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ABSTRACT
Magnetic nanoparticles uniquely combine superparamagnetic behavior with dimensions
that are smaller than or the same size as molecular analytes. The integration of magnetic
nanoparticles with analytical methods has opened new avenues for sensing, purification, and
quantitative analysis. Applied magnetic fields can be used to control the motion and properties of
magnetic nanoparticles; in analytical chemistry, use of magnetic fields provides methods for
manipulating and analyzing species at the molecular level. The ability to use applied magnetic
fields to control the motion and properties of magnetic nanoparticles is a tool for manipulating
and analyzing species at the molecular level, and has led to applications including analyte
handing, chemical sensors, and imaging techniques. This is clearly an area where significant
growth and impact in separation science and analysis is expected in the future. In Chapter 1, we
describe applications of magnetic nanoparticles to analyte handling, chemical sensors, and
imaging techniques.
Chapter 2 reports the purification and separation of magnetic nanoparticle mixtures using
the technique developed in our lab called differential magnetic catch and release (DMCR). This
method applies a variable magnetic flux orthogonal to the flow direction in an open tubular
capillary to trap and controllably release magnetic nanoparticles. Magnetic moments of 8, 12, and
17 nm diameter CoFe2O4 nanoparticles are calculated using the applied magnetic flux density and
experimentally determined force required to trap 50% of the particle sample. Balancing the
relative strengths of the drag and magnetic forces enable separation and purification of magnetic
CoFe2O4 nanoparticle samples with < 20 nm diameters. Samples were characterized by
transmission electron microscopy to determine the average size and size dispersity of the sample
population. DMCR is further demonstrated to be useful for separation of a magnetic nanoparticle
mixture, resulting in samples with narrowed size distributions.

iv
Differential magnetic catch and release has been used as a method for the purification and
separation of magnetic nanoparticles. In Chapter 3 the separation metrics are reported. DMCR
separates nanoparticles in the mobile phase by magnetic trapping of magnetic nanoparticles
against the wall of an open tubular capillary wrapped between two narrowly spaced
electromagnetic poles. Using Au and CoFe2O4 nanoparticles as model systems, the loading
capacity of the 250 m diameter capillary is determined to be ~130 g, and is scalable to higher
quantities with larger bore capillary. Peak resolution in DMCR is externally controlled by
selection of the release time (Rt) at which the magnetic flux density is removed, however longer
capture times are shown to reduce the capture yield. In addition, the magnetic nanoparticle
capture yields are observed to depend on the nanoparticle diameter, mobile phase viscosity and
velocity, and applied magnetic flux. Using these optimized parameters, three samples of CoFe2O4
nanoparticles whose diameters are different by less than 10 nm are separated with excellent
resolution and capture yield, demonstrating the capability of DMCR for separation and
purification of magnetic nanoparticles.
Individual hybrid nanocrystals possess multiple structural units with solid state interfaces,
giving them a wide range of possible applications. Synthesis of truly monodisperse nanoparticles
and hybrid nanocrystals is a formidable task, which has led us to apply our analytical technique,
differential magnetic catch and release, to separate and purify magnetic nanoparticles. Using an
open tubular capillary column and electromagnet, DMCR separates magnetic nanoparticles based
on a balance of their magnetic moment and hydrodynamic size. Chapter 4 focuses on the
purification of real world samples of hybrid nanocrystals including Au-Fe3O4 heterostructures and
FePt-Fe3O4 dimers. Samples are characterized with transmission electron microscopy, UV-Vis,
X-ray diffraction spectroscopy, selected area electron diffraction, electron dispersive X-ray
spectroscopy, and superconducting quantum interference device magnetometry. After DMCR
purification, the hybrid nanocrystals have distinct properties, suggesting that purification is vital
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for the proper characterization and utilization of these in new applications. As magnetic
nanostructures become more complex, development of new separation/purification tools in
parallel with optimizing hybrid nanocrystal syntheses is paramount for nanostructure construction
and use.
Probing the kinetics of nanoparticle nucleation, crystallization, and oxidation has
historically been difficult to achieve. In Chapter 5 preliminary results using DMCR to monitor
chemical reactions involving nanoparticles are discussed. Many characteristics of nanoparticles
affect their magnetic properties, i.e. size, composition, crystallinity, phase purity etc. DMCR thus
provides a method to assess these characteristics during a chemical reaction, and plot the kinetics
of these transitions. Insights into nanoscale reaction kinetics will allow mechanistic insights for
designing high quality nanocrystal syntheses that produce well defined pure products and hybrid
materials. As a proof of concept, the crystallization of Fe3O4 is tracked using X-Ray diffraction
analysis while the nanoparticle morphology is examined using transmission electron microscopy.
In conjunction with these well-established techniques, DMCR is used to quantitatively assess the
crystallization by magnetically tracking the magnetic properties as the reactions progresses, as
well as imparting mechanistic insight into their architectural transformations.
Chapter 6 presents unpublished data regarding using magnetic nanoparticles for
magnetically manipulated/magnetic bursting of microcapsules, magnetic manipulation through
microfluidic channels, non-spherical synthesis of magnetic nanoparticles, and DMCR of hollow
Fe3O4 nanoparticles. Also discussed are ideas for the future improvement of DMCR to address a
more inclusive size regime and composition of magnetic nanoparticles.
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Chapter 1
Magnetic Nanoparticles in Analytical Chemistry
"Every industry that involves manufactured items will be impacted by nanotechnology
research. Everything can be made in some way better—stronger, lighter, cheaper, easier to
recycle—if it’s engineered and manufactured at the nanometer scale."
— Stan Williams, Director of Quantum Science Research, HP Labs

1.1 Introduction
Nanomaterials have begun to revolutionize the world around us. Magnetic nanomaterials
are uniquely interesting because of their interactions with magnetic fields and field gradients,
making it possible to devise both fundamental experiments and applied products that exploit these
magnetic behaviors. Emerging analytical techniques and new uses of conventional methods have
begun to integrate magnetic nanoparticles to take advantage of the ability to magnetically induce
motion, enhance signals, and switch behaviors. This paper describes novel and broad uses of
magnetic nanoparticles for analytical methodologies including the preconcentration, separation,
and capture of analytes; in sensors and detection; and for imaging. Although related, analysis of
magnetic nanoparticle structure and properties is a separate and equally broad discussion that will
not be addressed here.
It is now understood that the electrical, optical, and magnetic properties of materials can
dramatically change as they are scaled from macro to nanoscale dimensions. Integration of
materials with biological species is particularly appealing because of their relative dimensions, as
depicted in Figure 1.1. Taking advantage of the novel properties and favorable dimensions of
nanomaterials is particularly meaningful in analytical techniques in which multiplexing,
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Figure 1.1: Size scale of some common biological and nano-objects.1 Reproduced by permission
of The Royal Society of Chemistry
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decreased analysis time, large surface to volume ratio, and small environmental perturbation are
desired.
Interest in magnetic nanoparticles has grown enormously over the last two decades.
Fundamental research elucidating the structure, physical and magnetic properties, toxicity etc. has
led to the subsequent development of magnetic nanoparticles in industrial and biomedical
applications. Having magnetic properties in nanostructures allows one to control location and
motion with externally applied magnetic fields, enables tracking and visualization of the local
environment using magnetic resonance imaging, and magnetic tagging of molecules yields a
detection probe. These types of advantages leverage control of the particle and anything attached
that would not be otherwise possible. Most biological media has no naturally occurring magnetic
component which is advantageous when using magnetic nanoparticles in that they can be
selective controlled and/or detected with great specificity and low background noise.
We briefly discuss the synthesis and magnetic properties of nanoparticles, including
methods for functionalization, to provide a basic understanding of the types of materials that are
available for analytical methods. The remainder of this review describes the current state of the
art uses of magnetic particles in analytical chemistry. Because this is a broad and quickly growing
area, the reports that are described are examples of an exciting and vigorous field.

