEG-pyridine-passivated Au nanoparticles were similarly protonated
with HCl (giving pyridine·HCl salts), shown in Figure 2.5B together with an acid
titration curve for the small HS-PEG-pyridine molecule. The curve for the functionalized
nanoparticles is again broader and displays a poorly defined pKb (~6.7) compared to the
sharp transition observed for the free ligand (~5.9). Using the equivalence point, the
number of pyridine termini per Au nanoparticle is estimated to be ~90.35 Because of the
approximations of particle mass and the polydispersity of the samples, the estimated
numbers of pyridine- versus acid-functionalized ligands per Au particle are in reasonable
agreement.

2.3.2.2 Au Nanoparticles Modified by Ligand-Exchange with R-PEG-SH
Murray and co-workers pioneered initial investigations of the dynamics and
kinetics of place-exchange reactions of thiols onto Au nanoparticles10 and observed that
shorter alkyl chain lengths facilitate faster ligand-exchange.10e,24 It has also been
demonstrated that single-step place-exchange reactions rarely achieve 100%
replacement;10 however, removal of the displaced thiolate and addition of more incoming
ligand has been shown to allow complete or nearly complete removal of the outgoing
ligand.10e,25 We therefore chose to employ hexanethiol-stabilized Au nanoparticles (av
diameter = 3.2 ± 0.8 nm, Figure 2.4A) to enable their rapid replacement with modified
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R-PEG-SH ligands and to use two cycles of ligand-exchange to increase the efficiency.
The difference in length of the outgoing hexanethiol and incoming PEG-SH makes
reinsertion of hexanethiol sterically hindered and unlikely.
To demonstrate PEG ligand-exchange onto Au nanoparticles, we prepared a
solution of hexanethiol-stabilized Au particles containing a large excess of free HS-PEGNHC4H9 ligand and performed a ligand-exchange as discussed above. Shown in

Figure 2.3D, the final NMR spectrum of the exchanged particles reveals that the
methylene protons

to the S atoms of the incoming HS-PEG-NHC4H9 ligands disappear,

again expected because of differences in T2 relaxation times upon attachment to the Au
particles’ surface.24,25,34 The absence of the methylene signal at ~2.4 ppm is indicative of
both successful place-exchange and separation of unbound ligand. Similar differences in
the 1H NMR spectra were observed during ligand-exchange reactions with pyridinesubstituted PEG ligands.
Differences in the relaxation times for surface-confined versus unbound
molecules enable their 1H NMR signals to be distinguished so that the ligand
displacement reactions can be monitored in real time. The NMR spectra were therefore
also monitored during the exchange reaction in CDCl3 in an NMR tube using a mole ratio
of outgoing C6H13SH to incoming TFEE-PEG-SH of ~1:1. These relative quantities
would not be expected to affect complete exchange but greatly simplifies the NMR
analysis. The spectrum in the Figure 2.6 inset was acquired 48 h after addition of TFEEPEG-SH and contains sets of sharp peaks that are superimposed over broader 1H peaks
associated with Au surface-bound ligands. Assignments of the sharp peaks are made by
comparison to the NMR spectra of the small molecules. The quartet at 2.6 ppm (A) and a
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Figure 2.6: Plot of the relative quantities of C6H13SH and TFEE-PEG-SH ligands in
solution during the exchange reaction of TFEE-PEG-SH with C6H13SH-stabilized Au
nanoparticles as a function of time. The line is to guide the eye. Inset contains a 1H
NMR spectrum of C6H13SH-stabilized Au nanoparticles in CDCl3 48 h after the addition
of TFEE-PEG-SH. See text for identification of labeled peaks.
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triplet at 1.45 ppm (D) are attributed to the methylene protons

to the thiol and the thiol

proton, respectively, from solution-phase TFEE-PEG-SH. The peaks at 2.5 ppm (B) and
1.4 ppm (C) are assigned to analogous protons for solution-phase C6H13SH. The broad
peak at 1.6 – 1.7 ppm is attributed to the alkyl protons of the particle-bound hexanethiol
ligands; the breadth of this peak due to particle attachment is well understood.35
The relative heights of these peaks shift as a function of time while the outgoing
C6H13SH ligands are displaced in favor of attachment of TFEE-PEG-SH to the Au
surface. Figure 2.6 shows the increase in the relative amount of solution-phase C6H13SH
to TFEE-PEG-SH ligand as a function of time (see also Figure 2.7). Related and highly
detailed studies10b have shown that similar exchange reactions on Au nanoparticle
surfaces are initially fast and follow a first-order dependency, and over time a second,
slower first-order process dominates the rate of the reaction. Although the precise rate of
reaction in not determined here (because the ligand mixture contains TFEE-PEG-TFEE,
TFEE-PEG-SH, and SH-PEG-SH), the data in Figure 2.6 are consistent with those
previous reports.10b

2.3.2.3 Nanoparticles with Exchanged TFEE-PEG-SH and Subsequent
Functionlization.
Since the presence of water results in hydrolysis of the terminal TFEE group, for
the derivatization of nanoparticles that are synthesized or purified in the presence of
water, it is possible to use a two-step synthetic process. In Figure 2.1, the third approach
for nanoparticle functionalization that was investigated was the reaction of TFEEcontaining ligands that had been exchanged onto Au nanoparticles with primary-amine-
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addition of TFEE-PEG-SH into a CDCl3 solution of hexanethiol stabilized nanoparticles.
See text for identification of labeled peaks.
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containing species. The hexanethiol ligands were completely exchanged with TFEEPEG-SH as above, and butylamine, 4-(aminomethyl)pyridine, or both butylamine and 4(aminomethyl)pyridine were added and each allowed to stir for 15 min. The resulting Au
particles were extracted into water and purified by dialysis. 1H NMR analysis of the
former two reactions indicated complete conversion of the terminal TFEE moieties. For
the reaction containing both pyridine and butylamine, the NMR spectrum revealed the
presence of a mixed monolayer of ligands on the Au nanoparticles: peaks at 0.8 and 8.4
ppm are attributed to the terminal methyl protons of C4H9NH-PEG-SH and aromatic
protons of pyridine-PEG-SH, respectively. Integration of these peaks indicates a ligand
ratio of 3:4 butyl/pyridyl termini. This experiment indicates that the simultaneous
reaction of primary amines can be used to create heterofunctional particles in one step.
Variation of the relative quantities of the amine-containing reactants or in combination
with ligand-exchange should afford control over the composition of the mixed monolayer
and enable the facile production of chemically useful, water-soluble nanoparticles.

2.3.2.4 FePt Nanoparticles Functionalized by Ligand-Exchange
Au particles serve as model systems for the development of new ligandmodification syntheses because of their relative ease of analysis, but our ongoing
interests lie in the applications of these methods for the functionalization of magnetic
nanoparticles. Although aqueous approaches for magnetic nanoparticle synthesis are
available, these methods do not yield high-quality particles with narrow size
distributions, as do the high-temperature methods,36 although research is currently
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underway to address this challenge.37 As a result, the preferred route for high-quality
magnetic nanoparticles typically involves high-boiling-point solvents with long aliphatic
amines and acids as capping ligands. Therefore, we have chosen to use FePt
nanoparticles stabilized by decanoic acid and decylamine and subsequently use analogous
place exchange reactions to modify their surfaces. However, because FePt nanoparticles
are capped with amine-terminated ligands, exchange of TFEE-PEG-SH results in the
attachment of the outgoing decylamine to the incoming PEG ligand. Therefore, only the
functionalized R-PEG-SH (Table 2.1) chains are used for FePt exchange reactions.
Like the Au nanoparticles, exchange reactions of the FePt nanoparticles were
allowed to proceed for 72 h in aerated DCM. After being stirred, the solvent is
evaporated and the particles dissolved in H2O and centrifuged to remove insoluble
particles. The resulting FePt particles are completely soluble in water, indicative of
exchange of the hydrophobic ligands for the hydrophilic TFEE-PEG-SH. TEM images
(Figure 2.8) were acquired using both the as-synthesized FePt nanoparticles and
following ligand-exchange: the average diameter of both sets of nanoparticles was 4.0 ±
0.5 nm, indicating that ligand replacement does not significantly affect the size of the
particles. This result implies that disassociation of the amine-terminated ligands is not
accompanied by loss of metal atoms on the particle surface.
Purification of the FePt particles was accomplished by dialysis using the identical
times and conditions as for the Au nanoparticle samples. The FePt particles are
superparamagnetic at room temperature,20 so it is not possible to obtain quantitatively
useful 1H NMR spectra of the ligand-modified particles. However, digestion of the FePt
nanoparticles in acid followed by extraction of the released ligands allow characteristic
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1

H NMR signals to be measured and identified.38 For example, the spectrum of the acid-

digested pyridine-derivatized particles contains a peak at 8.5 ppm that indicates
successful attachment of the pyridine-PEG-SH ligand. In analogy to the Au
nanoparticles and by examination of the NMR spectra of the digested particles, the FePt
nanoparticle samples are essentially free of decanoic acid, decylamine, and unbound
TFEE-PEG-SH ligand.

2.3.3 Spectroscopic Properties of Water-Soluble, Functional Nanoparticles
While the UV-visible absorbance spectra of Au nanoparticles are distinguished by
the presence of a characteristic surface plasmon band,39 the spectra of FePt particles are
featureless (Figure 2.9). While the small surface plasmon band of the Au particles shifts
slightly during functionalization, this is likely due to small amounts of aggregation (vide
supra) rather than changes in the refractive index of the ligand shell. Thus, the optical
absorbance spectra for the Au and FePt nanoparticle samples do not provide substantative
information about the nature or extent of chemical functionalization of the monolayer.
However, the incorporation of fluorescent tags onto metal and magnetic nanoparticles is
of substantial interest because of their potential use in biological assays. Since neither
Au nor FePt nanoparticles are luminescent, monitoring the attachment of emissive tags to
the particles using fluorescence emission spectroscopy is straightforward.
Fluorescamine, shown in Table 2.1, was chosen for functionalization of the
TFEE-PEG-SH-coated magnetic FePt nanoparticles because it is nonemissive until it
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Figure 2.9: UV-Vis absorbance spectra of (A) pyridine-PEG-Au, (B) CO2H-PEG-Au,
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binds to a primary amine (Figure 1.7A). Thus, a large excess of ethylenediamine was
first reacted with the TFEE-PEG-SH ligand followed by ligand-exchange with the FePt
nanoparticles creating a surface monolayer of primary amines. After purification by
dialysis, the amine-functionalized particles were isolated and dissolved in DCM and
titrated into a dilute DCM solution of fluorescamine. The fluorescence emission spectra
that were acquired are shown in Figure 1.7B, where a peak centered at 475 nm appears
and grows in intensity during this titration. The increase in the emission intensity at 475
nm is plotted as a function of the concentration of added particles in the Figure 1.7 inset:
there is a linear increase in the emission until sufficient particles have been added to react
with all of the fluorescamine in solution. At the equivalence point, 24.3 nmol of
fluorescamine (1.46 × 1016 molecules) reacts completely with ~950 µg of amineterminated FePt nanoparticles. By estimating the mass of a 4.0 nm diameter FePt
nanoparticle (~5.2 × 10-19 g), the fluorescamine titration implies that there are ca. 10
fluorescamine-derivatized ligands per particle, a value consistent with the degree of
functionalization of the similarly sized Au particles above. These data do not account for
particle absorption of the emission intensity and may underestimate the number of
ligands per particle. However, it is likely that, because of the bulkiness of the
fluorescamine, not all of the amine termini react, and therefore additional species remain
on the surface available for additional condensation and attachment chemistries.
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2.4 Conclusions
The thiolated PEG ligand containing a trifluoroethylester leaving group allows
simple functionalization by fast and reliable amide-bond formation without the use of
coupling agents. The thiol moiety enables the incorporation of this molecule onto the
surface of Au and FePt nanoparticles, and we have shown that a variety of primaryamine-containing molecules from metal chelates to biotin and fluorescent tags can be
appended to nanoparticles in one of three possible general routes. The resulting materials
are water-soluble with synthetically tunable multifunctionalities, making this an attractive
method for the rapid preparation of nanoparticle-based bioprobes and pharmacological
agents. Extending this flexible approach to a variety of other metal, magnetic, and
semiconductor nanoparticles and biologically active compounds is quite feasible. Our
ongoing studies seek to exploit this pathway for the preparation of magnetic nanoparticles
containing both fluorescent and biological tags for simultaneous fluorescent and magnetic
tagging on one convenient nanoscale vehicle.

2.5 References
1.

(a) Pankhurst, Q. A.; Connolly, J.; Jones, S. K.; Dobson, J. Applications of
Magnetic Nanoparticles in Biomedicine. J. Phys. D: Appl. Phys. 2003, 36, R167 –
R181. (b) Berry, C. C.; Curtis, A. S. G. Functionalisation of Magnetic
Nanoparticles for Applications in Biomedicine. J. Phys. D: Appl. Phys. 2003, 36,
R198 – R206. (c) Tartaj, P.; Morales, M. P.; Veintemillas-Verdaguer, S.;
González-Carreño, T.; Serna, C. J. The Preparation of Magnetic Nanoparticles for
Applications in Biomedicine. J. Phys. D: Appl. Phys. 2003, 36, R182 – 3563.

2.

Veiseh, O.; Sun, C.; Gunn, J.; Kohler, N.; Gabikian, P.; Lee, D.; Bhattarai, N.;
Ellenbogen, R.; Sze, R.; Hallahan, A.; Olson, J.; Zhang, M. Optical and MRI

68
Multifunctional Nanoprobe for Targeting Gliomas. Nano Lett. 2005, 5, 1003 –
1008.

3.

Hilger, I.; Andra, W.; Hergt, R.; Hiergeist, R.; Schubert, H.; Kaiser, W. A.
Electromagnetic Heating of Breast Tumors in Interventional Radiology: In Vitro
Studies in Human Cadavers and Mice. Radiology 2001, 218, 570 – 575.

4.

Lubbe, A. S.; Bergemann, C.; Brock, J.; McClure, D. G. Physiological aspects in
Magnetic Drug-Targeting. J. Magn. Magn. Mater. 1999, 194, 149 – 155.

5.

Michalet, X.; Pinaud, F.; Lacoste, T. D.; Maxime, D.; Bruchez, M. P.; Alivisatos,
A. P.; Weiss, S. Properties of Fluorescent Semiconductor Nanocrystals and their
Application to Biological Labeling. Single Mol. 2001, 4, 261 – 276.

6.

Malik, M. A.; O’Brien, P.; Revaprasadu, N. A Simple Route to the Synthesis of
Core/Shell Nanoparticles of Chalcogenides. Chem. Mater. 2002, 14, 2004 – 2010.

7.

Tkachenko, A. G.; Xie, H.; Coleman, D.; Glomm, W.; Ryan, J.; Anderson, M. F.;
Franzen, S.; Feldheim, D. L. Multifunctional Gold Nanoparticle-Peptide
Complexes for Nuclear Targeting. J. Am. Chem. Soc. 2003, 125, 4700 – 4701.

8.

(a) Nam, J. M.; Stoeva, S. I.; Mirkin, C. A. Bio-Bar-Code-Based DNA Detection
with PCR-like Sensitivity. J. Am. Chem. Soc. 2004, 126, 5932 – 5933. (b) Nam,
J. M.; Thaxton, C. S.; Mirkin, C. A. Nanoparticle-Based Bio-Bar Codes for the
Ultrasensitive Detection of Proteins. Science 2003, 301, 1884 – 1886.

9.

Loo, C.; Lowery, A.; Halas, N.; West, J.; Drezek, R. Immunotargeted Nanoshells
for Integrated Cancer Imaging and Therapy. Nano Lett. 2005, 5, 709 – 711.

10.

(a) Donkers, R. L.; Song, Y.; Murray, R. W. Substituent Effects on the Exchange
Dynamics of Ligands on 1.6 nm Diameter Gold Nanoparticles. Langmuir 2004,
20, 4703 – 4707. (b) Guo, R.; Song, Y.; Wang, G.; Murray, R. W. Does Core
Size Matter in the Kinetics of Ligand Exchanges of Monolayer-Protected Au
Clusters? J. Am. Chem. Soc. 2005, 127, 2752 – 2757. (c) Song, Y.; Murray, R.
W. Dynamics and Extent of Ligand Exchange Depend on Electronic Charge of
Metal Nanoparticles. J. Am. Chem. Soc. 2002, 124, 7096 – 7102. (d) Templeton,
A. C.; Wuelfing, W. P.; Murray, R. W. Monolayer-Protected Cluster Molecules.
Acc. Chem. Res. 2000, 33, 27 – 33. (e) Hostetler, M. J.; Templeton, A. C.;
Murray, R. W. Dynamics of Place-Exchange Reactions on Monolayer-Protected
Gold Cluster Molecules. Langmuir 1999, 15, 3782 – 3789. (f) Warner, M. G.;
Reed, S. M.; Hutchison, J. E. Small, Water-Soluble, Ligand-Stabilized Gold
Nanoparticles Synthesized by Interfacial Ligand Exchange Reactions. Chem.
Mater. 2000, 12, 3316 – 3320. (g) Templeton, A. C.; Hostetler, M. J.; Kraft, C.
T.; Murray, R. W. Reactivity of Monolayer-Protected Gold Cluster Molecules:
Steric Effects. J. Am. Chem. Soc. 1998, 120, 1906 – 1911. (h) Ingram, R. S.;
Hostetler, M. J.; Murray, R. W. Poly-hetero- -functionalized Alkanethiolate-

69
Stabilized Gold Cluster Compounds. J. Am. Chem. Soc. 1997, 119, 9175 – 9178.
(i) Brown, L. O.; Hutchison, J. E. Convenient Preparation of Stable, NarrowDispersity, Gold Nanocrystals by Ligand Exchange Reactions. J. Am. Chem. Soc.
1997, 119, 12384 – 12385.

11.

Xu, C.; Xu, K.; Gu, H.; Zhong, X.; Guo, Z.; Zheng, R.; Zhang, X.; Xu, B.
Nitrilotriacetic Acid-Modified Magnetic Nanoparticles as a General Agent to
Bind Histidine-Tagged Proteins. J. Am. Chem. Soc. 2004, 126, 3392 – 3393.