1.2 Nanoparticle Syntheses and Properties
Many types of magnetic nanoparticles can be synthesized, including iron oxides (Fe2O3
and Fe3O4), ferrites of Co, Mn, Ni, and Mg, as well as FePt, γ-Fe2O3, Co, Fe, Ni, α-Fe, CoPt, and
FeCo particles. FePt and CoPt nanoparticles are especially interesting because they are both
magnetic and catalytic. The most commonly employed magnetic nanoparticles for analytical
techniques tend to be Fe3O4, MnFe2O4, and CoFe2O4 because of the ease of synthesis of size
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monodisperse products with high magnetic moments. Iron oxide is generally considered to be
biocompatible, and is thus the only nanoparticle material to have FDA approval. Iron oxide
nanoparticles also have the advantage of multiple synthetic routes for chemical functionalization.
As a result, much of the following discussion will focus on iron oxide. We note that in the
literature the type of oxide, generally Fe3O4 or γ-Fe2O3, is often not noted and can be difficult to
distinguish in particles that are not single crystals. Figure 1.2a – h contains examples of
transmission electron microscopy (TEM) images of a series of Fe3O4 nanoparticles of increasing
size from 6 – 13 nm in average diameter. The particles are spherical in shape and are notable for
their narrow size distributions (i.e. are size monodisperse).
When their size is below ~ 30 nm in diameter, magnetic nanoparticles are generally
superparamagnetic, which means that they have no “magnetic memory”. In the absence of a
magnetic field, superparamagnetic nanoparticles have no net magnetic dipole because thermal
fluctuations cause the spins to randomly orient. However when a magnetic field is applied to the
nanoparticles, a magnetic dipole is induced. After the external magnetic field is removed, the
magnetic nanoparticles randomly orient and the nanoparticles return to their native nonmagnetic
state. Superparamagnetism is measured using a superconducting quantum interference device
(SQUID) magnetometer, and characterized by recording the magnetization versus applied
magnetic field (M v H) curve, such as that shown in Figure 1.2i – k. If the nanoparticles are
superparamagnetic at room temperature, the M v H curve reveals a saturation of the
magnetization and no hysteresis around the origin, indicating that there is no magnetic memory
(Figure 1.2k). Superparamagnetic properties are advantageous because the magnetic
nanoparticles can be easily dispersed in solvent without attractive magnetic forces inducing
aggregation. There is also no remnant magnetic field due to the magnetic nanoparticles, which is
important for magnetic based sensors. Superparamagnetism in nanoparticles is determined by the
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Figure 1.2: (a – h) TEM images of size controlled thermal decomposition synthesis of Fe3O4.
Scale bars are 20 nm, diameters range from 6 – 13 nm, a – h respectively. (4) (i – k)
Magnetization (M) v applied magnetic field (H) curves of i) a hard magnetic material, j) a weak
ferromagnetic material, and k) a superparamagnetic material.8 Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.
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type of material, the crystallinity of the structures, and its size (i.e. number of spins). Because of
this there is no general rule that predicts the magnetic properties of a nanoparticle.
Magnetic nanoparticles are most commonly synthesized by one of three wet chemical
routes: high temperature thermal decomposition and/or reduction, coprecipitation, or templated
synthesis in the interior of micelles. Although they result in hydrophobic magnetic nanoparticles
which require further chemical functionalization for biomedical applications, the high
temperature methods produce magnetic nanoparticles with better monodispersity and higher
crystallinity. The Fe3O4 particles shown in Figure 1.2a – h were produced by high temperature
synthesis. It has been demonstrated that this synthetic approach can easily be scaled up to produce
large quantities of nanoparticles. Typical high temperature syntheses begin with a metal
precursor (such as Co(acetylacetonate) or Fe(CO)5), reducing agent (such as 1,2-hexadecanediol
or 1,2-tetradecanediol), stabilizing agent(s) (such as hexadecylamine or oleic acid/oleyamine),
and a high temperature boiling point solvent (such as bezyl ether or octyl ether). The ratio of
metal precursor to stabilizing agent is critical to obtain size monodisperse nanoparticles.
Similarly, the applied temperature affects the resulting diameter and monodispersity.
Sun et al. developed a synthetic route to metal (Co, Fe, Mn) ferrite nanoparticles using
metal acetylacetonate (acac) precursors and showed that larger particles could be prepared using
small magnetic nanoparticles as ‘seeds’.1 Hyeon et al. synthesized size monodisperse iron oxide
using Fe(CO)52 or Fe oleate3 precursors; using an optimized method, the thermal decomposition
of iron pentacarbonyl (Fe(CO)5) produced the iron oxide nanoparticles shown in Figure 1.2a – h.
This study demonstrated an unprecedented control over the diameter of Fe3O4 particles.4 It was
determined that the Fe(CO)5 was responsible for nucleation and that iron oleate was responsible
for the growth of the iron oxide nanoparticles. Cobalt ferrite nanoparticles have also been
synthesized using Co oleate and Fe oleate reactants.5 In subsequent work, the mechanism for the
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oleate method of CoFe2O4 synthesis was reported.6 A robust synthesis of FePt was reported by
Sun et al., in which Pt(acac) and Fe(CO)5 were used as metal precursors.7
In contrast to using organometallic reagents as precursors, the coprecipitation and
microemulsion syntheses of magnetic nanoparticles use metal salts. Coprecipitation synthesis of
magnetic nanoparticles requires only low temperatures and produces water soluble magnetic
nanoparticles. These advantages are contrasted with the poor monodispersity (i.e. broad size
distribution) and crystallinity of the product nanoparticles. Reaction parameters affecting the
magnetic nanoparticle properties are the solution pH and temperature, the stirring or mixing rate,
the anion of the salt, and metal ion concentration. Microemulsion or micelle synthesis, which is
also performed in aqueous solutions, offers better monodispersity control compared to
coprecipitation but the range of nanoparticle diameters is limited by the size of the inverse
micelle interior. Like coprecipitation, the magnetic nanoparticles synthesized via microemulsion
often suffer from poor crystallinity. Detailed discussion of magnet nanoparticle syntheses beyond
the scope of this review can be found in several articles compiled on the subject.8-12
Magnetic nanoparticles must be stabilized by molecules attached to (i.e. ligands) or
associated with (i.e. ions) their surfaces to prevent irreversible agglomeration and to enable
dissolution. Magnetic nanoparticles synthesized through high temperature routes are typically
hydrophobic and can be functionalized by exchanging the surface ligands with others present in
solution.13-15 Alternatively, association and encapsulation with a phospholipid, which forms a
bilayer on the surface of the particle, has been used to make these particles water soluble and
amenable for biological applications.16,17 For many applications, the surface of the magnetic
nanoparticles must be further derivatized to perform a function such as binding with target,
carrying a drug, detecting an environment, etc. To easily perform these chemical modifications
and extend the range of methods available for functionalization, magnetic nanoparticles can be
coated with a shell of another material, typically a thin layer of Au,18,19 SiO2,20,21 or carbon.22
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Encapsulation in a shell results in particle heterostructures that retain the magnetic properties of
the magnetic nanoparticle core, and with surfaces that are amenable to modification using
methods that are well established.

1.3 Preconcentration/Capture/Separations
Magnetic nanoparticles have emerged as useful tools for the capture, concentration, and
separation of many types of analytes from complex matrices. A plethora of work has been
performed using superparamagnetic beads with microscale dimensions.23-26 Magnetic
nanoparticles are advantageous for these analytical methods because they have a large surface to
volume ratio, are comparable in size to many analytes of interest, are readily dispersible in
solution, and have physical properties that are useful for enhancing signal detection. However,
two challenges for the use of magnetic nanoparticles in analysis exist. First, large magnetic field
gradients are needed to manipulate the magnetic nanoparticles because sufficient magnetic force
must be exerted on the particles. While the amount of magnetic force needed depends on the
magnetic properties of the particle, the typical fields needed to move particles are 100 T/m, and
can be much larger. Secondly, although using magnetic nanoparticle surfaces for capturing
analyte enables their concentration, separation, quantification, and further analysis, it is first
necessary to functionalize the magnetic nanoparticles with the appropriate chemistries. In the
following sections, research addressing these challenges and demonstrating the use of magnetic
nanoparticles in analytical methodologies will be discussed.
Lin et al. developed nanoprobe-based affinity mass spectrometry (NBAMS),27 which is
schematically shown in Figure 1.3. In this technique, nanoparticles functionalized with capture
probes are used to bind target analyte, isolated, and then analyzed by mass spectrometry.
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Figure 1.3: Scheme of the magnetic nanoparticles role in a multiplexed immunoassay where the
antibody tagged magnetic nanoparticles capture the target; separate, purify, and concentrate the
target; and act as a platform for the analysis of the target by MALDI-TOF MS.30 Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Magnetic nanoparticles are ideal candidates for the nanoprobe in NBAMS because they are easily
separated and concentrated by applying a magnetic field. The iron oxide magnetic nanoparticles
used by Lin were bifunctionalized and served as both a solid laser desorption/ionization element
and a probe for the enrichment and extraction of the small molecule targets from a complex
solution (e.g. blood serum).28 The target, bound to the magnetic nanoparticle, was subsequently
identified using MALDI-TOF MS. This technique was both cost effective and could be
automated for screening the small molecules salicylamide, mefenamic acid, ketoprofen,
flufenamic acid, sulindac, prednisolone and mannose from blood serum. Chen et al. used
NBAMS to perform an immunoassay for the identification of proteins. As depicted in Figure 1.3,
antibody conjugated iron oxide nanoparticles were used to capture target proteins and separate
these from their matrix for analysis by mass spectrometry.29,30 In this study, the capture
efficiency and the detection specificity of the proteins on magnetic nanoparticles and
superparamagnetic microbeads were compared. The magnetic nanoparticles were superior in
both cases. In other work, mass spectrometry was used to identify viruses captured by aluminacoated Fe3O4 nanoparticles.31 To develop a more general method to bind protein to magnetic
nanoparticles, a nitrilotriacetic acid derivative (NTA) was placed on the surface of ~50 nm
diameter iron oxide nanoparticles by Chen et al.32 Nitrilotriacetic acid chelated the transition
metal ions Ni(II), Zr(IV), and Gd(III), and each magnetic nanoparticle-NTA-metal ion complex
targeted the capture of a specific protein. Following capture of target protein, the magnetic
particle structure was separated and analyzed by mass spectrometry. In more recent work, Xie et
al. used Fe3O4/Au core/shell nanoparticles functionalized with NTA to complex Ni(II) to be used
as selective histidine adsorbent.33 These magnetic nanoparticle structures were used for
extraction, purification and concentration of histidine-tagged proteins.
Magnetic nanoparticles have been used to concentrate samples in microfluidic chips.
Rodriguez and Toner developed a microfluidic magnetic separator chip and demonstrated its
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ability to concentrate human immunodeficiency virus (HIV) from plasma.34 To accomplish this,
superparamagnetic nanoparticles conjugated to anti-CD44 (Miltenyi Biotech) were used to
capture the virus and passed through a packed bed of 25 – 75 µm diameter iron oxide particles.
An external magnet was used to magnetize the packed bed, causing the HIV-magnetic
nanoparticle conjugates to be trapped, thus separating and concentrating these from the plasma
matrix. Off-chip ELISA confirmed that the HIV virons were concentrated by a factor of about 80fold versus the original solution.
Immunoassays using magnetic nanoparticles have also been demonstrated. For example,
Furlong et al. use magnetic nanoparticles for multiple purposes in an immunoassay for the
detection of staphylococcal enterotoxin B (SEB):35 antibody-functionalized