12.

Hong, R.; Fischer, N. O.; Emrick, T.; Rotello, V. M. Surface PEGylation and
Ligand Exchange Chemistry of FePt Nanoparticles for Biological Applications.
Chem. Mater. 2005, 17, 4617 – 4621.

13.

Xu, C.; Xu, K.; Gu, H.; Zheng, R.; Liu, H.; Zhang, X.; Guo, Z.; Xu, B. Dopamine
as a Robust Anchor to Immobilize Functional Molecules on the Iron Oxide Shell
of Magnetic Nanoparticles. J. Am. Chem. Soc. 2004, 126, 9938 – 9939.

14.

Robinson, D. B.; Persson, H. H. J.; Zeng, H.; Li, G.; Pourmand, N.; Sun, S.;
Wang, S. X. DNA-Functionalized MFe2O4 (M = Fe, Co, or Mn) Nanoparticles
and Their Hybridization to DNA-Functionalized Surfaces. Langmuir 2005, 21,
3096 – 3103.

15.

Haremza, J. M.; Hahn, M. A.; Krauss, T. D.; Chen, S.; Calcines, J. Attachment of
Single CdSe Nanocrystals to Individual Single-Walled Carbon Nanotubes. Nano
Lett. 2002, 2, 1253 - 1258.

16.

Rosenthal, S. J.; Tomlinson, I.; Adkins, E. M.; Schroeter, S.; Adams, S.;
Swafford, L.; McBride, J.; Wang, Y.; DeFelice, L. J.; Blakely, R. D. Targeting
Cell Surface Receptors with Ligand-Conjugated Nanocrystals. J. Am. Chem. Soc.
2002, 124, 4586 - 4594.

17.

Templeton, A. C.; Chen, S.; Gross, S. M.; Murray, R. W. Water-Soluble, Isolable
Gold Clusters Protected by Tiopronin and Coenzyme A Monolayers. Langmuir
1999, 15, 66 – 76.

18.

(a) Rowe, M. P.; Plass, K. E.; Kim, K.; Kurdak, C.; Zellers, E. T.; Matzger, A.
Single-Phase Synthesis of Functionalized Gold Nanoparticles. Chem. Mater.
2004, 16, 3513 – 3517. (b) Shon, Y. -S.; Wuelfing, W. P.; Murray, R. W. WaterSoluble, Sulfonic Acid-Functionalized, Monolayer-Protected Nanoparticles and
an Ionically Conductive Molten Salt Containing Them. Langmuir 2001, 17, 1255
– 1261.

19.

(a) Sun, S.; Zeng, H.; Robinson, D. B.; Raoux, S.; Rice, P. M.; Wang, S. X.; Li,
G. Monodisperse MFe2O4 (M = Fe, Co, Mn) Nanoparticles. J. Am. Chem. Soc.
2004, 126, 273 – 279. (b) Hyeon, T.; Chung, Y.; Park, J.; Lee, S. S.; Kim, Y. W.;
Park, B. H. Synthesis of Highly Crystalline and Monodisperse Cobalt Ferrite

70
Nanocrystals. J. Phys. Chem. B 2002, 106, 6831 – 6833. (c) Hyeon, T.; Lee, S.
S.; Park, J.; Chung, Y.; Na, H. B. Synthesis of Highly Crystalline and
Monodisperse Maghemite Nanocrystallites without a Size-Selection Process. J.
Am. Chem. Soc. 2001, 123, 12798 – 12801. (d) Woo, K.; Hong, J.; Choi, S.; Lee,
H. -W.; Ahn, J. -P.; Kim, C. S.; Lee, S. W. Easy Synthesis and Magnetic
Properties of Iron Oxide Nanoparticles. Chem. Mater. 2004, 16, 2814 – 2818. (e)
Park, J.; An, K.; Hwang, Y.; Park, J. G.; Noh, H. J.; Kim, J. Y.; Park, J. H.;
Hwang, N. M.; Hyeon, T. Ultra-Large-Scale Syntheses of Monodisperse
Nanocrystals. Nat. Mater. 2004, 3, 891 – 895.

20.

Sun, S.; Murray, C. B.; Weller, D.; Folks, L.; Moser, A. Monodisperse FePt
Nanoparticles and Ferromagnetic FePt Nanocrystal Superlattices. Science 2000,
287, 1989 – 1992.

21.

(a) Gittins, D. I.; Caruso, F. Spontaneous Phase Transfer of Nanoparticulate
Metals from Organic to Aqueous Media. Angew. Chem. Int. Ed. 2001, 40, 3001 –
3004. (b) Wang, Y.; Wong, J. F.; Teng, X.; Lin, X. Z.; Yang, H. "Pulling"
Nanoparticles into Water: Phase Transfer of Oleic Acid Stabilized Monodisperse
Nanoparticles into Aqueous Solutions of -Cyclodextrin. Nano Lett. 2003, 3,
1555 – 1559.

22.

Templeton, A. C.; Hostetler, M. J.; Warmoth, E. K.; Chen, S.; Hartshorn, C. M.;
Krishnamurthy, V. M.; Forbes, M. D. E.; Murray, R. W. Gateway Reactions to
Diverse, Polyfunctional Monolayer-Protected Gold Clusters. J. Am. Chem. Soc.
1998, 120, 4845 – 4849.

23.

Templeton, A. C.; Cliffel, D. E.; Murray, R. W. Redox and Fluorophore
Functionalization of Water-Soluble, Tiopronin-Protected Gold Clusters. J. Am.
Chem. Soc. 1999, 121, 7081 – 7089.

24.

Wuelfing, W. P.; Gross, S. M.; Miles, D. T.; Murray, R. W. Nanometer Gold
Clusters Protected by Surface-Bound Monolayers of Thiolated Poly(ethylene
glycol) Polymer Electrolyte. J. Am. Chem. Soc. 1998, 120, 12696 – 12697.

25.

Foos, E. E.; Snow, A. W.; Twigg, M. E.; Ancona, M. G. Thiol-Terminated Di-,
Tri-, and Tetraethylene Oxide Functionalized Gold Nanoparticles: A WaterSoluble, Charge-Neutral Cluster. Chem. Mater. 2002, 14, 2401 – 2408.

26.

Kohler, N.; Fryxell, G. E.; Zhang, M. A Bifunctional Poly(ethylene glycol) Silane
Immobilized on Metallic Oxide-Based Nanoparticles for Conjugation with Cell
Targeting Agents. J. Am. Chem. Soc. 2004, 126, 7206 – 7211.

27.

(a) Takae, S.; Akiyama, Y.; Otsuka, H.; Nakamura, T.; Nagasaki, Y.; Kataoka, K.
Ligand Density Effect on Biorecognition by PEGylated Gold Nanoparticles:
Regulated Interaction of RCA120 Lectin with Lactose Installed to the Distal End of
Tethered PEG Strands on Gold Surface. Biomacromolecules 2005, 6, 818 – 824.

71
(b) Ishii, T.; Otsuka, H.; Kataoka, K.; Nagasaki, Y. Preparation of Functionally
PEGylated Gold Nanoparticles with Narrow Distribution through Autoreduction
of Auric Cation by -Biotinyl-PEG-block-[poly(2-(N,N-dimethylamino)ethyl
methacrylate)] Langmuir 2004, 20, 561 – 564. (c) Riley, T.; Heald, C. R.;
Stolnik, S.; Garnett, M. C.; Illum, L.; Davis, S. S.; King, S. M.; Heenan, R. K.;
Purkiss, S. C.; Barlow, R. J.; Gellert, P. R.; Washington, C. Core-Shell Structure
of PLA-PEG Nanoparticles Used for Drug Delivery. Langmuir 2003, 19, 8428 –
8435. (d) Aslan, K.; Luhrs, C. C.; Perez-Luna, V. H. Controlled and Reversible
Aggregation of Biotinylated Gold Nanoparticles with Streptavidin. J. Phys. Chem.
B 2004, 108, 15631 – 15639.

28.

Fryxell, G. E.; Rieke, P. C.; Wood, L. L.; Englehard, M. H.; Williford, R. E.;
Graff, G. L.; Campbell, A. A.; Wiacek, R. J.; Lee, L.; Halverson, A. Nucleophilic
Displacements in Mixed Self-Assembled Monolayers. Langmuir 1996, 12, 5064 –
5075.

29.

Cheng, S. S.; Scherson, D. A.; Sukenik, C. N. In Situ Attenuated Total
Reflectance Fourier Transform Infrared Spectroscopy Study of CarboxylateBearing, Siloxane-Anchored, Self-Assembled Monolayers: A Study of
Carboxylate Reactivity and Acid-Base Properties. Langmuir 1995, 11, 1190 –
1195.

30.

Bottari, P.; Aebersold, R.; Turecek, F.; Gelb, M. H. Design and Synthesis of
Visible Isotope-Coded Affinity Tags for the Absolute Quantification of Specific
Proteins in Complex Mixtures. Bioconjugate Chem. 2004, 15, 380 – 388.

31.

Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. Synthesis of
Thiol-Derivatized Gold Nanoparticles in a Two-Phase Liquid-Liquid System. J.
Chem. Soc., Chem. Commun. 1994, 801 – 802.

32.

Ionita, P.; Gilbert, B. C.; Chechik, V. Radical Mechanism of a Place-Exchange
Reaction of Au Nanoparticles. Angew. Chem. Int. Ed. 2005, 44, 3720 – 3722.

33.

The product is likely a mixture of PEG-(SH)2, C4H9NH-PEG-SH, and
PEG(NHC4H9)2 and is used without further separation as before.

34.

Terrill, R. H.; Postlethwaite, T. A.; Chen, C. -H.; Poon, C. -D.; Terzis, A.; Chen,
A.; Hutchison, J. E.; Clark, M. R.; Wignall, G.; Londono, J. D.; Superfine, R.;
Falvo, M.; Johnson, C. S.; Samulski, E. T.; Murray, R. W. Monolayers in Three
Dimensions: NMR, SAXS, Thermal, and Electron Hopping Studies of
Alkanethiol Stabilized Gold Clusters. J. Am. Chem. Soc. 1995, 117, 12537 –
12548.

35.

The equivalence point in the pH titration of 12.00 mg of Au nanoparticles with
attached CO2H-PEG-SH was determined to be 225 µL of 8.13 mM KOH (1.83
µmol KOH, 1.1 × 1018 molecules). Using the estimated number of Au atoms per

72
particles from the TEM analysis (Au2130), there were 1.5 × 1016 particles in the
solution. The number of carboxylate groups present is ~70. A similar calculation
for titration of 6 mg (1.0 × 1016 particles) of the pyridine-PEG-SH-passivated
particles (equivalence point of 150 µL with 0.01 M = 1.5 µmol HCl, 9.0 × 1017
molecules) yields an estimate of 90 ligands/particle.

36.

(a) Neveu, S.; Bee, A.; Robineau, M.; Talbot, D. Size-Selective Chemical
Synthesis of Tartrate Stabilized Cobalt Ferrite Ionic Magnetic Fluid. J. Colloid
Interface Sci. 2002, 255, 293 – 298. (b) Liu, C.; Zou, B.; Rondinone, A. J.;
Zhang, Z. J. Reverse Micelle Synthesis and Characterization of
Superparamagnetic MnFe2O4 Spinel Ferrite Nanocrystallites. J. Phys. Chem. B
2000, 104, 1141 – 1145. (c) Moumen, N.; Pileni, M. P. Control of the Size of
Cobalt Ferrite Magnetic Fluid. J. Phys. Chem. 1996, 100, 1867 – 1873. (d) Ravel,
B.; Carpenter, E. E.; Harris, V. G. Oxidation of Iron in Iron/Gold Core/Shell
Nanoparticles. J. Appl. Phys. 2002, 91, 8195 – 8197. (e) Lyon, J. L.; Fleming, D.
A.; Stone, M. B.; Schiffer, P.; Williams, M. E. Synthesis of Fe Oxide Core/Au
Shell Nanoparticles by Iterative Hydroxylamine Seeding. Nano Lett. 2004, 4, 719
– 723. (f) Cushing, B. L.; Kolesnichenko, V. L.; O’Connor, C. J. Recent
Advances in the Liquid-Phase Syntheses of Inorganic Nanoparticles. Chem. Rev.
2004, 104, 3893 – 3946.

37.

Latham, A. H.; Freitas, R. S.; Schiffer, P.; Williams, M. E. Capillary Magnetic
Field Flow Fractionation and Analysis of Magnetic Nanoparticles. Anal. Chem.
2005, 77, 5055 – 5062.

38.

Quantification of the NMR spectra is obfuscated by the presence of decylamine
and decanoic acid, as well as by nucleophilic addition of Cl to the pyridyl ring.

39.

(a) Schaaff, T. G.; Shafigullin, M. N.; Khoury, J. T.; Vezmar, I.; Whetten, R. L.;
Cullen, W. G.; First, P. N.; Gutierrez-Wing, C.; Ascensio, J.; Jose-Yacaman, M. J.
Isolation of Smaller Nanocrystal Au Molecules: Robust Quantum Effects in
Optical Spectra. J. Phys. Chem. B 1997, 101, 7885 – 7891. (b) Vezmar, I.;
Alvarez, M. M.; Khoury, J. T.; Salisbury, B. E.; Shafigullin, M. N.; Whetten, R.
L. Cluster Beams from Passivated Nanoparticles. Z. Phys. D 1997, 40, 147 – 151.
(c) Underwood, S.; Mulvaney, P. Effect of the Solution Refractive Index on the
Color of Gold Colloids. Langmuir 1994, 10, 3427 – 3430. (d) Mulvaney, P.
Surface Plasmon Spectroscopy of Nanosized Metal Particles. Langmuir 1996, 12,
788 – 800.

Chapter 3
TEM-Induced Structural Evolution in Amorphous Fe Oxide Nanoparticles

3.1 Introduction
Remarkable innovations in nanomaterials synthesis have led to heterocomposites
with tunable chemical reactivity and physical properties. A widespread approach has
been to use concentric layers coated on the outside of spherical particles to produce coreshell structures.1 For example, it is now common to encapsulate CdSe nanocrystals in a
shell of ZnS to improve the photophysical properties.1a Au has been reduced onto the
surface of Ag nanoparticles1b and onto the surface of Fe2O3.1c Coated magnetic particles
are becoming increasingly important in emerging nanobiotechnologies,2 and evaluation
and confirmation of their structures are central concerns. One of the foremost tools for
assessing nanoscale heterostructures is transmission electron microscopy (TEM), since
differences in electron density are evidenced as changes in contrast in the images. While
it has been known for some time that fluctuations in Au nanoparticle crystal structure
upon exposure to an electron beam can occur,3 and that high energy irradiation can cause
Au nanoparticles to coalesce,4 there are no analogous studies using magnetic core-shell
nanoparticles. We report for the first time, in this chapter as well as in Chapter 4,
spherical shells of Fe oxide and Fe that evolve from amorphous solid particles during
exposure to the beam of the TEM and bear striking resemblance to core-shell structures.5
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3.2 Experimental

3.2.1 Chemicals and Materials
All chemicals and solvents were acquired from commercial sources and used as
received without purification. Trioctylphosphine oxide (TOPO) and hexadecylamine
(HDA) were both of technical grade (90%).

3.2.2 Synthesis of Crystalline Fe2O3 Nanoparticles
The synthesis of crystalline Fe2O3 nanoparticles followed slightly modified
literature preparations.6 Briefly, lauric acid (3.05 mmol) was added to 25 mL of dioctyl
ether. Under a N2 atmosphere, the reaction temperature was increased to 120 °C. Upon
injection of Fe(CO)5 (3.05 mmol), the temperature was held at 120 °C for 1 hr then
increased to reflux (~287 °C). After 90 min, the reaction was cooled to 80 °C and aerated
for 14 hr to completely oxidize the nanoparticles. Once complete, the reaction was
cooled to room temperature and the particles were precipitated with ethanol. A minimum
of three dissolution in hexane and precipitation with ethanol steps were required to purify
the nanoparticles. The final crystalline sample was stored in hexane.

3.2.3 Synthesis of Amorphous Fe Nanoparticles
TOPO (6.5 mmol, 2.5 g) and HDA (29.0 mmol, 7.0 g) were combined in a flask
and the temperature was increased to 100 °C for 1.5 hr to thoroughly degas the mixture.
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The reaction was then placed under N2 and Fe(CO)5 (1.52 mmol) was injected. The
reaction temperature was increased to 250 °C and after 30 min cooled to room
temperature and the particles precipitated with methanol. A minimum of three
dissolution in chloroform and precipitation with methanol steps were required to purify
the nanoparticles. The final amorphous Fe nanoparticle sample was immediately
analyzed to prevent significant surface oxidation.

3.2.4 Synthesis of Amorphous Fe Oxide Nanoparticles
TOPO (6.5 mmol, 2.5 g) and HDA (29.0 mmol, 7.0 g) were combined in a flask,
and the reaction temperature was increased to 100 °C under a N2 atmosphere. Upon
injection of Fe(CO)5 (1.52 mmol), the temperature was increased to 250 °C. After 30
min, the reaction was cooled to 80 °C and aerated for 14 hr to completely oxidize the
nanoparticles. Once complete, the reaction was cooled to room temperature and the
particles precipitated with methanol. A minimum of three dissolution in chloroform and
precipitation with methanol steps were required to purify the nanoparticles. The final
amorphous Fe oxide nanoparticle sample was stored in chloroform.

3.2.5 Instrumentation

3.2.5.1 Transmission Electron Microscopy
Transmission electron microscopy (TEM) samples were prepared by slow
evaporation of dilute hexane or chloroform solutions of nanoparticles directly onto a grid
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(300 mesh Cu, EM Science). Images were obtained using a JEOL-1200EXII microscope
operating at 80 keV equipped with a high-resolution Tietz F224 digital camera. Particle
sizes are reported as the mean ± the standard deviation, based on a statistical analysis of
at least 300 particles taken from different areas on the TEM grid. High-resolution TEM
analysis was performed on a JEOL-2010F field emission microscope operating at 200
keV equipped with a Gatan Enfina™ 1000 electron energy loss spectroscopy (EELS)
system and a 2,000 × 2,000 CCD sensor

3.2.5.2 SQUID Magnetometry
Magnetization measurements were obtained using a Quantum Design MPMS
SQUID magnetometer. SQUID samples were prepared by evaporating solutions of
nanoparticles in gelatin capsules. Magnetization curves are normalized to the particle
sample mass. The estimated mass per particles is 4.1 and 7.5 ag for the 8.5 nm diameter
crystalline Fe2O3 and 10.5 nm diameter amorphous Fe oxide particles, respectively.
Masses are likely overestimated because they assume a close-packed ligand shell,
therefore the magnetizations are not calculated per individual particle.

3.2.5.3 Powder X-ray Diffraction
Power X-ray diffraction (XRD) patterns were obtained using a Philips X’Pert Xray diffractometer operating at 40 kV. Samples were prepared by evaporating hexane or
chloroform solutions of nanoparticles directly onto a glass slide.

77

3.2.5.4 BET Surface Adsorption/Porosity Analysis
Nitrogen adsorption-desorption curves were obtained using a Micromeritics
Multi-point BET model ASAP 2000.

3.3 Results and Discussion
While attempting to prepare monodisperse core-shell -Fe2O3 nanoparticles, we
turned to the method employed for the preparation of core-shell CdSe-ZnS
semiconductor nanocrytals.7 With the use of this approach, particles are first nucleated
and grown from Fe(CO)5 in a mixture of trioctylphosphine oxide (TOPO) and
hexadeylamine (HDA), which serve as both stabilizing ligand and solvent and are present
in a ~25:1 ligand to Fe molar ratio. For comparison, we also employed a well-known
procedure for synthesizing -Fe2O3 nanoparticles that uses the thermal decomposition of
Fe(CO)5 in the presence of an acid-terminated surfactant (i.e. lauric acid) in a high
boiling point solvent (i.e. dioctyl ether).8 Following growth, the particles from both
preparations are oxidized in air at 80 °C for a minimum of 14 hr to produce the Fe oxides.
The particles were first examined in a low resolution TEM: Figure 3.1 compares
images of the Fe oxide particles prepared using lauric acid and HDA/TOPO. In both
cases, the particles are spherical and relatively uniform in size. The average diameter of
lauric acid stabilized particles is 8.5 ± 0.5 nm, and the HDA/TOPO particles’ diameter is
11.8 ± 1.4 nm. The remarkable difference between the two samples is the hollow
appearance of the latter. Using variable tilt angles, we confirmed that the particles shown
in Figure 3.1B are spheres and not rings on the grid surfaces (Figure 3.2).
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A

B

Figure 3.1: TEM images of Fe oxide nanoparticles synthesized with (A) lauric acid in
octyl ether and (B) HDA/TOPO; exposure times, (A) 15 min and (B) 5 min. Scale bar is
100 nm.
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A

B

C

Figure 3.2: Variable-tilt TEM images of amorphous Fe oxide nanoparticles at angles of
(A) 0°; (B) 25°; and (C) 35°. Scale bars are 100 nm.
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The formation of hollow, amorphous Fe oxide shells under the HDA/TOPO
conditions is unexpected because no template is present. To understand the differences in
morphology that arise from the two preparations, we obtained powder X-ray diffraction
(XRD) and SQUID magnetometry data for both sets of as-prepared particles. In

Figure 3.3A, the XRD spectra of the lauric acid stabilized particles is consistent with
crystalline -Fe2O3, whereas the HDA/TOPO particles are amorphous Fe oxide. SQUID
analysis further confirms a substantial difference between the two samples. In

Figure 3.3B, the -Fe2O3 nanoparticles have a saturation magnetization approaching ~30
emu/g, whereas the as-prepared amorphous Fe oxide particles have a 10-fold lower
magnetization of ~3 emu/g. Both samples are superparamagnetic with blocking
temperatures of 42 and 14 K respectively (Figure 3.4). The lower saturation
magnetization and blocking temperature is a result of the lack of crystallinity in the
HDA/TOPO Fe oxide particles. However, BET analysis of both sets of the as-prepared
particle samples revealed that neither is porous (Figure 3.5); the room temperature EPR
spectra of the two samples are similarly identical (Figure 3.6).
We therefore turned to detailed high resolution electron microscopy studies to
more extensively investigate these nanoscale structures. Using a prealigned 80 keV
(~200 pA/cm2) electron beam, it was possible to capture images of the particles as a
function of time. Surprisingly, we observed that the amorphous Fe oxide particles
appeared to be solid spheres at short times, and that they appeared to evolve into larger,
hollow spheres while exposed to the electron beam. Figure 3.7 contains sequential TEM
images of the same area of the grid taken over the course of 120 s. By moving the
location of the grid, structural evolution of particles that had not already been exposed to
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Figure 3.3: Characterization of the as-prepared particles: (A) XRD patterns of
HDA/TOPO (ii) and lauric acid (i) Fe oxide nanoparticles; and (B) normalized
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Figure 3.4: Magnetization measurements as a function of temperature after cooling in a
zero field ( , ) and in a 100 Oe field ( , ) for ( ) crystalline and ( ) amorphous Fe
oxide particles.
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84

A

B

2500

3000

3500

4000

4500

Field (G)
Figure 3.6: Room temperature solution EPR spectra of the as-prepared (A) crystalline
Fe2O3 (~13 mg/mL) and (B) amorphous Fe oxide (~5 mg/mL) particles in chloroform
solutions.
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Figure 3.7: Low resolution TEM images of amorphous Fe oxide particles acquired at
approximately (A) 0; (B) 20; (C) 40; (D) 50; (E) 60; and (F) 120 s exposure in the 80 keV
electron beam. Scale bar is 15 nm.
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the electron beam was again observed (Figure 3.8). The change in geometry is directly
attributed to irradiation; formation of hollow spheres is irreversible and no additional
rearrangements are observed. Analysis of the particle sizes in Figure 3.7 reveals that
these are initially 10.5 ± 1.4 nm in diameter, and over the course of re-structuring, the
particles become larger. The average inner and outer diameters of the resultant spheres in

Figure 3.7F are 6.7 ± 6.7 and 11.8 ± 1.4 nm, respectively. This effect was observed for
several separate particle preparations in which the initial size varied between 8 and 18
nm. In comparison, no structural changes are observed in crystalline -Fe2O3
nanoparticles, even after 15 min of intense irradiation (Figure 3.9).
In attempts to repeat the experiments in a high resolution TEM, only hollow
spheres were observed, however, the particles are exposed to high energy (200 keV)
before it is possible to acquire images (~2 min). High resolution images of the particles
contain lattice fringes and result in well defined diffraction patterns that are indicative of
crystallinity in the shell structures (Figure 3.10). High resolution EELS mapping, which
provided spatially defined elemental analysis of a single particle, conclusively showed
that the particles are hollow and the shell contains both Fe and O (Figure 3.11).
To test whether this effect was a result of oxidation state, we also examined
HDA/TOPO Fe particles that had not been aerated and fully oxidized. Although these
are synthesized under air-free conditions, a small amount of surface oxidation occurs
during transfer into the TEM because of the reactivity of the Fe metal surface.9 TEM
images taken at short times, such as in Figure 3.12A, therefore reveal a thin shell of
lighter contrast material attributed to an oxide shell. Figure 3.12 shows that upon
electron beam exposure for 2 min, the initially solid particles again evolve into hollow
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Figure 3.8: TEM image (exposure time = 10 sec) acquired after the grid had already been
exposed to the electron beam and then slightly translated in the microscope. The dashed
line roughly indicates the area previously imaged, in which amorphous Fe oxide particles
were exposed to 80 keV for 2 min. Scale bar is 100 nm.
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A

B

C

D

Figure 3.9: TEM images of crystalline Fe2O3 nanoparticles (A) before and (B) after 15
min of electron beam irradiation and amorphous Fe oxide nanoparticles (C) before and
(D) after 2 min of electron beam irradiation. Scale bars are 100 nm. Minor particle
translocations such as we observe are typical in TEM.
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A

B

Figure 3.10: High resolution TEM image of hollow Fe oxide nanoparticles (A – B)
showing the presence of lattice fringes suggesting nanocrystallinity in the TEM irradiated
particles. Inset is the electron diffraction pattern for the particle shown. Scale bars are 5
nm.
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Figure 3.11: ADF-STEM image showing the location of recorded EELS spectra (A) with
arrows indicating the location of selected spectra (B – D). There is no detectable O or Fe
signal when the probe is positioned off the particle.
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Figure 3.12: TEM images of a HDA/TOPO stabilized Fe nanoparticle after (A) 0; (B)
20; (C) 40; (D) 60; and (E) 120 s exposure to the 80 keV electron beam. Scale bar is 15
nm.

92
spheres that are strikingly similar in appearance to other reports of core-shell Fe oxide
particles.5 In these experiments, we conclude that hollow particle formation is not a
function of Fe oxidation state, and it is therefore unlikely that the mechanism is electron
beam induced reduction.
We attribute the changes in particle appearance in Figure 3.7, Figure 3.12,

Figure 3.13, and Figure 3.14 to structural rearrangements as a result of electron beam
exposure. The fact that this is observed only for amorphous particles (see Chapter 4)
suggests that crystal defects or voids within the Fe oxide are necessary. Although
nanoparticle melting points are known to decrease with size,10 we rule out particle
melting as the operative mechanism because neither liquidation nor coalescence of the
particles is observed. We similarly rule out phase changes that are known to occur in Fe
oxides at high temperatures.11 Instead, the evolution in morphology is attributed to quasimelting,12 in which particle restructuring is the result of fluidlike behavior of atoms or
clusters of atoms to reach a thermodynamically favored configuration. For example,
coalescence of voids (which may contain solvent or ligand molecules) into a sphere (the
hollow core of the particles) would minimize their surface area. It is believed that the
energy barriers between conformations in nanoparticles are relatively small and can be
easily overcome with a small amount of energy.11 A quasi-molten state in crystalline Au
particles has been observed at higher electron bean fluxes and higher temperatures.11
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Figure 3.13: Low resolution TEM images of amorphous Fe oxide particles acquired at
approximately (A) 0; (B) 10; (C) 20; (D) 30; (E) 40; (F) 50; (G) 60; (H) 120; and (I) 180
s exposure in the 80 keV beam. Scale bar is 15 nm.
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Figure 3.14: Examples of low resolution TEM images of different amorphous
HDA/TOPO coated Fe nanoparticle samples. Top: particles exposed to the beam for
approximately (A) 30 and (B) 210 s. Scale bar is 50 nm. Middle: images acquired after
approximately (A) 0, (B) 10, (C) 20 s, (D) 30, (E) 40, (F) 60 s, (G) 90, and (H) 120 s of
exposure in the 80 keV. Scale bar is 15 nm. Bottom: images acquired after
approximately (A) 0, (B) 10, (C) 20 s, (D) 30, (E) 40, (F) 60 s, (G) 90, and (H) 120 s of
exposure in the 80 keV. Scale bar is 25 nm.
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3.4 Conclusions
Coalescence of voids during synthesis of CoO and CoxSy13 and FexOy8 particles
has been reported; our results conclusively show hollow particles forming when induced
by the TEM postsynthesis. Since TEM imaging is the primary tool used for confirmation
of core-shell structure, our observation that amorphous Fe oxide and Fe particles exhibit
significant reorganization during irradiation by a high energy electron beam implies that
caution is necessary during the analysis of core-shell and heterostructured nanoparticles.
Given the dearth of alternative analytical methods, time-resolved TEM imaging may be
necessary to rule out in situ rearrangements that would preclude accurate assessment of
as-prepared particle morphology. Chapter 4 discusses this effect in greater detail as well
as data that suggests TEM-induced structural evolution is a general observation as
opposed to one unique to a specific chemical system.
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Chapter 4
General Observation of TEM-Induced Structural Evolution in Amorphous
Nanoparticles

4.1 Introduction
Nanomaterials comprised of a wide range of metallic,1 magnetic,2 polymer,3 and
semiconductor materials4 in many shapes and sizes can now be readily prepared by
solution-based synthetic methods. The surface chemistries of these materials are
modified post-synthesis5 making them useful for biomedical imaging and drug delivery,6
surface enhanced Raman spectroscopy (SERS),7 and in ultrasensitive DNA detection
devices.8 This library of nanoscale particles has further grown to encompass
heterocomposites,9 core/shell structures,10 and hollow particles.11,12 Hollow nanoparticles
are particularly interesting for applications in drug delivery,11a plasmonics,11b and
catalysis.11c It is possible to prepare hollow nanoparticles using a variety of methods,
most commonly with template-based approaches that typically involve coating the
surface of a particle with a layer(s) of a second material followed by selective removal of
the template. These templates can take the form of liquid droplets,11d polymer
micelles,11e surfactant vesicles,11f or other nanoparticles. For example, Au nanoshells
have been synthesized by coating silica spheres with a thin layer of Au and have been
shown to be useful for imaging and cancer therapy.11g Conversely, polymer nanocapsules
have been prepared by first coating Au particles with polymer and then selective removal
of the Au core with cyanide.11h,i An alternative method for forming hollow structures
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uses galvanic replacement reactions on the surfaces of particles; recent reports using this
method have produced hollow Au octahedra11j and nanoboxes.11k Many additional
methods and examples exist for the preparation of hollow nanomaterials.12
Electron microscopy is arguably the most common method for the
characterization of nanomaterials; for examination of nanostructures with dimensions
smaller than 30 nm, transmission electron microscopy (TEM) is typically used.13 Using
this method high-resolution imaging and elemental and crystal structure analysis can be
simultaneously performed on single nanoparticles while irradiating with high energy
electrons. To confirm the preparation of a hollow or core/shell structure, it is typical to
report observed variations in contrast (i.e. electron density) between the inner core and
outer shell. Scanning transmission electron microscopes equipped with electron energy
loss spectrometers (STEM-EELS) can further confirm particle structures. However,
these specialized methods are less common in the literature than standard electron
microscopy due to their high cost and lack of available facilities.
Although TEM is used to observe and confirm particle structure,13 it is also
known to impact their structure and chemistry.14 One of the first reports of electron beam
induced effects involved Au nanoparticles;14a small Au clusters (< 5 nm diameter) were
observed to rapidly undergo structural changes with reorganization rates that depended
on the current density of the incident beam. These transformations were attributed to
quasi-melting of the particles as the electron beam imparted sufficient energy to enable
rapid motion between conformations of similar energy.14e,g Similarly, electron beam
irradiation has been shown to cause Au nanoparticles to anneal into larger aggregates.14f-h
It has also been shown that the electron beam can induce particle formation by the
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reduction of metal salts. For example, it was recently reported that highly monodisperse
Au nanoparticles could be formed by irradiation of Au(I)-alkanethiolate complexes with
an electron beam in a TEM;15 nanoparticle size was tuned by varying the accelerating
voltage. Analogous electron beam reduction of V2O5 crystals, titania films, and metal
oxides have also been observed.16

Chapter 3 reported on the observation that Fe and Fe oxide nanoparticles
synthesized in a mixture of trioctylphosphine oxide (TOPO) and hexadecylamine (HDA)
rapidly evolved from solid spherical structures to hollow shells after irradiation with the
electron beam in the microscope.17 TEM images obtained as a function of time and
electron beam intensity showed that the nanoparticles evolved from solid spheres to corevoid-shell structures and ultimately formed completely hollow nanoparticles over the
course of minutes. These types of morphological changes in Fe oxide nanoparticles
suggested that the use of TEM to confirm their morphology could be more complex that
originally thought.
Recent reports of hollow particle formation via template-free solution based
methods,18,19,20 observations of higher contrast surface oxide layers on metal
particles,18,19,20 and new heterocomposite21 and core/shell structures22,23 have led us to
further investigate TEM-induced morphology transformations. In this chapter we
synthesize a series of amorphous metal nanoparticles of varying size and composition via
literature methods, and analyze their structures with transmission electron microscopy
(TEM). To better understand the effects of the beam, these experiments are performed as
a function of time and electron current density. We find that using TEM to observe metal
and metal oxide nanoparticles consistently results in a change in particle morphology
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from solid to hollow particles within minutes while in the microscope. Combined with
our previously reported results, this new data set suggests that low-dose, time-resolved
TEM imaging is generally necessary to accurately examine and report on the as-prepared
structures of new nanomaterials.

4.2 Experimental

4.2.1 Chemicals
All chemicals were obtained from commercial sources and used as received.
Fe(CO)5 (99.999%), oleylamine (70%), trioctylamine (90%), trioctylphosphine oxide
(TOPO, 90%), oleic acid (90%) and Ni(acetylacetonate)2 (acetylacetonate = acac) were
purchased from Sigma-Aldrich. Dioctylamine (96%) and o-dichlorobenzene (99%) were
purchased from Alfa Aesar. Co2(CO)8 and octadecene (90%) were purchased from Strem
Chemical and Acros Organics respectively.

4.2.2 Instrumentation
Transmission electron microscopy (TEM) samples were prepared by the slow
evaporation of hexane solutions of nanoparticles directly onto a grid (300 mesh Cu, EM
Science). Images were obtained using a JEOL-1200EXII microscope operating at 80
keV equipped with a high-resolution Tietz F224 digital camera located below the
imaging screen with a beam-blanker acting as the camera shutter. Particle sizes are
reported as the mean ± the standard deviation of at least 300 particles from different areas
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on the TEM grid. Time-dependent TEM image sequences are obtained after refocusing,
which typically requires < 10 s of electron beam exposure (note: in the time-dependent
images, t = 0 is the time after re-focusing). X-ray diffraction (XRD) spectra were
obtained using a Philips X’Pert X-ray diffractometer operating at 40 kV. Samples were
prepared by evaporating concentrated hexane solutions of nanoparticles directly onto a
glass slide.