magnetic

nanoparticles (purchased from Miltenyi µMACS) captured the SEB antigen from solution,
isolated it via magnetic separation, and amplified the surface plasmon resonance signal for the
antigen. Using this approach, a limit of detection of less than 100 pg/mL was reached. Using the
magnetic nanoparticle for multiple purposes in the assay highlights their utility for analyses.
Carbon nanotubes decorated with magnetic nanoparticles have also been used for the
capture of small molecules. Schmidtt-Kopplin et al. found that the percent recovery during
capture of (fluoro)quinolones was more efficient for carbon nanotube-magnetic nanoparticle
heterostructures than for either of the unlinked individual species.36 In these assemblies, the
carbon nanotube enhanced adsorption and the magnetic nanoparticle enabled magnetic separation
and concentration of these drugs from human plasma samples.
Magnetic nanoparticles have been applied to environmental clean-up and analysis of
natural waters. Rubio and Gomez performed a solid phase extraction (SPE) of carcinogenic
polycyclic aromatic hydrocarbons (CPAHs) from water samples.37 Hemimicelles of
tetradecanoate surrounding 20 – 30 nm diameter iron oxide nanoparticles were used to capture
and concentrate the CPAHs. Because of the highly efficient capture by the magnetic
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nanoparticles, the extractant required no additional purification which was verified LC with
fluorescent detection. The limit of quantification of this method was 0.2 – 0.5 ng/L, well below
the allowable concentration in water. Additional work with magnetic solid phase extraction has
employed magnetic nanoparticles coated with silica or charcoal,38 polymers,39 and
hemimicelles.40 These solid phases were demonstrated to adsorb organic dyes and phenolic
compounds from aqueous samples.
To demonstrate the use of magnetic nanoparticles in biodefense applications, iron oxide
nanoparticles with polyethyleneimine surfactant were functionalized with poly(hexamethylene
biguanide), which is a broad range antiseptic. These nanoparticles were shown to kill bacteria,
viruses, and fungi.41 After exposure to the sample, the 6 nm diameter iron oxides formed clusters
of ~60 nm diameter that were separated and concentrated using a high gradient magnetic field
separator. DNA from the captured species was identified by using quantitative polymerase chain
reaction (PCR).
Separations using magnetic nanoparticles are important for the efficient analysis of
molecules attached to the nanoparticle surfaces. The most basic magnetic nanoparticle separations
utilize a permanent magnet held against to the wall of the container until the magnetic
nanoparticles aggregate from solution. Although this method is easy and inexpensive, the low
magnetic field gradients of hand held magnets can make the separation time consuming and
inefficient, particularly when the magnetic nanoparticles are well dispersed and stable in solution.
For these reasons, researchers have focused on developing separation techniques for
magnetic nanoparticles. Nishijima et al. reported the capture of 6 nm diameter FePt and 15 nm
diameter Fe3O4 in a magnetic filter column.42 This column magnetically trapped magnetic
nanoparticles on a packed bed of 0.3 mm ferromagnetic beads which were magnetized by an
external superconducting magnet. The magnetic nanoparticles were subsequently released into
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Table 1.1: Comparison between some magnetic nanoparticle separations via column flow
mechanism or microfluidic chip.
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the eluent when the magnet was turned off. Separation efficiencies of ~94% and 40% for Fe3O4
and FePt, respectively, were found.
Our group has reported the separation of different types (6 nm diameter γ-Fe2O3 and 13
nm diameter CoFe2O4) of magnetic nanoparticles in open tubular capillary columns using
magnetic field flow fractionation (MFFF).43 More recently, we have developed a differential
magnetic catch and release (DMCR) method to separate different sizes magnetic nanoparticles.44
A polydisperse mixture of CoFe2O4 nanoparticles of less than 20 nm in diameter was
magnetically trapped in an open tubular capillary column and by changing the applied magnetic
field gradient, monodisperse fractions were selectively released into the flow stream. Separations
of this type will have future applications for the simultaneous magnetic capture and separation of
tethered biomolecules. In addition to the separation of the magnetic nanoparticles, magnetic and
fluid drag equations were applied to approximate the magnetic moments of the magnetic
nanoparticles.44 Figure 1.4 illustrates the capability of DMCR to separate magnetic nanoparticles.
CoFe2O4 nanoparticles in the transmission electron microscopy (TEM) image in Figure 1.4d
have polydisperse diameters. These were separated into monodisperse fractions, shown in the
TEM images in Figure 1.4a – c, using DMCR. The resolution between magnetic nanoparticle
peaks can be controlled by varying the strength of the magnetic field over time as shown in
Figure 1.4e.45
Williams et al. designed a variation of MFFF by placing the separation channel in
quadrupole magnet geometry. Using the quadropole magnet, the distributions of commercially
supplied iron oxide nanoparticles were determined to be between 75 and 390 nm diameter.46 This
technique was also sufficiently sensitive to discriminate between different manufactured lots of
the same magnetic nanoparticles.47 Earhart et al. fabricated a magnetic nanoparticle trapping
“sifter”, which was a membrane with slot-shaped pores on a Si3N4 support.48 The pores were
lined with a soft magnetic material (CoTaZr) which was magnetized in the presence of a
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Figure 1.4: (A – C) Transmission electron microscopy images of monodisperse fractions of
CoFe2O4 nanoparticles which were separated from a polydisperse nanoparticle mixture shown in
(D). Inset is the nanoparticles’ diameter distribution (A) 7 nm, (B) 11 nm, (C) 17 nm diameter
CoFe2O4 nanoparticles. (E) Three chromatograms (α, β, γ) of the separation of (D) showing the
control in resolution between nanoparticle peaks.44
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magnetic field, trapping magnetic nanoparticles moving through the membrane. Capture
efficiencies for the magnetic sifter ranged from 28 - 37% for 50 nm diameter iron oxide
nanoparticles.
High gradient magnetic separations (HGMS), which are predominately used for industrial
processes, have also started to be applied as an analytical method used in conjunction with
magnetic nanoparticles. HGMS uses a packed bed of soft magnetic steel wool or wire mesh in a
column that is placed in a uniform magnetic field. The packing in the column distorts the
magnetic field lines, causing high local magnetic field gradients and allowing the capture or
retention of magnetic nanoparticles that pass over the bed. Although much of the HGMS
literature focuses on micron size particles, there are multiple theoretical simulations predicting
the separation of magnetic nanoparticles in an HGMS apparatus.49-51 Hatton et al. experimentally
studied the feasibility of capturing magnetic nanoparticles from water using HGMS.52 Samples
of 7.5 nm diameter iron oxide nanoparticles were individually functionalized with a phospholipid
or a polyacrylic acid/polyethylene oxide and polypropylene oxide copolymer. It was found that
although HGMS could not capture individual particles, it was possible to trap aggregates of the
iron oxide-copolymer and the iron oxide-phospholipid nanoparticles. Subsequent work focused
on the HGMS of magnetic nanoclusters where clusters > 50 nm diameter could be trapped
efficiently even at high flow rates.53

1.4 Sensors/Detection
Using magnetic sensors for bioanalysis is advantageous because most biological species
are not magnetic, so that there is inherently low back ground noise. Magnetic sensors are
therefore highly sensitive to magnetically labeled species. Magnetic sensors can be integrated into
microfluidic chips, often provide an electronic signal readout, are inexpensive to fabricate, and
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can make use of magnetic labels that are already commonly used in bioassays. Magnetic
nanoparticles are particularly useful because their size is comparable to the biomolecule, whereas
microbeads are orders of magnitude larger. Conjugating nanoparticle to a biomolecule thus
causes less steric hindrance and enables the biomolecule to interact with the environment in a less
obstructed way.
Three magnetic sensors for detecting magnetic nanoparticles are generally used: giant
magnetoresistive (GMR) sensors, magnetic tunnel junction (MTJ) sensors, and superconducting
quantum interference device (SQUID) sensors. GMR sensors are advantageous compared to
SQUID due their portability, room temperature operation, and simplicity. Although MTJ sensors
have higher magnetoresistive sensitivity and have been shown to be able to detect as few as
fifteen 14 nm diameter Co nanoparticles,54 MTJ sensors are in the early phases of development
compared to GMR sensors, and there are relatively few articles describing the use of MTJ in
conjunction with magnetic nanoparticles for analytical purposes.55,56 For these reasons we focus
on GMR sensors and applications to magnetic nanoparticles in analytical chemistry.

1.4.1 GMR Sensors
Magnetoresistance is the property of some magnetic materials in which the
electrical resistance changes in the presence of an applied magnetic field. Giant
magnetoresistance (GMR) occurs when these magnetoresistive ferromagnetic materials are
reduced to nanometer thick films and stacked with non-magnetic layers. The 2007 Nobel Prize in
physics was awarded to Fert and Grünberg for the discovery and explanation of the underlying
physics of GMR.57, 58
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Figure 1.5: A sketch of a GMR sensor cross section with a magnetic nanoparticle label on the
sensor surface. An excitation current that flows through the integrated conductors produces the
excitation field. The stray field from the magnetic nanoparticle that is magnetized by the
excitation field results in a resistance variation of the GMR sensor.60 Reproduced with permission
from the American Chemical Society, Copyright 2007.
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GMR spin valve sensors are highly sensitive to magnetic fields and are able to detect the
stray field of a magnetically excited superparamagnetic particle. While most of the literature
focuses on the detection of biomolecules tagged with micron or submicron-size
superparamagnetic beads, Wang et al. point out that magnetic nanoparticles are preferable for
analytical detection. An array of sub-micron size GMR spin valve based sensors was designed
and found to be capable of detecting less than fifty 16 nm diameter Fe3O4 nanoparticles.59
Because spin valve sensors can be small in size (i.e. micron scale), they can easily be integrated
into microfluidic chips.60 Wang et al. integrated a GMR sensor into a microfluidic chip to rapidly
perform a DNA assay in less than an hour and with improved detection limits near 10 pM. With
optimization of the technique, Wang’s research suggests that the detection limit could be
improved to 1 pM or less.61 Using a GMR sensor, HPV genotyping in a microfluidic chip62 has
been demonstrated. Interested readers should consult an excellent and comprehensive review of
GMR sensors and the use of spin valve sensors to detect magnetic nanoparticle tagged
biomolecules that has recently appeared.63