4.2.3 Synthesis of Fe Nanoparticles
Typical syntheses followed reported methods without modification.20 Briefly,
octadecene (10 mL) containing 0.4 mmol of amine (oleylamine, dioctylamine, or
trioctylamine) was heated in a flask to 60 °C under vacuum for 30 min. While the
solution remained under N2, the reaction was heated to 200 °C. A precursor solution of
Fe(CO)5 (0.4 mL) in octadecene (2 mL) was separately prepared under N2 and rapidly
injected into the surfactant solution with vigorous stirring. The mixture was held at 200
°C for 20 min and then cooled to room temperature. The Fe nanoparticles were either
purified immediately or oxidized by flowing air (20 mL/min, 1 – 12 hr) through the
heated flask (80 – 200 °C). Nanoparticles were purified by multiple precipitations with
ethanol and redispersions in hexane, and the final samples were stored in hexane.
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4.2.4 Synthesis of Ni Nanoparticles
The synthesis of Ni nanoparticles followed previously reported methods.21
Briefly, under air-free conditions, a solution of Ni(acac)2 (1 mmol), oleylamine (20
mmol), and TOPO (10 mmol) was heated to 250 °C. After 2 hr, the resulting solution
was cooled to room temperature and the nanoparticles were purified by multiple
precipitations with acetone and redispersions in hexane. The final sample solutions in
hexane were exposed to air for a minimum of 48 hours prior to analyses.

4.2.5 Synthesis of Co Nanoparticles
The synthesis of Co nanoparticles followed a literature procedure.23 Under airfree conditions, Co2(CO)8 (0.54 g) was dissolved in o-dichlorobenzene (3 mL). This
solution was injected into a refluxing solution of o-dichlorobenzene (12 mL),
dioctylamine (0.34 mL), and oleic acid (0.2 mL). After 15 min, the resulting solution
was cooled to room temperature and the nanoparticles were purified by multiple
precipitations with ethanol and redispersions in hexane. The final sample solutions in
hexane were exposed to air for a minimum of 48 hours prior to analyses.
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4.3 Results and Discussion

4.3.1 Structural Evolution as a Function of Nanoparticle Size
In Chapter 3 it was thought that some of the electron-beam induced effects might
be attributed to the mixed surfactant system (trioctylphosphine oxide and
hexadecylamine) that was used to prepare the iron oxide particles.17 To rule this out, and
for direct comparison to other metal oxide particles that have been reported, in this study
we have instead employed standard literature methods for high temperature
decomposition reactions in the presence of only alkylamine surfactants.18,19,20 Fe and Fe
oxide nanoparticles were first prepared by the decomposition of Fe(CO)5 in the presence
of an amine (oleylamine, dioctylamine, or trioctylamine) according to literature methods
(Figure 4.1A).20 The as-prepared Fe nanoparticles were oxidized by flowing air through
the reaction mixture at elevated temperatures (80 – 200 °C) to yield the corresponding
oxides. This method has been widely reported to produce amorphous Fe and Fe oxide
nanoparticles, and XRD spectra (Figure 4.2) exhibit significantly broadened peaks that
verify a lack of crystallinity.18,19,20 While the broad signals roughly correspond to Fe2O3,17 the lack of distinct peaks prevents identification of specific crystal phases.

Figure 4.3A-C contains the TEM images of the three Fe oxide samples prepared
with oleylamine, dioctylamine and trioctylamine surfactants. Statistical analysis of these
images initially (at t = 0 after refocusing) revealed Fe nanoparticles with diameters 13 ±
2, 11 ± 2, and 9.9 ± 1.5 nm, respectively (Figure 4.4). The small standard deviation in
the particle diameters confirms that this method prepares size-monodisperse particles
regardless of the amine employed during synthesis. However, since amine ligands
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Figure 4.1: (A) Reaction scheme for the preparation of Fe nanoparticles by the
decomposition of Fe(CO)5 with oleylamine, dioctylamine, or trioctylamine in octadecene
(ODE). (B) Schematic illustrating the transformation of an amorphous Fe nanoparticle to
a hollow nanoparticle through a core-void-shell intermediate as a result of electron beam
irradiation.
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Figure 4.2: X-ray diffraction patterns for Fe oxide nanoparticles stabilized with (A)
oleylamine, (B) dioctylamine, and (C) trioctylamine; and (D) NiO, and (E) CoO
nanoparticles.
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Figure 4.3: A – C: Initial (t = 0 after refocusing) TEM images of Fe oxide nanoparticles
synthesized with 0.4 mmol of (A) oleylamine, (B) dioctylamine, and (C) trioctylamine.
D – F: TEM images of the nanoparticle samples after 2 min exposure to the electron
beam (current density ~175 pA/cm2). Scale bars are 100 nm.
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Figure 4.4: Particle size histograms initially and after exposure to the electron beam for
Fe oxide synthesized with (A – B) oleylamine, (C – D) dioctylamine, and (E – F)
trioctylamine. Black and red bars in (B, D, and F) indicate inner and outer diameter
respectively.
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mediate growth of the particles, the average sizes vary depending on the binding affinity
of the amine nitrogen to the growing particle surface. Particles synthesized with
oleylamine are observed to be slightly larger than those prepared with dioctylamine and
trioctylamine (Table 4.1) under identical conditions. In all cases, it is most likely that
surface-bound molecules are desorbed from particles under the high vacuum conditions
of the transmission electron microscope, so that they are not expected to play any
significant role in the morphology restructuring.
Following these initial images, the structures of the particles were monitored
during continuous exposure to the electron beam. The images shown in Figure 4.3D-F
reveal the particle structures upon additional exposure to the electron beam, and show
that after 2 min these transform into hollow particles. Our previous work (Chapter 3)
used extensive low and high resolution TEM studies including STEM/EELS to confirm
the particles formed in this manner are in fact hollow.17 Restructuring the particle
morphology incrementally occurs. For example in Figure 4.5 (also Figure 4.6) the
oleylamine stabilized Fe oxide particles gradually evolve from solid to core-void-shell
particle structures; continued irradiation under mild intensity (current density: ~100
pA/cm2) causes the inner core to continuously shrink as the outer shell diameter
increases. Eventually, the particle fully evolves into a hollow structure with the inner
core disappearing completely, as depicted in Figure 4.1B. Analogous gradual changes in
structure for the dioctylamine (Figure 4.7) and trioctylamine (Figure 4.8) Fe oxide
particles are also observed. In control experiments, electron-induced changes in
morphology only occur in amorphous particles; under identical conditions, highly
crystalline iron oxide particles do not restructure (Figure 4.9).
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Table 4.1: Particle size data for Fe, Fe oxide, CoO, and NiO nanoparticles.

a

Particle

Initial
Dia. (nm)a

Final
Outer Dia.
(nm)b

Final
Inner Dia.
(nm)c

Initial
Volume
(nm3)d

Final
Volume
(nm3)e

Kapp (s-1)

Fe

12 ± 2

16 ± 2

9.8 ± 1.9

8.2 × 102

1.5 × 103

4.7 × 10-3 f

Fe Oxide
Oleylamine

13 ± 2

15 ± 3

9.4 ± 2.1

1.2 × 103

1.3 × 103

2.2 × 10-2 g

Fe Oxide
Dioctylamine

11 ± 2

13 ± 2

8.3 ± 1.4

6.1 × 102

7.6 × 103

3.8 × 10-2 g

Fe Oxide
Trioctylamine

9.9 ± 1.5

12 ± 1

7.1 ± 1.1

5.1 × 102

6.2 × 102

3.3 × 10-2 g

NiO

11 ± 2

14 ± 2

Co

11 ± 1

15 ± 1

2.1 × 10-2 h

6.2 × 102
6.8 ± 1.1

7.8 × 102

1.5 × 103

1.2 × 10-2 g

Initial particle diameter measured at t = 0 sec (after refocusing). bFinal particle total
diameter measured after transformation. cFinal particle inner diameter of hollow core
measured after transformation. dParticle volume calculated from the initial particles (t =
0 sec after refocusing). eVolume of the shell after electron beam irradiation. Observed
apparent rate constant at current densities of f175, g100, and h75, pA/cm2.
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Figure 4.5: TEM images of an Fe oxide nanoparticle synthesized with oleylamine during
exposure to the electron beam (current density ~100 pA/cm2): (A) initial (B) 15 s, (C) 30
s, (D) 45 s, (E) 60 s, (F) 75 s, (G) 90 s, (H) 105 s, (I) 120 s, (J) 135 s, (K) 150 s, (L) 165,
(M) 180 s, (N) 195, (O) 240 s. Scale bar is 10 nm.
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Figure 4.6: TEM images of oleylamine stabilized Fe oxide particles (A) initially and
after (B) 15 s, (C) 30 s, (D) 45 s, (E) 60 s, and (F) 120 s of exposure to an electron beam
(current density = 100 pA/cm2). Scale bar = 100 nm.
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Figure 4.7: TEM images of dioctylamine stabilized Fe oxide particles (A) initially and
after (B) 15 s, (C) 30 s, (D) 45 s, (E) 60 s, and (F) 120 s of exposure to an electron beam
(current density = 100 pA/cm2). Scale bar = 100 nm.
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Figure 4.8: TEM images of trioctylamine stabilized Fe oxide particles (A) initially and
after (B) 15 s, (C) 30 s, (D) 45 s, (E) 60 s, and (F) 120 s of exposure to an electron beam
(current density = 100 pA/cm2). Scale bar = 100 nm.
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Figure 4.9: TEM images of a mixture of crystalline and amorphous Fe oxide
nanoparticles (A) before and (B) after exposure to the electron beam.
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Close examination of the images further shows that as the particle structure
changes, the outer diameter increases (Figure 4.4) and that larger particles transform
more slowly. Using the dimensions of the particle, the final volume of the shell is
approximately equal to the initial volume of the solid spherical particle (Table 4.1). This
implies a structural rearrangement rather than a chemical reaction with spurious atoms or
molecules that are present in the microscope or on the grid. The increase in outer
diameter of the particles can be leveraged to monitor the rate of transformation of the
nanoparticle samples. Figure 4.10 plots the increase in the outer diameter of the Fe
oxide nanoparticles for the samples prepared with the three surfactants; each point
represents the average of at least 40 particles with diameters that are individually tracked
over the course of the experiment. Some error in the data arises because of non-uniform
particle expansion; in some cases large particle shells appear to break upon irradiation
(Figure 4.11). However, the data in Figure 4.10 shows that in all cases the diameters
exponentially increase and level off at a size that remains constant after very long
electron beam exposure times. Particle samples that have been exposed to the beam and
then stored for as long as one week time continue to have shell structures with the same
outer diameter.
The shape of the curves in Figure 4.10 suggested that particle restructuring
follows a pseudo first order process; these data were therefore fit to obtain apparent rate
constants (kapp) to provide a quantitative comparison of the rates of change. In Table 4.1,
the larger oleylamine-stabilized Fe oxide particles have a slower apparent rate (kapp ~
0.02 s-1) than the smaller dioctylamine and trioctylamine stabilized particles (kapp ~ 0.03 –
0.04 s-1). The observed variation in rate is consistent with restructuring that involves
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Figure 4.10: Change in particle diameter for Fe oxide nanoparticles synthesized with ( )
oleylamine, ( ) dioctylamine, and ( ) trioctylamine.
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Figure 4.11: Fe oxide nanoparticle after (A) 0 s, (B) 10 s, (C), 20, (D) 30, (E) 40, (F) 50,
(G) 60, (H) 75, (I) 90, (J) 105, (K) 120, (L) 150, (M) 180, (N) 240, and (O) 300 s. Scale
bar is 10 nm.
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outward atomic motion; the path length for outward movement is longer for larger
particles and therefore restructuring requires more time to completely evolve from
spherical to hollow shells.

4.3.2 Change in Morphology vs. Oxidation State
Because literature reports have suggested that the temperature of the oxidation of
the Fe particles may be critical for forming hollow spheres in solution,20 we oxidized
oleylamine Fe oxide nanoparticles at both 80 °C for 14 hr and 200 °C for 1 hr. In both
cases (Figure 4.12), particles that initially appear to be solid evolve into hollow spheres
while in the microscope, so that we rule out oxidation temperature as a factor. To further
understand how the Fe oxidation state plays a role in the observed transformation (i.e. an
electron beam induced reduction of the Fe analogous to prior observations), we
synthesized Fe0 nanoparticles as above without an air oxidation step. However, even
under rigorous air-free conditions, transfer to the electron microscope will result in a brief
exposure to atmosphere. Since it is known that the formation of a thin surface oxide
layer is rapid upon exposure to O2, it is assumed that there is at least a thin surface oxide
layer on these Fe particles.
TEM images of these particles in Figure 4.13 (and in Figure 4.14) reveal
morphological changes analogous to those observed in the fully-oxidized particles in

Figure 4.3. After refocusing, the particles initially appear to have a shell with lighter
contrast, which we attribute to the surface oxide layer similar to prior reports.18,19,20
Monitoring the particle during electron beam exposure shows that this lighter shell grows
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Figure 4.12: TEM images of oleylamine stabilized Fe oxide nanoparticles oxidized at
200 °C for 1 hr (A) before and (B) after exposure to the electron beam. Scale bar is 100
nm.

120

A

B

C

D

E

F

G

H

I

J

K

L

M

N

O

Figure 4.13: TEM images of Fe nanoparticles (minimal air exposure) synthesized with
oleylamine during exposure to the electron beam at 175 pA/cm2: (A) initial, (B) 15 s, (C)
30 s, (D) 45 s, (E) 60 s, (F) 75 s, (G) 90 s, (H) 105 s, (I) 120 s, (J) 135 s, (K) 150 s, (L)
165, (M) 180 s, (N) 195, (O) 240 s. Scale bar is 10 nm.
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Figure 4.14: TEM images of Fe nanoparticles synthesized with oleylamine during
exposure to the electron beam at 175 pA/cm2: (A) 0 s, (B) 15 s, (C) 30 s, (D) 45 s, (E) 60
s, (F) 75 s, (G) 90 s, (H) 105 s, (I) 120 s, (J) 135 s, (K) 150 s, (L) 165, (M) 180 s, (N)
195, (O) 240 s. Scale bar is 100 nm.
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in thickness as the darker inner core shrinks in size. After ~ 75 sec, a higher contrast
outer layer begins to appear in the particle that is strikingly similar to the Fe oxide
particle in Figure 4.5F-G. Continued beam exposure causes the higher contrast inner
core to shrink and ultimately disappear (after ~ 200 sec), forming an entirely hollow
particle. The resulting hollow shell has a larger diameter than the solid sphere that is
initially observed (Table 4.1), and the final volume of the shell is slightly larger
(Figure 4.15A and B). This latter observation could be due to a disordered and less
dense structure in the shell, or may arise from incorporation of O that is present in very
low concentrations in the microscope.24
Analysis of the time-dependent morphology changes shows that the total time to
transform unoxidized Fe particles (i.e. minimal O2 exposure) into hollow particles in the
TEM is longer than for analogous Fe oxide particles. Fitting the time-dependent increase
in the particle diameter (Figure 4.16) as above gives an apparent rate of 4.7 x 10-3 s-1,
roughly 8-fold slower than fully oxidized particles of the same size, and despite a current
density that is ~ 75% higher (vide infra and Table 4.1). The difference in rate could be
due to slower atomic motion and rearrangement in Fe vs Fe oxide matrices, but it is also
possible that more complex steps such as chemical reaction with trace O2 in the TEM
play roles in the overall rate of the process.

4.3.3 Effect of Current Density on Rate of Structural Change
The observed transformations in particle structure are a direct result of exposure
to the electron beam. Chapter 3 showed that particles evolved in morphology more
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Figure 4.15: Particle size histograms for the Fe nanoparticles (A) initially and (B) after
exposure to the electron beam. Black and red bars in (B) indicate inner and outer
diameter respectively. (C) Ni nanoparticles before and after exposure to the electron
beam represented by the black and red bars respectively. Particle size histograms for the
Co nanoparticles (D) initially and (E) after exposure to the electron beam. Black and red
bars in (E) indicate inner and outer diameter respectively.
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Figure 4.16: Particle diameter as a function of time for Fe nanoparticles under electron
beam irradiation (current density = 175 pA/cm2).
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quickly when higher accelerating voltages were used.17 To further elucidate the role of
the electron beam on this effect, a series of experiments with oleylamine stabilized Fe
oxide particles were performed using a constant accelerating voltage of 80 keV but
varying current density. Figure 4.17 contains a series of TEM images taken before (i.e.,
immediately after refocusing, A-F) and after (G-L) a 1 minute exposure to the electron
beam over a range of current densities. All of the images were obtained using the same
sample on the same grid, but acquired in random order from different regions of the grid
that had not been previously exposed to the beam. The pre-exposure images in

Figure 4.17A-F have particles with identical average diameters (13 ± 2) and solid
morphology. However the structure of the particles in the post-exposure images depends
on the number of incident electrons in the one-minute interval. Particles exposed to the
highest current density (Figure 4.17G, 175 pA/cm2) completely transform into hollow
particles in under one minute; those exposed to the smallest amount of current
(Figure 4.17L, 25 pA/cm2) have not substantially changed in appearance in this time
period. At intermediate currents there is an obvious increase in the extent of particle
restructuring with higher current densities.
Time-resolved images were acquired using four current densities so that an
apparent rate of change could be determined by plotting the change in outer diameter as a
function of time. Fits of the exponential increase in the diameter were used to obtain the
apparent rate constants that are plotted in Figure 4.18. A linear relationship between the
apparent rate of transformation and the current density implies that this reaction is first
order with respect to the electrons. This finding could be indicative of an Fe reduction
mechanism as a root source of the atomic rearrangement that gives rise to the hollow
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Figure 4.17: TEM images of oleylamine stabilized Fe oxide nanoparticles taken initially
(A – F) and after (G – L) 1 min under varying electron beam current densities. Scale bar
= 100 nm.

127

2.0

Rate (x10-2)

1.5

1.0

0.5

20

40

60

80

100

120

Current Density (pA/cm2)
Figure 4.18: Plot of apparent transformation rate (kapp) as a function of current density
for Fe oxide nanoparticles with oleylamine surfactant.
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spheres. However, the final oxidation state of the Fe in the hollow particles is unknown
and the amount of material that is exposed to the electron beam is insufficient for
additional quantitative analysis that might shed light on this aspect. In control
electrochemical experiments, after poising the potential of the TEM grid reductively for
long periods of time, the TEM images of the Fe oxide particles showed that this did not
change the size, shape, structure, or propensity to change morphology.

4.3.4 General Observation of Morphology Changes in Amorphous Metal Oxide
Nanoparticles
Electron beam exposure apparently generally induces changes in morphology in
amorphous Fe oxide nanoparticles with long alkylamine surfactants or with a surfactant
mixture of TOPO and hexadecylamine. We further sought to assess whether this effect
occurred in other amorphous particle samples, and therefore synthesized Co and Ni
particles via established methods.21,23 Ni particles were prepared by the thermal
decomposition of Ni(acac)2 in the presence of TOPO and oleylamine, followed by
exposure to air to oxidize the surface to NiO.21 Co nanoparticles were analogously
prepared by the decomposition of Co2(CO)8 in the presence of oleic acid and
dioctylamine in refluxing o-dichlorobenzene and exposed to air for a minimum of 48
hours to ensure oxidation.23 The XRD spectra of these two particle samples (Figure 4.2)
contain poorly resolved and broadened peaks indicating amorphous structures.

Figure 4.19A and E contain TEM images of the as-prepared NiO and CoO
nanoparticles, respectively, after minimal exposure to the electron beam. In both cases
the particles are relatively monodisperse (see Figure 4.15C – E and Table 4.1 for
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Figure 4.19: NiO nanoparticles after (A) 15 s, (B) 60 s, (C) 120 s, and (D) 180 s of
exposure to an electron beam (current density ~ 75 pA/cm2). CoO nanoparticles (E)
initially and after (F) 90 s, (G) 255 s, and (H) 315 s of exposure to an electron beam with
a current density = 100 pA/cm2. Scale bars = 50 nm.
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diameters). However, after a brief exposure to the electron beam at a current density of
~75 and 100 pA/cm2, both the Ni and Co particles begin to restructure. In Figure 4.19B,
the Ni particles begin to have a thin layer of lighter contrast on the surface and a darker
contrast center of the particle. With continued exposure to the electron beam, the dark
core shrinks and the outer edge darkens; the resulting morphology has been previously
described as a “core-shell-void” structure (see also Figure 4.20).18,19,20,22,23 Similarly, the
initially solid Co nanoparticles begin to contain an outer shell with lighter contrast
(Figure 4.19F) and evolve into hollow structures (Figure 4.19 G-H) as they are exposed
to the electron beam (see also Figure 4.21).
As shown in Figure 4.22, the Ni and Co particles increase in diameter as the
structural morphologies change during electron beam exposure in the TEM
(Figure 4.15). Using these data to determine apparent transformation rates (as above),
both metal particle samples possess kapp values that are similar in magnitude to the Fe
oxide nanoparticles (Table 4.1). Comparison of kapp for particles of approximately the
same diameter reveals that CoO < NiO < Fe oxide. This mirrors the trend in relative
reduction potentials of the metal dications;25 the apparent rate of structural change in
unoxidized Fe particles is significantly slower than any of the metal oxide particles.
These support the possibility that an electrochemical mechanism is at least in part
responsible for the observed structural changes during TEM imaging, but cannot
conclusively rule out either quasi-melting induced atomic motions and rearrangement, or
reaction with trace amounts of O2 and gaseous reactants in the TEM.
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Figure 4.20: TEM images of Ni nanoparticles during exposure to the electron beam at 75
pA/cm2: (A) 15 s, (B) 30 s, (C) 45 s, (D) 60 s, (E) 75 s, (F) 90 s, (G) 105, (H) 120 s, (I)
135, (J) 150 s, (K) 165, and (L) 180 s. Scale bar is 50 nm.

132

A

B

C

D

E

F

G

H

I

J

K

L

M

N

O

P

Q

R

S

T

U

V

W

X

Y

Figure 4.21: TEM images of Co nanoparticles during exposure to the electron beam at
100 pA/cm2: (A) initial, (B) 15 s, (C) 30 s, (D) 45 s, (E) 60 s, (F) 75 s, (G) 90 s, (H) 105,
(I) 120 s, (J) 135, (K) 150 s, (L) 165, (M) 180 s, (N) 195 s, (O) 210 s, (P) 225 s, (Q) 240
s, (R) 255 s, (S) 270, (T) 285 s, (U) 300, (V) 315 s, (W) 330, (X) 345 and (Y) 330 s.
Scale bar is 50 nm.
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Figure 4.22: Particle diameter as a function of time for (A) NiO and (B) CoO
nanoparticles. Inset: Before and after TEM images of particle transformation.
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4.4 Conclusions
Amorphous metal nanoparticles comprised of Fe, Fe oxide, Co oxide, and Ni
oxide prepared by standard literature protocols significantly change from their asprepared structure when irradiated by the electron beam of a transmission electron
microscope. As a result, TEM images that are acquired after substantial time focusing
the microscope, or which are not obtained using a low-dose, time-resolved approach can
easily lead to a misinterpretation of the as-synthesized particle structure. In the examples
in this study, the as-prepared solid particles become hollow shells within minutes of
electron beam exposure. While this structural change depends on the crystallinity and
size of the particles, it does not arise because of the presence of the specific surfacebound ligands. The apparent rate of change of the particle structure is linearly dependent
on the current density that is used to image the sample, suggesting that metal ion
reduction is a likely contributor to the observed phenomena. Our ongoing work aims to
further understand this effect by probing nanoparticles with components covering a much
wider range of reduction potentials.
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Chapter 5
Capillary Magnetic Field Flow Fractionation and Analysis of Magnetic
Nanoparticles

5.1 Introduction
Nanoscale magnets offer the tantalizing opportunity to create materials with
physical properties that are fundamentally different from those observed in magnetic
materials composed of larger particles; like other nanoparticles, their low dimensionality
may create dramatic size-dependent variations of their electrical, optical, and magnetic
properties. In addition to being of fundamental scientific interest, magnetic nanoparticles
are the subject of intense research because of their potentially broadly ranging
applications from information storage and electronics1 to drug delivery and biomedical
imaging.2 A variety of materials exist with known magnetic properties on both the bulk
and nanometer-length scales; for example, nanoscale FePt particles are stable and
strongly magnetic, making them attractive candidates for recording media.3 In contrast,
manganese oxide nanoparticles have been shown to be particularly well suited for
catalysis and electrode materials;4 incorporation of cobalt into iron oxide drastically
increases their magnetic anisotropy compared to pure iron oxide or manganese-doped
iron oxide particles.5 Synthetic variation of particle composition provides a facile way in
which to tailor their physical properties and can also be used to control their diameter and
size distribution (i.e. polydispersity). Strong correlations are expected between particle
diameter and magnetic moment, so that there remains a significant interest in obtaining
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nanoparticle samples with narrow size distributions to enable the elucidation of this
structure-function relationship.
One of the most commonly used synthetic methods for the preparation of sizemonodisperse (i.e. narrow distributions with ± 10 % of the mean diameter) particles
utilizes a thermally induced reduction of an organometallic precursor;6 cobalt ferrite
(CoFe2O4) particles, for example, are synthesized by the stoichiometric addition of
Fe(acac)3 and Co(acac)2 (acac = acetylacetonate).5 Several other groups have reported
the use of similar methods to prepare pure Fe,7 Ni,8 and Co8 as well as FePt3 and
MnFe2O45 nanoparticles. Particles prepared by this route are stabilized by organic
ligands (typically acid, phosphine oxide, or amine-terminated alkanes) and, as a result,
are insoluble in aqueous solutions and biological environments. Therefore, while the size
monodispersity is unrivaled among synthetic approaches, the lack of solvent
compatibility is a drawback for some of the desired applications of magnetic
nanoparticles.
As an alternative, synthesis by inverse micelle and coprecipitation techniques
allows particle formation in aqueous solution,9 where inexpensive metal salts under
standard benchtop conditions are used for nucleation and growth. These methods can
often result in particles that are stable in physiological pH buffers without the need to
modify their surfaces.2b In addition, we have recently shown that aqueous synthesis
could be used to create stable, Au-encapsulated iron oxide nanoparticles using
straightforward iterative seeding.10 The ease of aqueous synthetic approaches is,
however, tempered by the general observation that these particles possess highly disperse
diameters that can range between 5 and 100 nm from a single preparation.
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Therefore, we have sought to apply a method by which size-monodisperse yet
water-soluble nanoscale magnetic particles can be easily obtained and with which their
magnetic properties can be directly assessed. To do this, we have turned to a field flow
fractionation (FFF) separation method, which generally utilizes an external gradient force
applied perpendicular to a ribbon-like channel.11 FFF has been shown to be particularly
well suited to the separation of macromolecules, colloidal particles, and biological
species including proteins and cells.12,13 This technique is in contrast to
electromagnetophoresis, which utilizes a magnetic field applied at right angles to an
electrical current, causing the migration of nonmagnetic and neutral particles
perpendicular to the current.14,15
Magnetic field-flow fractionation (MFFF) is a method for separating magnetic
species by exploiting differences in magnetic susceptibility and was first introduced by
Giddings11 and extended in subsequent reports.16-20 Briefly, a magnetic force acts on a
particle, forcing it toward the accumulation wall; this force is opposed by diffusion back
into the flow stream so that a steady-state distribution of specific height is formed
(Figure 5.1). Hydrodynamic forces then act perpendicular to the applied field and
laterally separate the components.21,22
The height of the steady-state distribution of particles in the capillary is related to
the balance between the external magnetic force pulling the component toward the
accumulation wall and diffusive motions away from it. Smaller component thicknesses
lead to more significantly retained fractions and therefore longer elution times. In MFFF,
the dimensionless retention parameter, , is related to the properties of the particles by
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Figure 5.1: (A) Diagram of the MFFF separation mechanism for magnetic particles in a
capillary channel with an applied magnetic field. Particles that interact weakly with the
magnetic field have a large average layer thickness (hA) and elute at shorter times; strong
interaction results in a smaller layer thickness (hB and hc) and longer retention times. (B)
Schematic of the magnetic field flow fractionation instrument. Flow is controlled using
an HPLC pump and sample injected using a six-port valve onto a 250 µm diameter
capillary. The tubing is wound around a NdFeB permanent magnet and elution
monitored in the capillary using a fiber-optic UV-visible absorbance detector. (C) The
magnet is held tightly with a 1.5 in long section of a 3 in diameter PVC pipe, with a hole
in the wall to insert the capillary. The capillary is wound around the magnet in the
groove formed by the beveled edge of the magnet and the PVC interior wall. Depth of
the groove is ~2 mm.
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Equation 5.1:11,23
4d
λ=
w

k bT
µ∆H

2

Equation 5.1

Where d is the particle diameter (in m), w is the capillary diameter (in m), kb is
Boltzmann’s constant (in J/K), T is the absolute temperature (in K), µ is the magnetic
moment (in J/T),24 and H is the drop in magnetic field strength across the capillary (in
T). This parameter, , is linked to the experimentally determined retention ratio, R, using

Equation 5.2:25

λ=

1
R
(1 − R ) 3
6

Equation 5.2

where R is the ratio of the elution times of unretained and retained components.26 The
ratio, R, can thus be directly related to the magnetic moment in Equation 5.1 since all
other parameters are known.
This paper presents a slightly modified MFFF design utilizing a capillary
separation column, which, while not an ideal channel geometry,18,23 allows the facile
integration of NdFeB permanent magnets and exposure to the magnetic field over a
necessarily long segment of the capillary. Previous studies have demonstrated the use of
MFFF to separate Ni-tagged bovine serum albumin,16 Ni-EDTA complexes,27 and
micrometer-scale magnetic beads;18 however, to our knowledge, there have been no
successful reports of the use of this method for magnetic nanoparticle purification and
analysis.27,28,29 We therefore have investigated the elution of several size-monodisperse
magnetic nanoparticle samples to validate the capillary MFFF system. Using this
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approach, we demonstrate the use of MFFF for the separation of a polydisperse
nanoparticle mixture and for the analysis of the nanoparticles’ magnetic properties.

5.2 Experimental

5.2.1 Chemicals
Trimethylamine-N-oxide dihydrate (TMANO) was dehydrated via literature
methods,30 and 1,2-hexadecanediol was recrystallized from methanol and petroleum
ether.31 Solvents were either purified with a solid-phase purification system or distilled,
and all other chemicals were used as received.

5.2.2 Synthesis

5.2.2.1 Fe2O3 Nanoparticle Synthesis
The Fe2O3 nanoparticles were synthesized via slightly modified literature
methods.5 Briefly, 0.71 g of Fe(acac)3 (2.0 mmol), 2.6 g of 1,2-hexadecanediol (10
mmol), 1.7 g of oleic acid (6.0 mmol), 1.6 g of oleylamine (6.0 mmol), and diphenyl
ether (20 mL) were combined under N2 and heated to 200 °C for 30 min followed by
refluxing (~265 °C) for another 30 min. The nanoparticles were purified by precipitation
with ethanol, centrifuged, and redispersed in hexane with 50 µL of both oleic acid and
oleylamine added to favor the dispersion. This solution was centrifuged to remove any
insoluble particulates and decanted. The soluble particles were then precipitated with
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ethanol and isolated by centrifugation. The particles were then redissolved in a minimal
amount of hexane, added to a 25 mL solution of 0.45 g TMANO (6.0 mmol) in phenyl
ether and heated to ~130 °C for 2 h to oxidize the particles to reddish-brown -Fe2O3
(maghemite).7 Purification of the sample was performed as described above.
Modifications of the length of the reflux time and boiling point of the solvent (benzyl
ether, ~298 °C) resulted in particles of different sizes; larger particles (8 nm Fe2O3) were
prepared from the smaller Fe2O3 particles using a seed-mediated route.5

5.2.2.2 CoFe2O4 Nanoparticle Synthesis
Particles were prepared and purified analogously, but with the addition of 0.26 g
of Co(acac)2 (1.0 mmol) to the above reaction (i.e., 2 Fe:1 Co). These particles were
used for the preparation of larger diameter particles as before (13 nm CoFe2O4).5

5.2.2.3 Sample Preparation
Samples were placed on transmission electron microscopy (TEM) grids (300
mesh Cu, EM Science) by evaporation of their dilute hexane solutions directly on the
grid. SQUID samples were prepared by the evaporation of concentrated hexane solutions
of nanoparticles in gelatin capsules. Solutions for use in the capillary magnetic field flow
fractionation experiments were prepared using quantified masses of thoroughly dried
nanoparticle samples in known volumes of hexane. Because the molar mass of the
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nanoparticles is not precisely known, concentrations are expressed in milligrams per
milliliter.

5.2.3 Instrumentation
TEM images were obtained using a JEOL-1200EXII microscope operating at 80
keV equipped with a Gatan Bioscan 792 digital camera and a high-resolution Tietz F224
digital camera. Particle sizes are reported as the mean ± the standard deviation, based on
the statistical analysis of at least 100 particles taken from different areas on the TEM
grid. Magnetic data were obtained with a Quantum Design MPMS SQUID
magnetometer. Separations were performed using a Shimadzu LC10AT VP HPLC
pump, 250 µm inner diameter fused-silica capillary tubing (350 µm total diameter,
Polymicro Technologies, LLC, Phoenix, AZ), and a NdFeB permanent magnet (Edmund
Optics, Inc.). Detection was performed in a capillary flow cell (Ocean Optics, Inc.) with
an Ocean Optics spectrometer (model USB2000) and an Analytical Instruments Inc,
fiber-optic light source (model DT1000 CE). Magnetic field measurements were
obtained with a gaussmeter (Magnetic Instrumentation, Inc.; model 907). A Varian Cary
500 scan UV-visible-NIR spectrometer was used to collect UV-visible absorbance
spectra.
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5.2.4 Capillary Magnetic FFF Instrument
The magnetic FFF system shown in Figure 5.1B employs a standard HPLC pump
connected to a size-port valve (Cheminert) and 250 µm inner diameter fused-silica
tubing. The NdFeB permanent magnet (7.6 cm diameter, 1.3 cm thick) used in this study
has a 45° beveled edge and is snugly fit within a short section of poly(vinyl chloride)
(PVC) pipe (3.8 cm long, 7.6 cm diameter). In this geometry, a wedge-shaped groove is
formed between the beveled edge and the PVC wall. The capillary tubing is inserted
through a hole in the PVC pipe, wound around the magnet edge, and held tightly against
the magnet within the groove using adhesive tape. The length of the column in contact
with the magnet is 71.8 cm (i.e., the capillary is wound around the magnet edge three
times, each time in direct contact with the magnet with slightly smaller diameter) and is
directed out of the PVC housing through the hole. The total capillary length, including
the portion of the capillary not in contact with the magnet, is 94 cm. An optical detection
window was prepared by placing the capillary in a flame to remove the polyimide
coating, and this portion of the capillary was placed in the optical detector cell. The
fiber-optic light source is used to direct a ~5 mm diameter spot of light through the
capillary to the UV-visible absorbance detector. Using hexane as the mobile phase,
nanoparticle samples were introduced as hexane solutions with volumes ranging from
~0.3 to 3.3 µL, and the detection wavelength was 285 nm.
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5.3 Results and Discussion

5.3.1 Magnetic Nanoparticle Samples
The separation of components by magnetic field-flow fractionation relies on
differences in their magnetic moments and, to a lesser extent, their diameters, as given
above in Equation 5.1. To test the ability to utilize MFFF for the separation of
nanometer-scale particles, and to quantify the relevant structure-function relationship(s)
between size and retention times, we began by preparing monodisperse samples and
quantifying their magnetic properties. High-temperature synthesis with slightly varied
conditions was therefore employed to prepare Fe2O3 and CoFe2O4 nanoparticles with a
range of diameters. The sizes of the as-prepared particles were determined using TEM;
representative images from each of the five samples used in this study are shown in