1.4.2 Electrochemical Sensors
Because they have been shown to be capable of enhancing electrochemical signals,
magnetic nanoparticles have been integrated into electrochemical sensors. This is accomplished
in one of three ways: by the metallic magnetic nanoparticle contacting the electrode surface,
transporting a redox active species to the electrode surface, or forming a thin film on the electrode
surface thus increasing the surface area and modifying its performance. Amperometric,
potentiometric, stripping analysis, cyclic voltametry, and impedance spectroscopy have been used
together with magnetic nanoparticles for electrochemical detection.
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Willner and Katz reported the first magnetically switchable electrode where the
electrochemical reaction was turned on or off depending on the magnetic particles response to the
magnetic field orientation.64 Although in the initial report micron size magnetic particles were
used, in subsequent studies iron oxide nanoparticles were used to perform similar “ON”/”OFF”
electrochemistry. For example, using the experimental design shown in Figure 1.6, it was
demonstrated that the hydrophobicity/hydrophilicity could be magnetically controlled at the
electrode surface by the movement of the nanoparticles.65
In this experiment, the electrochemical cell was composed of a Au electrode with an
aqueous buffer and organic solvent bilayer electrolyte above the electrode. When a magnetic
field was applied, hydrophobic magnetic Fe3O4 nanoparticles were pulled from the upper organic
layer into the aqueous layer, forming a membrane-like film on the electrode surface and
inhibiting the electrochemistry at the electrode to create the “OFF” state. Blocking of electron
transfer at the electrode was examined using Faradaic impedance spectroscopy. The redox
current was restored to the “ON” state by placing the magnet above the organic phase, pulling the
magnetic nanoparticles into the upper organic layer and allowing oxidation of the redox probe
(e.g. ferrocyanide, as pictured, or ferrocene dicarboxylic acid) at the unblocked electrode. It was
noted that larger magnetic particles (> 200 nm diameter) did not effectively block the electrode
surface, which was attributed to pinhole defects between the particles that allowed the redox
probe to diffuse to the electrode surface. Further experiments using quinones immobilized on the
electrode demonstrated switchable aqueous and organic redox mechanisms at the electrode
surface. Blockage of a bioelectrocatalytic reaction was demonstrated used ferrocene immobilized
on the electrode surface: the oxidation of glucose by glucose oxidase was controlled using
magnetic fields to manipulated nanoparticles and the electrode function. In the same report,
magnetic nanoparticles were used to deliver a redox active species to the electrode surface. This
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Figure 1.6: Magnetocontolled switchable electrode via translocation of functionalized magnetic
nanoparticles. (A) Magnet placed below the electrode pulls the magnetic nanoparticles into the
aqueous phase and the magnetic nanoparticles form a layer on the electrode surface. (B) Magnet
placed above the electrode returns the magnetic nanoparticles to the organic phase revealing the
electroactive species to the electrode surface.65 Reproduced with the permission from the
American Chemical Society, Copyright 2004.
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was demonstrated by adsorbing cumene hydroperoxide to the magnetic nanoparticles and using
the particles’ magnetic-induced motion to transport the redox active cumene to the electrode.66
With electrode-bound quantum dots, photoelectrochemical currents were magnetically
controlled.67 It was also demonstrated that DNA hybridization, biocatalytic replication, and
digestion could be controlled when magnetic nanoparticles were directed to and from the
electrode surface.68 Similarly, Li et al. reported that oleic acid coated magnetic iron oxide
nanoparticles could be used to either block or allow the hybridization of DNA on an electrode
surface.69
Small molecule detection has been demonstrated on magnetic nanoparticle modified
carbon paste electrodes. In these experiments, magnetic nanoparticles are modified with a catalyst
and held against the electrode surface with a magnet. With the magnet in place, particles
containing catalyst react and the products are electrochemically detected. Yu et al. constructed a
phenol biosensor using tyrosinase modified magnetic nanoparticles,70 and Li et al. used Prussian
blue and glucose oxidase to modify magnetic nanoparticles for a sensitive glucose sensor.71 One
of the main advantages of using magnetic nanoparticle-catalyst modified electrodes is the ease of
renewing the biocatalyst on the surface: by releasing the field and replacing with fresh magnetic
nanoparticles, a fresh catalytic electrode surface is easily regenerated.
Antigens and cysteine have also been attached to magnetic nanoparticles for a sandwich
immunoassay to detect human IgG on carbon paste electrode supported magnetic
nanoparticles.72,73 The simple construction, magnetic manipulation, and low cost make these types
of electrochemical sensors advantageous. Carbon paste electrodes with magnetic nanoparticles
have also been able to detect lead in urine and heavy metals in water. Yantasee et al. used
dimercaptosuccinic acid functionalized 20 nm diameter Fe3O4 nanoparticles on C paste and
glassy carbon electrodes to detect Pb in urine and Cu, Pb, Cd, and Ag in natural waters.74 This
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technique has a limit of detection of less than 1 ppb, and the potential to be fully automated using
an electromagnet.
An immunoassay was performed on 100 nm diameter Fe3O4 nanoparticles which were
linked to SiO2 beads via a sandwich type assay for electrochemical signal enhancement.75 The
immunoassay was performed in a flow cell in which the magnetic nanoparticles acted as anchors:
analytes were injected into the cell, reacted with the magnetic nanoparticles, then were
magnetically trapped against the electrode for detection by measurement of the impedance. The
electrode could be regenerated in the flow cell by removing the magnet field and subsequently
trapping new particles. This method had a linear range greater than competing techniques and a
lower or equivalent limit of detection. A flow cell was analogously used to renew the carbon
paste electrode in a magnetocontrolled immunoassay.76
Carbon nanotubes (CNT) have been used on electrodes due to their high electrocatalytic
activity and fast electron transfer. Zhang et al. reported the use of magnetic nanoparticle
decorated CNTs covalently immobilized on a Au electrode.77 Exceptional electrocatalytic
activity of the Fe3O4 nanoparticle-CNT electrode for the oxidation of catechol was demonstrated.
Enhanced redox peak currents of catechol on the magnetic nanoparticle-CNT electrode were
observed and attributed to the larger surface area and promotion of electron transfer. Magnetic
nanoparticle-CNT have also been used for electrochemical detection of glucose and DNA.78-80
Detection of gas phase analytes has been performed by monitoring changes in resistance
of an iron oxide–polypyrrole nanoparticle composite.81 Fe3O4 nanoparticles and polypyrrole
particles were combined in a heterogeneous mixture that was copolymerized. The resulting dry
powder was pressed into a pellet, Ag electrodes were attached to the pellet, and the resistance
between the electrodes was measured in the presence of water, N2, O2, and CO2 for detection of
these gases. Gas detection has also been investigated using sub-micron to micron size iron
oxide.82,83
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1.4.3 Colorimetric Sensors
Yan et al. found that magnetite nanoparticles possess intrinsic peroxidase
activity,84 which was unexpected because Fe3O4 nanoparticles are commonly believed to be
chemically inert. The catalytic activity of the Fe3O4 was characterized and compared to the
commonly used enzyme horseradish peroxidase (HRP). In an immunoassay, the magnetic
nanoparticles provided three functions: capture, separation, and detection. Wang and Wei used
the peroxidase activity of Fe3O4 nanoparticles for the colorimetric detection of hydrogen peroxide
and glucose.85 The ability of Fe3O4 nanoparticles to detect H2O2 was used for the colorimetric
detection of melamine in milk products.86 This detection system was sensitive and selective as
well as visually verifiable.