Figure 5.2. The micrographs show that the particles are spherical and highly uniform in
size. Using statistical analysis of the nanoparticle sizes (shown in the Figure 5.2
histograms), the Fe2O3 samples in Figure 5.2A – C have average diameters of 3.5 ± 0.8,
6.2 ± 0.9, and 7.8 ± 0.9 nm, (i.e., 4-, 6-, and 8-nm Fe2O3), respectively. The CoFe2O4
nanoparticles shown in Figure 5.2D and E are larger and have slightly broader size
distributions, with average diameters of 8.6 ± 1.4 and 12.5 ± 1.8 nm (i.e., 9- and 13-nm
CoFe2O4), respectively. The sample of 13 nm CoFe2O4, synthesized by a seed-mediated
route from 9 nm diameter CoFe2O4, contains a small amount of unreacted smaller
diameter particles.
Because our MFFF instrument relies on a flow-through optical absorbance
detector cell, we also measured the UV-visible absorbance spectra for each of the particle
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samples to determine the most appropriate detection wavelength to employ. These
spectra, normalized to the concentration of the particles (in mg/mL), were obtained from
hexane solutions and are shown in Figure 5.3. The particles are generally broadwavelength absorbers; the Fe2O3 samples possess a small peak centered at 400 nm and
the CoFe2O4 particles absorb over a broader wavelength range. However, all of the
particles strongly absorb in the UV region, based on this, we selected a detection
wavelength of 285 nm for the MFFF experiments.
The plots in Figure 5.4 depict the sample magnetic response to a varying
magnetic field measured at a temperature of 10 K. In Figure 5.4A, these curves have an
increasing degree of hysteresis and magnetic saturation as the Fe2O3 nanoparticle
diameters increase. While for the 4 nm diameter particles the coercivity is negligible, it
increases very slightly for the larger diameter Fe2O3 particles: the measured
magnetization at 800 Oe similarly increases from 12.7 emu/g for the 4 nm diameter
particles to 38.8 and 47.6 emu/g for the 6 and 8 nm particles, respectively. In contrast, as
shown in Figure 5.4B, the CoFe2O4 nanoparticles have a coercive field of ~20 kOe and
the magnetization at 800 Oe (after saturation at 5 T) is 55.9 and 166 emu/g for the 19 and
13 nm diameter particles, respectively. This is expected based on the known increase in
the magnetic anisotropy upon incorporation of Co2+ into an iron oxide matrix, which
occurs due to the spin-orbit coupling.32
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5.3.2 Nanoparticle Magnetic FFF
Magnetic field-flow fractionation-based separation of the nanoparticles is based
on their (in some cases, quite small) differences in magnetic moment. Instead of
accomplishing this by use of a very large magnetic field gradient, we have initially
chosen to use modest magnetic fields and a long capillary for the separation column
instead of the standard, rectangular field-flow fractionation channel.23 The flexible
capillary is wound around the outer edge of a NdFeB permanent magnet to maximize the
length of the separation channel in contact with its strongest field.33 The measured
(inhomogeneous) magnetic field strength of the magnet is ~0.36 T at its outer beveled
edge and decays across the total diameter (350 µm) of the capillary; the decrease in field
strength ( H, Equation 5.1) is calculated to be ~0.080 T and is roughly constant for its
entire length.
For all of the MFFF experiments, the separation channel geometry remains
constant, so that the experimentally controllable variables are the mobile-phase velocity
and nanoparticle samples. It is difficult to make minor adjustments to the magnetic field
strength because of the strong distance dependence of the field decay. However, we can
compare the elution of samples in the presence and absence of the NdFeB magnet to
evaluate the possible effects of an applied magnetic field: Figure 5.5A shows an example
of the elution of 9 nm CoFe2O4 particles using a flow rate of 10 µL/min in the presence
and absence of the magnetic field. The traces show that the elution of the particles is
slowed by the presence of a magnetic field; in the absence of a field, the CoFe2O4
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particles are detected at the void time calculated for this flow rate and column length.
For all further analysis, we adjust the elution time for the void volume on the column and
report these as the particle retention times. In Figure 5.5A, the retention time for the 9
nm particles in the presence of the magnetic field (compared to zero magnetic field is 37
sec).
The order of elution of magnetic nanoparticles is expected to be a function of the
degree of their interaction with the field based on their magnetic moments. We therefore
tested this assumption using the well-characterized, size-monodisperse samples of
particles, which have known (measured) variations in their moments (vide infra). Using
identical experimental conditions as in Figure 5.5, we repeated the experiment with each
of the magnetic nanoparticle samples shown in Figure 5.2. Figure 5.5B shows that the
particle size is strongly related to its MFFF retention time and magnetic moment from
SQUID magnetometry.34
The observations in Figure 5.5 can be understood using basic field flow theory;
the nanoparticles with smaller magnetic moments are more weakly attracted toward the
magnetic field and this interaction increases in strength as the particle diameter becomes
larger. These more weakly magnetic particles spend a larger fraction of time in the faster
moving laminar flow streams of the capillary channel, and as a result, their average
velocity is essentially equal to the average mobile-phase velocity. Figure 5.5B shows
that the magnetic interactions of the Fe2O3 nanoparticles are sufficiently weak that they
are not retained on the column to an appreciable extent, but this interaction increases
slightly for larger particles. However, in the cases of the more magnetic CoFe2O4
nanoparticles, the magnetic field exerts a force on the particles that results in their tighter
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confinement near the accumulation wall and, therefore, transport within the slower
capillary flow streams. The average velocities of the CoFe2O4 particles are less than the
mobile-phase flow velocity, giving the longer retention times in Figure 5.5B. The
observed nonlinear relationship between retention time and particle size arises from their
strongly size-dependent magnetic moments, which are also plotted in Figure 5.5B. The
particle retention time is found to be linearly proportional to the magnetic moment, and a
detailed comparison of the retention time with the predicted result from Equation 5.1 is
given below.

5.3.3 Effect of Injection Volume
The quantity of material that can be analyzed using column-based separation
techniques can be limited by saturation of the stationary phase or by saturation of the
detector response. In the former of these, overloading may result in deviations from
theoretical predictions of retention parameters as a result of interference with diffusion
and hydrodynamic transport by excessively large concentration-induced effects. That is,
magnetic interactions between magnetic particles at high concentrations (or in the
limitation of precipitation) lead to the formation of aggregates with greater magnetic
moments.5 In MFFF, these aggregates would be expected to interact with the field more
strongly and therefore be retained longer.
We therefore examined the influence of injection volume on the MFFF elution of
magnetic nanoparticles, shown in Figure 5.6A for injections of 6 nm diameter Fe2O3
nanoparticles. The separation mechanism of MFFF concentrates the magnetic particles in
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a smaller volume near the accumulation wall, and the maximum absorbance detected in
the flow-through cell increases linearly with incrementally larger injection volumes.
These absorbances are converted to concentrations in the Figure 5.6A inset using the
extinction coefficient at 285 nm35 and the known 250 µm path length of the detection
window. From the linear regression of this plot, these data suggest that we are able to
measure a nanoparticle concentration as low as 0.2 mg/mL (or injection volume of 0.3 µL
of a 1.0 mg/mL solution) with the current detection method, corresponding to 0.3 µg of
particles.
The injection of larger volumes incrementally broadens the nanoparticle elution
peaks, shown in Figure 5.6B as the plot of the full width at half-maximum. The
retention times (taken as the median of the elution peak) are, however, constant at smaller
injection volumes and shift to slightly longer times only with the largest injection
volumes. We attribute the increase in retention time to overloading-induced aggregation
of the nanoparticles, which increase their average magnetic moment and therefore
interaction with the magnetic field.

5.3.4 Effect of Flow Velocity
While experimental variation of the field strength is possible by controlling the
distance between the capillary and the magnet, the lack of fine control over this
separation leads to inherent inaccuracies associated with alignment of the capillary and
magnet. We instead perform these experiments at a constant distance (and therefore H)
and control the nanoparticle retention time by variation of the mobile-phase flow
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velocity. The variation in retention time as a function of the flow velocity for magnetic
nanoparticles of varying size and magnetic moment is shown in Figure 5.7; an inverse
relationship is expected because the nanoparticle layer thickness within the capillary is
controlled by the balance between magnetic and flow transport forces. The elution times
are inversely related to the mobile-phase velocity, and for the 4 nm Fe2O3 and 9 nm
CoFe2O4 nanoparticles, this relationship is linear. The retention times of the 13 nm
CoFe2O4 particles are also inversely proportional to the mobile-phase velocity but, in
contrast, are nonlinear. The curvature in this response begins to level off at slower flow
rates, at which these strongly magnetic nanoparticles are held tightly to the accumulation
wall by the applied magnetic field. Taken together, these data suggest that judicious
choice of flow rate will enable the facile separation of particles based on their differences
in magnetic moment. However, we note that the experimentally determined retention
ratios (R, in Equation 5.2) are independent of flow rate (Figure 5.7 inset) so that
calculations using this parameter are not flow rate dependent (vide infra).

5.3.5 Separation of Nanoparticles
We next turned to the use of MFFF to improve the size polydispersity of a
magnetic nanoparticle sample using composition and size-dependent retention times.
Our test nanoparticle mixture was a solution containing 6 nm diameter Fe2O3 and 13 nm
CoFe2O4 nanoparticles. A TEM image of this mixture is shown in Figure 5.8A, together
with a histogram of the statistical analysis of the particle size, which indicates
approximately equal portions of the two sizes. This sample was introduced to the MFFF
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capillary, and the resulting trace is shown in Figure 5.8B for a solvent flow rate of 15
µL/min. Two poorly resolved peaks are observed at this and in other experiments (not
shown) with constant velocity.
To more effectively separate the nanoparticles, the flow velocity was ramped
from 5 to 50 µL/min over 10 min. Figure 5.8C shows that the results of this
experimental variation enable the elution of two distinct peaks. Figure 5.8D shows that
these two peaks are poorly resolved in the absence of a magnetic field. Therefore,
although use of a flow gradient greatly improves the resolution of the two components, a
magnetic field is still required to affect the separation. Eluent fractions were collected at
the times indicated with the arrows in Figure 5.8C and analyzed by TEM (Figure 5.8E,

F) to identify the composition of the two peaks. Analysis of these TEM images shows
that these fractions contain particles with diameters of 5.6 ± 0.9 and 12.5 ± 1.5 nm,
respectively. These sizes correspond to the Fe2O3 and CoFe2O4 nanoparticle
components, and they confirm that MFFF can be utilized to separate nanoparticles on the
basis of their differences in magnetic properties.

5.3.6 Comparison with Theory
The elution times of the magnetic particles are predicted to be correlated to their
magnetic moments by application of Equation 5.1 and Equation 5.2, and we next
compared our SQUID magnetometry results with the theoretical predictions from MFFF.
For a given nanoparticle, the retention ratio shown in the Figure 5.7 inset is essentially
constant at all flow rates. Using the average value of R from this plot, these data are
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converted to the magnetic moment (µ) for each particle; the relevant parameters for this
analysis for each of the nanoparticle samples are given in Table 5.1. For example, the 6
nm Fe2O3 nanoparticles have an average R of 0.950 and, by use of Equation 5.2, give a
retention parameter of 0.431. With the known variables given in Table 5.1, the
application of Equation 5.1 allows the calculation of the magnetic moment per 6 nm
particle of 84.1 µ; 13 nm CoFe2O4 particles have an R of 0.573 and magnetic moment of
222.2 µ.
The calculated moments from the MFFF experiments are plotted with the
moments determined in separate SQUID experiments in Figure 5.9. The relationship
between these two results is approximately linear for the more magnetic particles, but
values calculated from the MFFF retention ratios consistently underestimate those
determined by SQUID magnetometry. Because the SQUID measurements are performed
at 10 K, a portion of this difference arises from the temperature dependence of the
magnetic moments (which decrease with increasing temperature).32 Other frictional and
gravitational forces or variations in particle domain structure may contribute to the
deviation in Figure 5.9, but it is most likely that nonidealities in the capillary geometry
and nonuniformity of the applied field are the major factors. The y-intercept of the
regression in Figure 5.9 represents the limit of the ability of this MFFF instrument to
analyze magnetic particles; i.e. the smallest nanoparticles are not sufficiently magnetic to
be retained by the magnet. Further improvements to the instrument with stronger and
variable strength magnetic fields will investigate this lower limit and continue to compare
experimental results to magnetic field flow fractionation theory.
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Table 5.1: CMFFF parameters for estimation of nanoparticle magnetic moments.

Particle
diameter
(nm)a

Rb

3.5

0.981

6.2

c

µ/particled
(CMFFF)

M (emu/g)
(SQUID)e

Mass/particlef
× 1019 (g)

µ/particle
(SQUID)g

0.613

53.1

12.7

6.98

9.6 × 102

0.950

0.431

84.1

38.8

24.6

1.0 × 104

7.8

0.905

0.331

113.1

47.6

41.5

2.1 × 104

8.6

0.856

0.273

126.8

55.9

51.5

3.1 × 104

12.5

0.573

0.127

222.2

166.0

124

2.2 × 105

From TEM Analysis. bRetention ratio.26 cRetention parameter, calculated with
Equation 5.2. dCalculated magnetic moment per particle, in Bohr magnetons, from
capillary magnetic field flow fractionation data, using Equation 5.1 and T = 298; H =
0.08 T; w = 250 µm. eMeasured magnetization per particle, from SQUID magnetometry
at 800 Oe. fCalculated mass per particle, including protective ligands. For CoFe2O4 and
Fe2O3, the unit cell volumes are 0.584 and 0.580 nm3. Number of ligands estimated
based on the surface area of the particles and assuming a molecular surface coverage of
0.03 nm2/ligand. gCalculated magnetic moment per particle, using SQUID measured
magnetization and particle mass.
a
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5.4 Conclusions
Magnetic field flow fractionation represents a new way to study nanoparticles via
an important physiochemical property. The separation system developed here
demonstrates that successful separation of magnetic species occurs within a capillary
channel. Linking the basic equations of magnetic field flow fractionation to the
experimentally observed retention times has shown that the retention ratios correlate to
separate SQUID measurements of particle magnetic moments. Further developments and
automation of MFFF may uncover benchtop methods for the quantification of the
magnetic properties of nanoparticles as well as provide a facile way to purify
polydisperse samples for use in a wide variety of biomedical applications.
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Chapter 6
Magnetic Field Switching of Nanoparticles between Orthogonal Microfluidic
Channels

6.1 Introduction
Microfluidic, or “lab on a chip,” devices are an enormous research area because
of their promise for the rapid analysis of exceedingly small quantities of reagents with
high resolution, in systems that should prove to be both low in cost and portable.1 Such
devices have previously been used for cell manipulation,2 clinical diagnostics,3
immunoassays,4 and protein analysis,5 as well as DNA separation and analysis.6 The
developing goal of micro total analysis systems (µTAS) is to develop the ability to
perform complex combinations and chemical functions including sample preparation,
injection, fluid and particle handling, reactors and mixers, and separation and detection
all on a single disposable chip. Applied magnetic fields can be used to manipulate
solution species. For example, magnetic fields induce motion of ions and their
subsequent momentum transfer to solvent molecules results in a net solution flux known
as magnetohydrodynamic flow. Conversely, the attraction of paramagnetic species to
higher magnetic field strengths can result in enhanced fluxes, which have been observed
and quantified using electrochemical experiments.7
Magnetic microbeads are commonly used in bioanalysis8 because of the ease of
manipulation of their transport by magnetic field gradient forces, and there are numerous
examples of using magnetic microbeads in µTAS applications.9,10 External fields capable
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of moving immiscible ferrofluidic plugs have been used to pump liquid through
microfluidic channels,11 and magnetic microparticle chain assemblies have been used to
efficiently mix flow streams by applying a rotating magnetic field.12 Electromagnets13
and magnetizable Ni posts14 have been demonstrated as an efficient means to trap
micrometer-sized magnetic particles within microfluidic devices. Permanent magnets
have also been used together with integrated current lines to divert micrometer-sized
magnetic beads within a microfluidic “Y” geometry,15 and anti-body coated microbeads
immobilized in a microfluidic device were used in immunoassays for the sensitive
detection of corresponding antigens.16 Similarly, bacteria have been isolated from a
blood sample by conjugation with magnetic microbeads followed by on-chip PCR and
DNA detection.17 On-chip free-flow magnetophoresis has also been demonstrated to
separate magnetic microparticles within an open chamber using a permanent magnet.18
Although less intensively studied in µTAS applications, emerging nanoparticlebased technologies are also likely to play a significant role. Nanoscale materials have
been shown to be useful for biomolecular separation and analysis; the electronic
properties in combination with their large surface area make nanoparticles nearly ideal
for the manipulation, detection, and delivery of attached biomolecules.19,20 For example,
it has been shown that functionalized Au nanoparticles are useful for amplification and
highly sensitive detection of DNA and proteins.21 Semiconductor nanoparticles, on the
other hand, exhibit size-dependent emission wavelengths and thus are promising for
fluorescent biolabeling and single-molecule tracking.22
Functionalized magnetic nanoparticles19 are particularly promising for biomedical
and biochemical research since they can be used for in vivo tumor targeting23,24 and drug
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delivery,25 magnetic resonance imaging,23,24 or to selectively control the movement and
separation of cells and proteins.26 Manipulating bound analytes or controlling the
movement of reaction components using these particles is straightforward by the
application of relatively weak external magnetic fields. While micrometer-scale
magnetic particles are commonly used in molecular biology, nanoscale particles have a
greater surface area to volume ratio and therefore have the potential for ultrasensitive
detection and single-molecule manipulations. Several challenges remain to realize their
wide application in standard assays, including further refinement of their surface
chemistries and the development of methodologies with which they can be manipulated
and analyzed.
The superparamagnetic behavior of nanoscale particles at room temperature27
makes them outstanding candidates for incorporation in µTAS devices. In the presence
of a magnetic field, the particles become magnetized and, along with any attached cargo,
move in a magnetic field gradient.28 However, upon removal of that field, thermal
fluctuations are sufficient to cause randomization of their spins and the nanoparticles’ net
magnetic moment returns to zero. Therefore, unlike ferromagnetic micrometer-sized
particles, nanoscale particles do not irreversible agglomerate or precipitate upon exposure
to a magnetic field and can be repeatedly exposed to fields of varying strength without
these effects.
We have previously shown that magnetic nanoparticle mixtures can be separated
in capillary flow streams using weak applied magnetic fields.29 In this paper, we focus
on manipulating and controlling the movement of magnetic particles with diameters less
than 10 nm between two orthogonal flow streams in micro-channels. This is
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accomplished by applying an external magnetic field with a small permanent magnet,
which exerts sufficient force on the particles to affect their trajectories. Development of
this method should enable a simple approach for selective injection or removal of
samples or reagents bound to magnetic nanoparticles and that is complementary to
existing microfluidic techniques. Because magnetic beads are already widely employed
in bioassays, incorporation of magnetic manipulations and separations into µTAS devices
could broaden the utility of these in real world applications.30

6.2 Experimental

6.2.1 Chemicals
All chemicals were acquired from commercial sources and used as received
without further purification. Methoxy-terminated phospholipids, 1,2-distearoyl-snglycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium
salt) (DSPE PEG(2000)), were obtained from Avanti Polar Lipids (Alabaster, AL).
Poly(dimethylsiloxane) (PDMS) silicone elastomer (Sylgard 184) was obtained from
Dow Corning (Midland, MI). Fe2O3 nanoparticles were synthesized via the thermal
decomposition of Fe(CO)5 in the presence of oleic acid.31 Synthesis of MnFe2O4
nanoparticles was accomplished by the thermal reduction of metal acetylacetonate (acac)
complexes.32 Au nanoparticles were prepared via a reported method using methylterminated PEG-thiol ligands during the sodium borohydride reduction of AuCl4
(concentration of the stock solution: 7.7 mg/mL).33
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6.2.2 Synthesis of Water-Soluble MnFe2O4 and Fe2O3 Nanoparticles
Fe2O3 and MnFe2O4 nanoparticles were solublized and transferred to aqueous
solutions be encapsulation in a phospholipid surfactant shell.34 A 12 mg quantity of
nanoparticles was dissolved in ~1 mL of chloroform, to which was added a lipid solution
(5.5 µmol in ~1 mL CHCl3). This mixture was slightly agitated for 2 min and dried.
After 2 h under vacuum, the residue was warmed to 80 °C and dissolved in ~1 mL of
H2O (80 °C). The resulting water-soluble nanoparticles were then airfuged at 30 psi
(~95,000 rpm) for 10 min to remove any unstable particles (concentration of the stock
solution, 7.7 mg/mL).