1.4.4 Optical Sensors
Magnetic nanoparticles have been used for the detection of proteins in bead
assays monitored by optical microscopy. Fuh et al. magnetically trapped antigen functionalized
Fe3O4 nanoparticles in a flow cell and used these to capture protein-labeled silica microbeads.87
The amount of protein was quantitatively determined using optical microscopy by counting the
micron sized silica beads. Magneto-optical relaxation has also been used to perform a liquid
immunoassay: magnetic nanoparticles were functionalized with antibody via streptavidin-biotin
conjugation. Introduction of the protein antibody induced aggregation, the extent of which was
dependent on the protein concentration and was detected magneto-optically.88
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1.4.5 Other Sensors
Various types of nanoparticles have been employed to enhance surface plasmon
resonance (SPR) signals, and magnetic nanoparticles have also been used for enhanced SPR
detection of biomolecules. Zhou et al. described an indirect competitive inhibition assay89 to
detect adenosine, in which magnetic nanoparticles were used to capture, purify, separate, and
enrich the analyte as well as amplify the SPR signal.
Surface enhanced Raman spectroscopy (SERS) has also benefited from the incorporation
of magnetic nanoparticles through the development of M-SERS dots. M-SERS dots integrate a
Fe3O4 magnetic component into SERS dots which are typically composed of a support particle
(silica), Raman active chemical (such as 4-mercaptotoluene or thiophenol), and Ag nanoparticles.
M-SERS dots have been used to isolate (through magnetic separation) cancer cells that were
otherwise challenging to separate.90,91
Similar to the immobilization of magnetic nanoparticles onto electrodes, magnetic
nanoparticles have been immobilized onto piezoelectric surfaces. Immunoassays performed on
the magnetic nanoparticle modified surfaces use the sensitive mass detection of the piezoelectric
device to monitor biomolecule capture during the assay. This approach is a promising
immunosensor with a renewable analysis surface and very low limits of detection.92
Diagnostic magnetic resonance biosensors that utilize magnetic nanoparticles offer a
promising point of care technique.93,94 Magnetic resonance assays have been performed on small
molecules as well as biological species such as DNA, RNA, proteins, enzymes, cells and
organisms. A recent paper describing diagnostic magnetic resonance by Weissleder et al.
provides a comprehensive review of this technique.95
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1.5 Magnetic Imaging
Magnetic resonance imaging can use superparamagnetic nanoparticles as contrast agents
instead of small molecules that are traditionally used, such as gadolinium complexes. Magnetic
nanoparticles are able to stay in blood circulation longer, provide higher sensitivity because of
their larger number of spins, and may have fewer adverse side effects.96
Iron oxide is the most prevalent magnetic nanoparticle used for magnetic resonance
imaging largely because it is generally accepted to be biocompatible and is currently the only
magnetic nanoparticle with FDA approval. Magnetic resonance imaging with superparamagnetic
iron oxide nanoparticles in vivo has reached nearly microscale resolution.97 As a T2 (i.e. negative)
contrast agent, iron oxide nanoparticles coated with dextran were first used to image the liver and
have since been used to image structures ranging from organs to cells. The dextran coating on
iron oxide nanoparticles is able to be functionalized to enable specific targeting of cells, or to
contain a general transfection agent that allows non-specific targeting. Josephson et al.
functionalized 41 nm diameter iron oxide nanoparticles with a trans-activating transcriptional
(TAT) peptide which was shown, in three cell lines, to enable an uptake efficiency of the
magnetic nanoparticles 100x greater than previously reported.98 Functionalization of the magnetic
nanoparticle also determined where it accumulates within the cell (e.g. vesicles or nucleus).
Weissleder et al. used dextran-coated magnetic nanoparticles and covalently attached human
holo-transferrin.99 These functionalities allowed monitoring of transgene expression in vivo
using magnetic resonance imaging, and this work could have important implications for the
monitoring of gene therapy via MRI.
Dextran coated magnetic nanoparticles functionalized to target the transferrin receptor
were used to track cells responsible for the re-myelination of axons in rats. Here, Bulte et al.
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loaded CG-4 cells, which are myelinating cells, with magnetic nanoparticles.100 The remyelination of axons was tracked with MR imaging.
Conjugating biomolecules on the surface of magnetic nanoparticles has been used to
target both organs and specific cell lines. Using 6 nm diameter γ-Fe2O3 coated with maleimidefunctionalized phospholipid, which provides a route for attachment of antibodies, O’Brien et al.
showed that the magnetic nanoparticle contrast agent could be targeted to cell receptors, Major
Histocompatibility Class II, known to be prevalent in the medulla of the kidney.101
Targeting and detecting cancerous cells has been a major area of interest for MR imaging
of magnetic nanoparticles. Magnetic resonance of iron oxide nanoparticles functionalized with
carbohydrates has been shown to be effective in detection of cancerous cells. Huang et al. used a
series of five different carbohydrates to functionalize magnetic nanoparticles.102 The binding and
selectivity of the magnetic nanoparticles interaction with the carbohydrate receptors on cells were
determined from the extent of MRI contrast and T2 relaxation times as detection techniques. This
work showed that cell lines could be differentiated using the statistical method of linear
discriminant analysis, cancerous cells could be selectively detected, and isogenic cell lines could
be distinguished from one another.
Apoptosis of cancerous cells due to administration of a chemotherapy agent was also
monitored using magnetic resonance imaging. Brindle et al. functionalized dextran coated iron
oxide nanoparticles with synaptotagmin I, whose C2 domain has been shown to bind to the plasma
membrane of apoptotic cells.103 These magnetic nanoparticle conjugates were injected into a
mouse in which a cancerous tumor had previously been treated with a chemotherapeutic agent.
The magnetic nanoparticles had a reduced signal at the site of the tumor, indicative of cell death.
This type of detection is an especially promising technique for determination of the effectiveness
of chemotherapeutic treatment as well as monitoring transplanted organs.
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Unfunctionalized hydrophobic iron oxide nanoparticles have also been used for in vivo
magnetic resonance imaging studies. Bruns et al. applied a method with which to encapsulate
magnetic nanoparticles in the lipid core of micelles.104 Hydrophobic iron oxide nanoparticles
trapped in a liposome were subsequently used to quantitatively analyze the uptake and
metabolism of the lipoproteins with magnetic resonance imaging.105
While magnetic nanoparticles have been as contrast agent in magnetic resonance
imaging, radiolabeled nanoparticles can be used in positron emission tomography, and plasmonic
nanoparticles for optical imaging. A current trend in biomedical imaging is integration of these
functional particles to produce a multifunctional nanostructure capable of enabling an array of
imaging techniques. Superparamagnetic iron oxide nanoparticles are T2 (dark signal) contrast
agents while paramagnetic small molecule complexes containing Gd3+ or Mn2+ are T1 (bright
signal) weighted contrast agents. Park et al. have designed Fe3O4 nanoparticles decorated with
Gd3+ ions to make dual T1- and T2- magnetic resonance contrast agents.106 Using dopamine as the
anchor to the Fe3O4 surface, the magnetic nanoparticles are stabilized by a mixed layer of
poly(ethylene glycol) for solubility and chelating agents to capture Gd3+.
In Figure 1.7, Park compared the signals obtained during magnetic resonance imaging of
a rat with gadolinium-functionalized magnetic nanoparticles and commercially available contrast
agents Magnevist (left side, orange arrows) and Feridex (right side, green arrows). Figure 1.7A is
the T1 weighted magnetic resonance image and shows that the Magnevist appears as a bright area;
Feridex gives a dark signal in the T2 weighted image Figure 1.7B. The images in Figure 1.7 C
and D are the T1 and T2 weighted magnetic resonance images, respectively, instead using the Gdfunctionalized magnetic nanoparticles. These data demonstrate that the nanoparticles act as a dual
contrast agents.
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Figure 1.7: (A) T1-weighted and (B) T2-weighted magnetic resonance images of a mouse injected
with Feridex (orange arrows) and Magnevist (green arrows). (C) T1-weighted and (D) T2weighted magnetic resonance images of a mouse injected with GdMNPs (blue arrows) and the
hydrogel solution as a control (red arrow).106 Reproduced with permission from the American
Chemical Society, Copyright 2010.