6.2.3 Channel Fabrication
Standard PDMS techniques were used to fabricate orthogonal microfluidic
channels as in Figure 6.1.35,36,37 The top piece (~5 mm thick) was formed by casting the
PDMS (ratio of PDMS to curing was 15:1) over an aluminum master with a line
measuring 320 µm high and 200 µm wide. This was cured at 80 °C for 90 min, and the
elastomeric piece was removed form the master. Four access holes were then cored using
a sharpened, flat-tipped, 21-gauge needle through this PDMS slab. A second (bottom)
channel with identical dimensions was prepared in a ~1 mm thick slab of PDMS (ratio of
PDMS to curing agent was 3:1). Identical quantities of PDMS (measured by mass) were
used to cast the lower channel to ensure a reproducible thickness and therefore distance to
the magnet in all devices. After alignment (channels crossed at a ~90° angle, with ports
accessing both channels), the channels were sealed by curing for an additional 90 min at
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A

B

Magnet

Figure 6.1: (A) PDMS crossed-channel device with attached fluidic connections. (B)
Diagram of the crossed channels with arrows indicating direction of fluid flow with a
NdFeB permanent magnet placed at channel intersections. Red and blue designate upper
and lower channels, respectively.
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80 °C. Each fluidic connection was prepared by filling a flat-tipped (unsharpened), 21gauge needle with epoxy and inserting a capillary (capillary inner diameter, 250 µm;
Polymicro Technologies, LLC, Phoenix, AZ). Once cured, the excess capillary and
epoxy on the flat-tipped end was removed and the needle polished. These connections
were then inserted into the cored access holes in the top microchannel, forming a
compression fitting between the needle and the PDMS. To ensure symmetric outflows of
the two channels, we used the method of Whitesides et al. to monitor the volumes of fluid
exiting the channels, and by comparison of experimental results when injecting into the
top versus bottom channel.38

6.2.4 Instrumentation
Transmission electron microscopy (TEM) samples were prepared by slow
evaporation of hexane or H2O solutions of nanoparticles directly onto a grid (300 mesh
Cu, EM Science). Images were obtained using a JEOL-1200EXII microscope operating
at 80 keV equipped with a high-resolution Tietz F224 digital camera. Particle sizes are
reported as the mean ± the standard deviation, based on the statistical analysis of at least
300 particles taken from different areas on the TEM grid. A Varian Cary 500 scan UVvisible-NIR spectrometer was used to collect UV-visible absorbance spectra.
Fluids were delivered to the microchannels using a Shimadzu LC10AP VP HPLC
pump and a six-port valve (Cheminert). Detection was performed in the capillary with an
Ocean Optics Spectrometer (model USB2000) connected to a fiber-optic light source
(Analytical Instrument Systems, Inc.). Measurements were repeated between 3 and 5
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times. Magnetic fields were applied using a NdFeB permanent magnet (circumference,
2.5 cm; height, 2.5 cm; field strength at edge, ~0.7 T; Engineered Concepts, Birmingham,
AL). Magnetic field measurements were obtained with a hand-held gaussmeter
(Magnetic Instrumentation, Inc.; model 907).

6.3 Results and Discussion
Using magnetic fields to control the placement and switch magnetic nanoparticles
between flow streams is a complementary way of manipulating reactants in microfluidic
devices and is based on the attraction of the particles to regions with higher magnetic
field intensity. While microfluidic devices often contain multiple layers, each with many
channels and intersections,36 we have initially used a simple, crossed-channel geometry
to examine our ability to control magnetic nanoparticle movement with magnetic fields.
A strong interest in biocompatible, water-soluble magnetic particles for sensing and
separations in biological assays led us to utilize PDMS for the crossed-channel device,
since it is compatible with aqueous solutions and provides a simple and inexpensive
benchtop fabrication method.35
It has been shown that the flow pattern in tangential micro-channels is
independent of the contact area between them but strongly depends on the channel aspect
ratio (A = h/w).38 For example, a low aspect ratio (A ~ 0.4) causes the fluid from one
channel to turn 90° into the other channel. However, when the aspect ratio is larger (A ~
1.6), fluid exchange is minimal and liquid largely continues through the intersection
within the same stream. To limit superfluous exchange between channels, we therefore
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fabricated channels with an aspect ratio of 1.6 (h = 300 µm; w = 200 µm). The Reynolds
number remains less than 10 over the range of flow rates used (10 – 60 µL/min), and
thus, the flow within the channels is laminar throughout all experiments.
Fabrication of the microfluidic device shown in Figure 6.1 followed standard
methods using a microfabricated aluminum master to prepare two channels with identical
geometries. These were made in separate PDMS monoliths. The upper channel was cast
from a thick piece (~ 5 mm) of PDMS to impart structural stability; the lower channel
was cast from a thin (~ 1 mm) piece of PDMS to minimize the distance between the
channel and the permanent magnet. The two pieces were then aligned and bonded. After
making connections to the pump, the magnet was aligned beneath the intersection of the
two channels as shown in Figure 6.1 and held in place by using a nonmagnetic bracket
(Figure 6.2). The distance between the edge of the magnet and the intersection of the
two channels was ~1 mm; the flux density at this distance was measured to be 0.5 T, and
the measured field gradient from the bottom of the lower channel to the top of the upper
channel was ~125 T/m (Figure 6.3).
Magnetically controlled movement of nanoparticles between microfluidic
channels relies on the permanent magnet acting on the particles’ intrinsic magnetic
moments and thereby generating the force necessary to affect their mass transport. To
study the ability to manipulate water-soluble particles (< 10 nm diameter) within
micrometer-sized channels, we prepared Au, Fe2O3, and MnFe2O4 nanoparticles with
narrow size distributions. This series was specifically chosen to correlate magnetic field
effects to transport, since Au particles are not magnetic and it is known that MnFe2O4
particles have a slightly lower magnetic anisotropy then Fe2O3 particles of the same
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Figure 6.2: Sketch illustrating the alignment of the magnet under the crossed-channel
microfluidic device. (A) Side view showing the cylindrical permanent magnet tilted by
~45° below the center of the crossed channel device, with dimensions of the chip and
magnet. (B) Top view showing the magnet bisecting the crossed channels at ~45° to
maximize reproducibility. Figure drawn to scale.
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Figure 6.3: Map of the measured magnetic flux density versus distance away from the
magnet edge. Points are fit to an exponential decay. Gray areas indicate the location of
the channels, (bottom of the lower channel to the top of the upper channel) and the
gradient across this distance (~125 T/m).
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size.32,39 Au nanoparticles were synthesized with a C4H9-PEG-SH surfactant so that the
as-prepared particles were water-soluble. However, the Fe2O3 and MnFe2O4 were
stabilized with oleic acid, so they were transferred into water using PEG-modified
phospholipids that form a micelle-like shell around the particles.34 The sizes of the asprepared particles were determined using TEM; statistical analysis of the micrographs
indicate the spherical particles are highly uniform in size with average diameters of 7.1 ±
0.8, 7.8 ± 1.5, and 3.1 ± 0.8 nm for Fe2O3, MnFe2O4, and Au particle samples,
respectively (Figure 6.4). Because all three particle samples absorb light strongly at a
wavelength of 285 nm (Figure 6.5), absorbance at this wavelength was used for detection
of particles exiting the microfluidic system.
We have previously shown that when magnetic nanoparticles are in a flowing
stream, application of a magnetic field causes them to be attracted to the regions of higher
magnetic field intensity, slowing their net flux through a capillary.29 To investigate
transport in crossed channels, we first examined the magnitude of transfer of the particles
between the streams in the absence of any applied magnetic field. The flow rates of the
two channels are identical. When particles are injected into the lower channel, both
diffusion across the interface and turning of this stream into the orthogonal channel can
allow some of the particles to enter the upper channel.38 The extent of the transfer is
observed when an aliquot (5 µL) of Fe2O3 particles is injected into the lower flow stream
and the absorbances of the streams exiting the channels are monitored. Figure 6.6 plots
the changes in optical absorbance at 285 nm in the upper (red line) and lower (blue line)
channels as a function of time; the peaks in these traces indicate the presence of Fe2O3 in
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Figure 6.4: TEM images of (A) Fe2O3, (B) MnFe2O4, and (C) PEG stabilized Au
nanoparticles. Particle diameter histograms reveal average sizes of 7.1 ± 0.8 nm, 7.8 ±
1.5 nm, and 3.1 ± 0.8 nm. Scale bars are 100 nm.
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Figure 6.5: UV-Vis spectra for (A) 7.1 ± 0.8 nm Fe2O3 nanoparticles in H2O, (B) 7.8 ±
1.5 nm MnFe2O4 nanoparticles in H2O, and (C) 3.1 ± 0.8 nm methyl terminated PEG
stabilized Au nanoparticles in H2O.
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Figure 6.6: Absorbance versus time curves for a plug (concentration: 7.7 mg/mL) of
Fe2O3 nanoparticles injected into the lower flow stream at a flow rate of 15 µL/min.
Monitoring the upper channel with (red ---) and without (red ), and bottom channel with
(blue ---) and without (blue ), the applied magnetic field. Asterisk indicates the point
where the magnetic field was removed. Inset: Au nanoparticles eluting from the lower
channel with (blue ---) and without (blue ) a magnetic field under equivalent conditions.
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the respective flow streams. Although the Fe2O3 particles are injected into the lower
channel, ~38% of the total amount of injected particles exits in the upper flow stream.
Laminar flow and minimal mixing between the streams is expected for these channel
dimensions; however, control experiments with Au particles and a small-molecule dye
(CoSO4) indicate that in all cases 35 – 40% transfers into the orthogonal stream
(Figure 6.7) when injecting sample in either the upper or lower channels. This amount is
much larger than expected for purely diffusional transport across the interface, which we
attribute to moderate turbulent mixing that may result from imperfect channel geometry
as well as the tendency of the flow streams closest to the outlet of the crossing channel to
turn and exit the device from a different channel, as has previously been reported.38
Placement of the permanent magnet beneath the device is expected to cause the
magnetic particles to preferentially move downward toward the magnet and decrease the
amount that escapes into the upper channel by diffusion or mixing. The data in

Figure 6.6 reveal that the application of a magnetic field (dashed lines) allows less than
10% of the Fe2O3 particles that are injected into the lower flow stream to enter the upper
flow stream. In a control experiment shown in the inset of Figure 6.6, the microfluidic
transport of a 5 µL injection of Au nanoparticles under identical conditions is not affected
by the applied magnetic field, and identical quantities of particles exit in the lower and
upper channels with or without the magnetic field. This confirms the retention of the
Fe2O3 particles in the lower flow stream is induced as a result of their intrinsic magnetic
moments and force generated by the placement of the permanent magnet.
At slow flow rates, such as shown in Figure 6.6, we also observed that when the
magnetic field was removed a small peak appears in the chromatogram, as indicated by
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Figure 6.7: Absorbance versus time curves for a solution of 0.06 M CoSO4 injected 5
µL) into the upper channel with elution monitored from both the upper ( ) and lower (--) channels. Flow rate was 40 µL/min. Detection wavelength: 515 nm.
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the star. This peak is due to a small quantity of nanoparticles that accumulates in the
microfluidic channel that is trapped in place by the magnet. The retained particles may
be small agglomerates or particles with larger magnetic moments; analysis of the small
quantity of material has not yielded any substantive differences with respect to the bulk
sample.

6.3.1 Switching Particles between Flow Streams
The forces generated by the permanent magnet on superparamagnetic Fe2O3
particles were sufficient to reduce mixing between the flow streams. Exerting control in
microfluidic devices, however, also requires the selective ability to move species, so the
use of applied magnetic fields to switch particles between the channels was next
investigated. In these experiments, particles are injected into the upper channel and the
magnet is placed beneath the device. The permanent magnet exerts a force on the
particles that cause them to move downward and enter the lower flow stream. Changes in
absorbance of the upper and lower channels are used to monitor the selective transport of
the Fe2O3 particles in the absence and presence of the applied magnetic field (Figure 6.8)
using a flow rate of 15 µL/min. In the absence of an applied field, ~38% of the injected
particles again transfer from the upper to lower channel. However, when a magnetic field
is applied, ~85% of the Fe2O3 particles originally in the upper channel are pulled
downward and enter the lower channel. In analogous experiments, Au particles do not
switch streams under the influence of the magnetic field and confirm that Fe2O3 particle
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Figure 6.8: Representative absorbance versus time curves for the upper channel with (---)
and without ( ) a magnetic field for a 5 µL plug of Fe2O3 nanoparticles injected into the
upper channel at a flow rate of 15 µL/min. Inset: Corresponding absorbance versus time
trace monitoring the lower channel with (---) and without ( ) a magnetic field.
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transfer is a direct result of the magnetic force and excludes gravitational forces
(Figure 6.6 inset and Figure 6.9).
According to the traces in Figure 6.8, a 15% fraction of the particles remained in
the upper flow stream despite the presence of the magnetic field. To examine whether
these particles differed in size or structure from the particles that were magnetically
switched into the lower flow streams, fractions were collected from each channel for
examination by TEM. The transmission electron microscopy images (Figure 6.10) of
these indicate that there is no difference in the average size (top, 7.0 ± 0.8 nm; bottom 7.1
± 0.8 nm) or shape for these two samples. While the small number of particles in the
sample precludes quantification of their magnetic moments by SQUID, given the
identical size of the Fe2O3 particle samples, it is highly unlikely that there is a difference
in magnetic properties that led to selective switching to the lower channel. Instead, we
attribute this to geometry of the channels (and the location of the particles within the
channel) relative to the placement of the magnet, magnetic force acting on the particle,
and solvent flow rate. Although the former of these is fixed for this experimental design,
the latter two are examined further below.
Selectively removing magnetic nanoparticles by switching them into a different
flow stream, while leaving behind other nonmagnetic species, is an approach toward onchip separations. This approach was tested by preparing an approximately equal mixture
of Au and Fe2O3 particles; Figure 6.11A contains a representative TEM image of this
mixture together with a histogram of the size distribution of the particles. This mixture
was injected into the upper channel and the permanent magnet placed below the channel
intersection. Chromatograms of the upper channel eluent with and without the applied
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Figure 6.9: Absorbance versus time curves for an identical 5 µL plug of Au nanoparticles
(~7.7 mg/mL) injected into the top ( ) and bottom (---) channels with the absorbance
monitored from the top and bottom channels, respectively. Detection wavelength: 285
nm.
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Figure 6.10: TEM images of the eluent from the (A) upper and (B) lower channels after
injecting a 5 µL Fe2O3 sample plug into the upper channel with the magnetic field
applied. Flow rate is 5 µL/min. The average sizes are 7.0 ± 0.8 nm and 7.1 ± 0.8 nm.
Scale bars are 100 nm.
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Figure 6.11: (A) TEM image of the mixture of Au and Fe2O3 nanoparticles. (B)
Absorbance vs. time trace of the upper channel with (---) and without ( ) a magnetic
field and a flow rate of 15 µL/min. (C), (D) TEM images of representative fractions of
the eluents of the upper and lower channels in the presence of the magnet, respectively.
Scale bars are 100 nm.
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magnetic field are shown in Figure 6.11B and show that ~36% of the particles are
switched from the upper to lower channels when the magnet is applied. However, since
both particle samples absorb at 285 nm, these data do not indicate the amount of Au
versus Fe2O3 in the eluent. Therefore, fractions were again collected and analyzed by
TEM. Images shown in Figure 6.11C and D are for samples collected from the upper
and lower channels, respectively, when the particle mixture is injected into the upper
channel and the magnet is placed beneath the channel intersection. Based on the particle
size histograms for each of these, it is obvious that application of the magnetic field
preferentially removes the magnetic Fe2O3 particles into the lower flow streams. The
eluent in the upper channel contains ~83% smaller particles, whereas the lower channel
contains ~75% larger particles. Based on the known sizes of the particles that were used
to prepare the mixture, the particles in the upper stream are therefore mostly Au and the
particles pulled into the lower stream are mostly Fe2O3. Small amounts of Fe2O3 and Au
nanoparticles in the upper and lower channels, respectively, are consistent with the above
experiments that measure the efficiency of transport of an injected particle plug.