30
Multiplexing of positron emission tomography (PET) and magnetic resonance imaging
was reported by Pichler et al.107 Combining PET and MRI provides complementary diagnostic
information. In a recent example, Bao et al. developed a dual magnetic and radiolabel tracer
within the same nanostructure to allow simultaneous PET and magnetic resonance imaging with
the same agent.108 In this case, magnetic resonance contrast was due to a 6.2 nm diameter
superparamagnetic iron oxide nanoparticle core coated with poly(ethylene glycol) (PEG)
micelles. Some of the PEG molecules were functionalized with tetra acetic acid which was used
to chelate 64Cu upon incubation. The biodistribution of these imaging agents was evaluated by
PET and magnetic resonance imaging in vitro and in vivo. Several other examples of
nanoparticles as dual imaging agents for PET/magnetic resonance imaging have been reported.109111

Nanoparticles designed to multiplex optical and magnetic resonance imaging have also
been investigated. Dual optical and magnetic resonance imaging nanoparticle agents have been
designed by Labhasetwar et al. in which112 hydrophobic, oleic acid coated Fe3O4 nanoparticles
that are 10 – 25 nm in diameter were rendered hydrophilic by association with Pluronic F127.
Incubation of these particles with hydrophobic near infrared (NIR) fluorescence dyes (e.g.
SDB5700, SDA5177, SDA6825, and Sdb5491 ) caused the dyes to be trapped in the oleic acid
layer on the surface of the magnetic nanoparticles, with only very slow leakage over time in
aqueous environments. Incorporation of the dyes enabled fluorescence imaging of the
nanoparticles, while the magnetic component was used both as magnetic resonance imaging
contrast and magnetic field induced accumulation at the tumor site.
Fluorescent dye molecules such as FITC,98,113 Texas Red,114 and Cy5.5115,116 have also
been conjugated to dextran and phospholipid-PEG stabilized Fe3O4 nanoparticles to serve as dual
optical/magnetic resonance imaging probes. Magnetic nanoparticles are often coated with silica to
reduce the fluorescence quenching of the dye emission by the nanoparticle. For example, Zink et
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al. used silica coated iron oxide nanoparticles to anchor the fluorescent dye FITC and create a
fluorescent magnetic nanoparticle.117 Similarly, Perez et al. used a poly(acrylic acid) shell on the
outside of Fe3O4 nanoparticles to encapsulate NIR fluorescent dyes and drug molecules.118 These
multifunctional nanoparticles were shown to have magnetic resonance and fluorescent imaging
capabilities and are also promising candidates for magnetic field controlled drug delivery.
Nanoparticle heterostructures have also been shown to be useful for imaging. For
example, Sun et al. reported the use of Au-Fe3O4 ‘dumbbell’ shaped nanoparticles as dual
optical/magnetic resonance imaging agents.119 The heterostructure particles were synthesized
using Fe3O4 nanoparticles as seeds for the growth of Au nanoparticles. In this approach, a single
Au nanoparticle is physisorbed to the magnetic nanoparticle surface. The resulting heterostructure
retains the magnetic properties of Fe3O4 and the plasmonic properties of Au nanoparticles, and
was used for both magnetic resonance contrast and an optical probe with confocal microscopy
during in vitro studies of epithelial cells. The dumbbell structure does not suffer from fast signal
loss and has a low limit of detection, which is likely to be advantageous compared to single
nanoparticle agents.
Xu et al. reported the synthesis of a core-shell nanoparticle made of FePt@Fe2O3 with
promising dual functionality of cytotoxicity and magnetic resonance imaging capability.120 These
nanoparticles were synthesized using 3 nm diameter FePt nanoparticles as seeds for the growth of
a 3 nm thick porous Fe2O3 shell. This porous shell allowed slow diffusion of Pt atoms out of the
core and resulted in the nanoparticle cytotoxicity. These authors propose to use these
nanoparticles to target and kill cancer cells while monitoring treatment via magnetic resonance
imaging.
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Figure 1.8: Dynamic optical contrast on gyromagnetic scattering (a) Schematic of Au nanostar
with NIR-active arm and superparamagnetic core in various positions, while gyrating in response
to a rotating magnetic field with frequency ω; (b) time – intensity plot of polarized scattering
from magnetic nanostar rotating at frequency ω, 2 cycles), with reference to positions 1 – 6; (c)
power spectrum of gyromagnetic scattering (15 cycles).121 Reproduced with permission from the
American Chemical Society, Copyright 2009.
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Wei et al. have used an Fe3O4 core coated with Au to make a superparamagnetic
“nanostar”, Figure 1.8.121,122 The resulting particles were shown to integrate a polarizationsensitive plasmonic material with a magnetic material to construct a nanostructure for
gyromagnetic imaging. The plasmonic signal of the nanostars was modulated by a rotating
magnetic field.122 Gyromagnetic imaging is useful because the electromagnetic signal is
dependent on the frequency of the applied magnetic rotation, and the frequency modulated signal
can be transformed into a Fourier domain for improved signal to noise. The loss of signal and
large background noise in biological media is overcome with gyromagnetic imaging with these
nanostars, and has been demonstrated in images of tumor cells.122

1.6 Conclusions
The integration of magnetic nanoparticles with analytical methods has opened new
avenues for sensing, purification, and quantitative analysis. The ability to use applied magnetic
fields to control the motion and properties of magnetic nanoparticles is a tool for manipulating
and analyzing species at the molecular level, and has led to applications including analyte
handing, chemical sensors, and imaging techniques. Magnetic nanoparticles have the unique
combination of superparamagnetic behavior with dimensions that are smaller or on the same
length scale as biomolecular structures, giving rise to opportunities for bioanalysis that are not
otherwise possible. For example, heterofunctionalized nanoparticles or particle heterostructures
have the potential to provide multiple analytical probes within the same nanoscale vehicle. There
have been initial investigations of such structures, but this is clearly an area where significant
growth and impact in separation science and analysis is expected in the future.
Magnetic nanoparticles uniquely combine superparamagnetic behavior with dimensions
that are smaller than or the same size as molecular analytes. Analytical methods have developed