6.3.2 Effect of Flow Rate
Variation in solvent flow rate impacts the length of time that particles reside in the
volume above the channel intersection. For example, when a flow rate of 15 µL/min is
used, a single particle traverses the intersection in 51 ms, during which time it can either
diffuse or be magnetically pulled across the interface and into the other channel. To test
the role of velocity on magnetic switching efficiency, a series of experiments was
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performed using a constant position of the permanent magnet (Figure 6.2) and varied
flow rate. Using the same amount of injected particles, the particles that exited the
intersection in the upper and lower channels were optically detected. The integrated peak
area is proportional to the number of particles that exit in each channel (although this
could be used to quantitatively determine the number of particles, the Fe2O3 particle
extinction coefficient is not known). In Figure 6.12, the peak area of the injected Fe2O3
particles as a function of flow rate is plotted for both the upper and lower channels with
and without an applied magnetic field at the intersection. These data show that, in the
absence of the magnetic field, the amount of transfer of particles between the two
channels is essentially constant: ~38% move into the lower flow stream at all of the
examined flow rates. Application of the magnetic field increases the amount transferred
across the intersection. However, the amount of particles that can be magnetically
transferred into the lower channel is dramatically affected by the solvent flow rate: as the
velocity decreases, the amount of particles that exit in the lower channel increases from
~38% to 90%. The improved efficiency at lower flow rates is not simply a result of the
increased residence time in the volume above the intersection, but is instead a function of
the relative velocity in the laminar upper stream versus downward velocity of motion due
to magnetic attraction. The sum of these vectors results in the particles motion trajectory,
and at lower solvent flow rates, the net vector downward toward the lower channel
increases.
Although the efficiency of particle switching should also strongly depend on the
magnetic field strength, our ability to fine-tune this by variation of the distance between
the magnet and the intersection is limited. However, the amount of magnetic force
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Figure 6.12: After injecting a 5 µL plug of Fe2O3 into the upper channel, the percentage
of particles (based on integrated peak areas) (A) eluted from the upper channel with ( )
and without ( ) a magnetic field, and (B) eluted from the lower channel with ( ) and
without ( ) a magnetic field. Points are the average for at least three injections.
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generated in the same experimental setup can be changed by employing particles with the
same size but different magnetic moments. It is known that the magnetic anisotropy
constant for MnFe2O4 is lower than for Fe2O3 nanoparticles: anisotropy constants of
0.056 and 0.12 J/cm3 for MnFe2O4 and Fe2O3 nanoparticles, respectively, have been
reported.40 These values represent the energy barrier for rotation of magnetization
orientation with respect to the applied field and, therefore, are related to the magnetic
field strength necessary to reorganize the magnetic spins.41 The result is a lower
coercivity for MnFe2O4 versus Fe2O3 nanoparticles, which has been reported in the
literature.32,39 Quantitatively, the attractive force generated by application of a magnetic
field gradient is proportionately higher for the Fe2O3 particles.
Injections of separate solutions containing equal concentrations (in mg/mL) of
Fe2O3, MnFe2O4, and Au nanoparticles were used to test the efficiency of magnetically
induced transfer as a function of their magnetic coercivity. Particles were injected into
the upper channel with the magnet placed below the channels’ intersection as in

Figure 6.1. In Figure 6.13, the amounts of MnFe2O4 particles that transferred to the
lower channel are compared to the Fe2O3 particles and nonmagnetic Au nanoparticles
over a range of flow rates. The percentage of Au nanoparticles that are magnetically
removed from the upper channels remains essentially zero for all flow rates, as expected
for nonmagnetic particles. Significantly larger amounts of the magnetic particles are
transferred into the lower channel, and this quantity increases with slow solvent flow
rates, consistent with Figure 6.12. However, the percentage of transferred MnFe2O4 is
slightly less than the more magnetic Fe2O3 particles. It is unlikely that this difference is
the result of variations in size, since the particles have nearly the same diameters
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Figure 6.13: Change in percentage of nanoparticles switched to the lower flow stream
with an applied magnetic field, plotted versus the solvent flow rate: ( ) Fe2O3, ( )
MnFe2O4, and ( ) Au nanoparticles. Points are averages of at least three injections. The
concentration of all three nanoparticle samples was ~7.7 mg/mL.
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(MnFe2O4 particles are ~0.7 nm larger) and the same attached surfactant molecules, so
that the difference in viscous drag between the two particle samples would be minimal.
Variation in transfer efficiency in Figure 6.13 is more likely a result of the slightly lower
magnetic coercivity of the MnFe2O4 nanoparticles. The quantitative relationship between
the transfer efficiency of particles as a complex function of their varying diameter,
magnetic moment, and experimental variables is the subject of ongoing fluid dynamics
simulations and experiments.

6.3.3 Applications to Microfluidic Systems: Switching Particles/Molecules between
Flow Streams
Magnetic fields can be used to manipulate the transport of nanoparticles, and
controlling particles therefore also controls the molecules that are attached to their
surfaces (e.g., cells, DNA, antibodies, or reaction catalysts). Applying the magnetic field
for only short durations affects the mass transport of a plug of particles, so that this can
be used as a method for sample injection or fraction removal for sample analysis. To
demonstrate plug injection, a continuous stream of nanoparticles was introduced into the
upper channel and a magnetic field gradient was applied at intervals by moving the
location of the permanent magnet. Figure 6.14 shows the absorbance of the upper
channel synchronously decreasing with an increase in absorbance of the lower channel,
both of which fluctuate with the periodicity of the applied magnetic field. These data
imply that control of flow rate, magnet geometry, and the length of time that the field is
applied could allow for separation of small numbers or even single nanoparticles for
ultrasmall sample handling and analysis.
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Figure 6.14: Absorbance versus time for both the upper and lower channels while
pulsating the magnetic field (~10 s on/~20 s off) with a continuous stream of Fe2O3
nanoparticle flowing through the upper channel at a flow rate of 15 µL/min.
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Using the ability to move magnetic particles, we envision microfluidic devices in
which an external magnetic field, generated by electromagnets or permanent magnets,
can be used to perform separations, injections, and manipulations in microfluidic
channels. Given the already widespread use of magnetic beads in biological assays,
development of compatible analytical and microscale approaches would be of great use.
These initial experiments show that standard operations for microfluidic devices such as
injection/removal, mixing, separation, concentration, and fluid/particles handling are all
possible with correctly functionalized magnetic particles and the appropriate field
strength and flow rates.
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Chapter 7
Magnetic Nanoparticles: Conclusions and Future Outlook

7.1 Introduction
Magnetic nanoparticles provide appealing structures with which to design
functional nanoscale assemblies using magnetic fields to manipulate motion or to control
reactions on their surfaces. Complex heterogeneous nanostructures having unique and
tunable properties show significant promise for developing innovative sensors, catalysts,
and bioanalytical devices.1 These ultimate goals, however, will require significant
advancements in the ability to precisely control particle surface chemistry, reactions, and
solution-phase transport. This chapter presents ongoing work aimed at developing
functional magnetic nanoparticles and applying magnetic fields to control and manipulate
nanoparticle transport, assembly, and reactions.

7.2 Particle Functionalization Routes
A major challenge for the widespread use of magnetic nanoparticles rests in the
ability to easily graft any desired functionality onto the surface of a particle. As outlined
in Chapter 1, numerous methods aimed at creating general routes toward surface
functionalization have been reported. One method which has resulted in a robust
technique to prepare water-soluble, functional, and biologically compatible nanoparticles
is particle encapsulation within a phospholipid micelle.2 While strict control over the
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number of surface functionalities remains difficult to both achieve and confirm, it is
generally accepted that the percentage of methyl-terminated to functional phospholipids
used in preparation dictates the percentage of surface functionality. Although this
technique is applicable to a wide-range of particle compositions, the charged phosphate
group may eventually lead to challenges when incorporating them into applications
requiring electrophoretic movement or applied electric fields (i.e. gel electrophoresis).
The development of an inexpensive and charge-neutral alternative to the phospholipids
would thus be of great importance to the advancement of nanoparticle tunability.
In an initial experiment, a synthetic alternative to the PEG-phospholipid was
prepared using a simple three step synthetic method (Figure 7.1). Polyethylene glycol
methyl ester (mPEG, MW = 1100) was first oxidized to the corresponding acid using
Jones Reagent.3 After reaction with thionyl chloride to yield the acid chloride,4 13pentacosanol5 was added resulting in the PEG terminated with two alkyl chains
(Figure 7.1). Following the method for phospholipid encapsulation previously outlined
in Chapter 6, CoFe2O4 nanoparticles6 were successfully encapsulated in this
amphiphillic charge-neutral polymer. The resulting particles were highly soluble and
stable in water (Figure 7.2). Although this molecule is methyl terminated, further
modifications could potentially add a range of functionalities. By stoichiometrically
adding 13-pentacosanol (step 3 in Figure 7.1) and hydrolyzing the remaining acid
chlorides, an acid terminated PEG may be easily prepared which would allow for further
modifications. These methods may simultaneously uncover simple and inexpensive
routes for the functionalization of nanoparticles.
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Figure 7.1: Synthesis of a dialkyl terminated mPEG molecule: (1) Jones Reagent
(CrO3/H2SO4), acetone, r.t.; (2) excess thionyl chloride, 60 °C, 3 hr, N2; (3) excess 13pentacosanol, THF, r.t., 24 hr.
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Figure 7.2: Image showing a biphasic hexane/water mixture containing CoFe2O4
nanoparticles stabilized with (A) the charge-neutral synthetic alternative to the PEG
phospholipids synthesized in Figure 7.1, (B) oleic acid/oleylamine, and (C) phospholipid
ligands. Nanoparticles in A and C are completely water soluble while those in B are
soluble only in hexane.
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7.3 Magnetically Controlled Transport and Reaction
The ability to magnetically manipulate and control nanoparticles through
chemically functional regions is a crucial step in developing and understanding methods
with which to control the extent of nanoparticle reaction. Initial studies in this area
focused on observing magnetically assisted transport through porous membranes. These
experiments utilize a simple u-tube design (Figure 7.3A) in which two compartments are
separated by a porous alumina membrane. Initially, one reservoir is filled with a
nanoparticle solution while the second side contains pure solvent. In the absence of a
magnetic field, the concentration gradient results in transport through the membrane,
eventually reaching equilibrium (i.e. equal concentrations in both compartments).
However, the presence of a small NdFeB permanent magnet on the solvent side
introduces a magnetic field gradient that attracts the superparamagnetic particles and is
expected to increase the flux across the membrane.
In a proof of concept experiment, 8 nm CoFe2O4 nanoparticles with oleic acid and
oleylamine ligands6 were dissolved in hexane (5 mg/mL) and placed in one reservoir of
the u-tube. An alumina membrane with 200 nm diameter pores separated this solution
from the other compartment which contained pure hexane. The UV-vis absorbance
spectra in Figure 7.3B are of the receiving solution after 3 hr with and without a
permanent magnet in place. Those data show that the amount of particles transported
across the membrane approximately doubles in the presence of a magnetic gradient,
which is a direct result of magnet induced enhancement of mass transport.
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Figure 7.3: (A) Diagram of the u-tube device with a porous alumina membrane placed
between the two reservoirs and a small NdFeB permanent magnet placed into the
receiving reservoir. (B) UV-vis absorbance spectra of the receiving reservoir after 3
hours with (----) and without ( ) a magnetic field.

213
Monitoring changes in particle concentration as a function of time can be
quantitatively related to the magnetic susceptibility of an individual particle. The
enhanced flux of the magnetic particles is a result of the force exerted on a particle in a
magnetic field gradient and is opposed by hydrodynamic drag force. The resulting
magnetophoretic velocity ( ) is related to the field strength by Equation 7.1:
2r 2 χ ( B ⋅ ∇ ) B
ν=
9 µ oη

Equation 7.1

where r is the particle hydrodynamic radius, is the particle magnetic susceptibility,
the solvent viscosity, B is the field strength,

o

is

is the vacuum permeability, and ∇B is the

field gradient. An average particle velocity through a membrane with a known pore
density can be calculated using the approximate particle mass and extinction coefficient
for a nanoparticle sample. Measurements of field-enhanced solution transport will
therefore provide a direct measure of particle magnetic susceptibility at room temperature
for comparison to those measured by SQUID magnetometry. Future studies will use a
range of particle compositions while monitoring changes in absorbance as a function of
time to quantitatively measure the magnetic field induced transport.
After understanding transport dynamics, the goal will be to do chemistry on the
particles during and/or after they are magnetically pulled through the porous membrane
(Figure 7.4A). A key to these experiments will be to derivatize the pore interiors.7 By
modifying only the pore interiors, any observed changes in particle flux or surface
chemistry can be attributed to interactions with the walls or environment during transit
through the membrane. It will then be possible to do a chemical reaction on the particles
while they transit the pore, and by manipulating the transport rate exert control over the
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Figure 7.4: (A) Cartoon depicting magnetic nanoparticles pulled through a porous
membrane by attraction to a permanent magnet and undergoing a chemical
transformation in the membrane. (B) Diagram of magnetically switching ferrocene
derivatized magnetic nanoparticles through a porous membrane that has been coated with
Au on the pore interiors and the side facing the receiving (upper) channel. A voltage is
applied to the Au electrode to oxidize the ferrocene attached to the particles while a
downstream second electrode re-reduces these to measure the amount of oxidized
ferrocene per particle.
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extent of functionalization. Au coated membranes sandwiched between two orthogonal
microfluidic membranes could even be used to perform electrochemical reactions on
particles as they traverse the membrane and the device. For example, Figure 7.4B shows
a potential being applied across a Au coated membrane. Ferrocene passivated particles
could then be electrochemically reduced as they are magnetically pulled through the
membrane and then later detected with a second electrode. These studies will uncover
unique situations in which geometry, chemistry, and magnetism work together to impart
particle selectivity. In addition, measurements of magnetically-induced transport through
chemically modified pores may have implications for using functionalized magnetic
particles as intracellular drug delivery vehicles in vivo where particles transverse cell
membranes.

7.4 DNA Detection and Delivery
With a functional surface, magnetic nanoparticles are very intriguing for both the
detection of DNA and DNA delivery. Initial studies in this area will utilize a quartz
crystal microbalance (QCM) which can detect minute changes in mass based on changes
in the QCM crystal frequency. The relationship between frequency and mass change is
described by the Sauerbrey equation (Equation 7.2):8
∆f = − C f × ∆m

Equation 7.2
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where f is the change in crystal frequency in Hz, Cf is the sensitivity factor of the crystal
(0.0566 Hz cm2/ng for a 5 MHz crystal), and m is the change in mass per unit area in
ng/cm2.
To study the use of magnetic nanoparticles for DNA detection and delivery, a Au
coated quartz crystal will be passivated with a monolayer of single-stranded DNA
(5’/thiol/TTT TTT TTT TTA CGA GTT GAG AAT CGT GAA TGC G-3’). Given an
estimated surface coverage of DNA on a Au surface of 1013 molecules/cm2, a frequency
decrease of ~100 Hz would be expected.9 A phospholipid stabilized CoFe2O4
nanoparticle (20% maleimide surface coverage) will then be functionalized with the
complementary strand (5’/thiol/TTT TTT TTT TCG CAT TCA GGA TTC TCA ACT
CGT A-3’) via maleimide/thiol bond formation.10 Successful coupling can be verified by
the attachment of an equivalent oligomer terminated with a fluorophore. Upon
incubation with the crystal (0.3 M NaCl, 10 mM Sodium Phosphate, pH 7.2, r.t.), it is
expected that hybridization of the two DNA strands will occur, whereby linking the
nanoparticle with the Au surface through the hybridized DNA (Figure 7.5). Assuming a
particle mass of 5×10-18 and a complete hexagonally close packed surface coverage, a
frequency decrease of ~1,200 Hz should be observed.11
After hybridization, a magnetic field gradient placed above the crystal will result
in a force acting on the particle. This force is expected to cause the DNA to either unzip
with the particle attached or the particle will detach from the DNA and migrate towards
the field gradient leaving the DNA behind. Unzipping of DNA occurs with applied
forces of roughly 10 pN,12 while forces of tens of pN are readily achieved with magnetic
nanoparticles.13 However, it is also possible that breaking the Van der Waals interactions
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Figure 7.5: Scheme illustrating the hybridization of a DNA functionalized CoFe2O4
nanoparticle with its complement attached to a Au coated QCM crystal. Migration of the
nanoparticle in a magnetic field will either result in (1) dehybridization (unzipping) of the
DNA or (2) DNA delivery with subsequent removal of the particle.
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holding the phospholipid micelles onto the nanoparticle will be easier than breaking the
hydrogen bonds between the complementary DNA strands. In this situation, the
magnetic nanoparticles will migrate in the magnetic field leaving behind, or delivering,
the DNA strand; the crystal frequency will thus rest at ~7 Hz lower than with single
stranded DNA only. If each nanoparticle links to one DNA strand on the surface, a
complementary DNA surface coverage of ~1011 would be expected, whereby resulting in
the additional frequency decrease after nanoparticle removal.

7.5 Summary
Their unique properties coupled with their small size and synthetic tunability,
make magnetic nanoparticles an attractive foundation in which to build devices where
reactions and transport can be easily manipulated by magnetic field gradients.
Advancements in the above areas will result in new and innovative techniques in which
nanoscale particles can be controlled, reacted, and assembled. This research will also
contribute to progress in the ability to easily prepare functional materials as well as in the
development of magnetic-based separation methods and highly sensitive bioanalysis
strategies.
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