34
using magnetic nanoparticles for analyte concentration, separations, sensing, and imaging. Due to
nanoscaling laws, size monodisperse samples are needed because of the strong correlation
between the size of a nanoparticle and its properties (magnetic, optical, electronic, ect).
Furthermore, recent interest joining two or more nanoparticles through nucleation and growth of a
particle(s) on the surface of ‘seed’ nanoparticles forms hybrid nanocrystals which possess
multiple surface compositions and functionalities. Engineering multiple surfaces epitaxially
joined in a single hybrid nanocrystal is powerful for designing new materials. In addition,
colloidal synthesis of hybrid nanocrystals involves judicious selection of reaction conditions that
promote heterogeneous nucleation of a target solid onto preformed nanocrystal seeds, while
avoiding conditions that result in isolated single-component particles continues to be a challenge.
As magnetic nanoparticle heterostructures and assemblies become more complex, new analytical
techniques will be needed for the purification of the integrants as well as characterization of the
resulting structures.
To address these challenges we have developed a purification technique called
differential magnetic catch and release (DMCR), reported in Chapter 2, which magnetically traps
and releases magnetic nanoparticles in an open tubular capillary wrapped between two narrowly
spaced electromagnetic poles. First, we use DMCR to separate polydisperse CoFe2O4 magnetic
nanoparticles by trapping them in a high magnetic field. As the magnetic field is stepped down,
small nanoparticles are released followed by larger nanoparticles upon subsequent lowering of the
magnetic field. This method separates a polydisperse sample containing magnetic nanoparticles
less than 20 nm in diameter into monodisperse fractions. No other separation technique has been
able to accomplish this type of separation. By applying fluid force and magnetic force equations,
we estimate the magnetic moments of each nanoparticle fraction. Providing analytical
methodologies to obtain size monodisperse and pure magnetic nanoparticles samples in solution
will contribute to nanoparticles applications in a variety of fields.
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To develop DMCR into a useful tool for the scientific community the quantitative metrics
that will make this method more broadly applicable in nanoparticle research were studied in
Chapter 3. Using Au and CoFe2O4 nanoparticles as model systems, the loading capacity is
determined to be ~130 mg, and is scalable to higher quantities, ~1 mg per injection, with larger
bore capillary. Peak resolution in DMCR is externally controlled by selection of the time at which
the magnetic flux density is changed; however, longer capture times are shown to reduce the
capture yield. In addition, the MNP capture yields are observed to depend on the nanoparticle
diameter, mobile phase viscosity and velocity, and applied magnetic flux density. Using these
optimized parameters, three samples of CoFe2O4 nanoparticles whose diameters are different by
less than 10 nm are separated with excellent resolution and capture yield, demonstrating the
capability of DMCR for separation and purification of magnetic nanoparticles.
As discussed above, accessing pure hybrid nanocrystal samples is challenging, given the
competition between heterogeneous seeded growth and the nucleation of isolated particles. In
Chapter 4, DMCR is applied to the separation, purification, and magnetic interrogation of hybrid
Au-Fe3O4 and FePt-Fe3O4 heterodimers. DMCR facilitates the removal of Fe3O4 nanoparticle
impurities from as synthesized Au-Fe3O4 hybrid particles, yielding a purified Au-Fe3O4 sample
with a significantly higher magnetic moment. DMCR also facilitates the purification of FePtFe3O4 heterodimer samples and the identification of magnetic polydispersity in FePt-Fe3O4
nanoparticles that are otherwise statistically identical in morphology and size.
In Chapter 5 results using DMCR to monitor chemical reactions are discussed. Many
characteristics of nanoparticles affect their magnetic properties i.e. size, composition,
crystallinity, phase purity etc. DMCR provides a method to assess these characteristics during a
reaction and plot the kinetics of these transitions. Insights into nanoscale reaction kinetics will
allow mechanistic insights for designing high quality nanocrystal syntheses that produce well
defined pure products. The crystallization of Fe3O4 is tracked using X-Ray diffraction analysis. In
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conjunction, DMCR is used to quantitatively assess the crystallization by magnetically tracking
the reactions progress.
Current work looks to push the fractionating power of DMCR to new levels. Chapter 6
discusses general data and methods not published and also provides some ideas on the future
development and application of DMCR. Temperature control in differential magnetic catch and
release could play an important role in the ability to catch nanoparticles with small magnetic
moments. At low temperature magnetic nanoparticles act “more magnetic” because thermal
fluctuations do not play as great a role in disrupting their magnetic dipole alignment with an
external magnetic field. Separation of various shape magnetic nanoparticles is also interesting for
using these shapes as building blocks for nanostructures and the characterization of shape pure
samples crystal faces.
In conclusion, as magnetic nanostructures become more complex the development of new
separation and purification techniques will become paramount to the success of precise
nanostructure construction. DMCR enables interrogation of the magnetic properties of pure
samples that are free from ensemble averaging effects, which are otherwise unavoidable (and
often undetectable) in as-synthesized samples. One of the areas in which magnetic nanomaterials
have enormous potential is in the medical field. Applications range from magnetic imaging
contrast agents, theranostic agents, to complex drug delivery vehicles.123 Feridex, an iron oxide
based MRI contrast agent, was the only magnetic nanoparticle based drug, but has recently has
been disapproved by the FDA and removed from the shelves. DMCR is uniquely positioned to
provide validation of purity and homogenous magnetic properties for magnetic materials in the
medical industry.
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Chapter 2

Differential Magnetic Catch and Release: Analysis and Separation of
Magnetic Nanoparticles
“Too many authors do not expend much effort in separation-purification of their
nanoparticle products, including separation-purification of hybrid nanoparticles; this work
addresses that problem for magnetically functional nanoparticles.”
– Royce W. Murray, University of North Carolina, Chapel Hill

2.1 Introduction
Intense interest in magnetic nanoparticles that are superparamagnetic1-4 has arisen from
their potential applications ranging from clinical diagnostics to industrial processes. Magnetic
nanoparticles (MNPs) have been employed for magnetic spin-based data storage,5 sealing and
hydrodynamic damping in ferrofluids,6 hypothermia treatment of cancer cells,7 and as MRI
contrast agents.8,9 Because they have dimensions of similar magnitude to many biomolecules,
magnetic nanoparticles are capable of interacting with biological species both in vitro and in vivo.
This together with their high surface to volume ratio uniquely fits a critical niche for separations
of cells and other biological species.10 However, benchtop magnetic separation methodologies
have been largely focused on separation and handling of micron sized magnetic particles,
primarily in microfluidic chips and commercially available magnetic separation columns.11-17
To improve the efficiency and control of magnetic microbead manipulation in
microchips, the magnetic flux and gradient have been increased by incorporation of
ferromagnetic materials,11,13 integrated electromagnets,18 or both of these.12 Other complex
methodologies including traveling wave magnetophoresis19 and particle transport by magnetic
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ratchet potential20 have been developed. Most of these report the magnetic manipulation of
microparticles, and there is a paucity of work describing magnetic transport and separation of
nanoparticles (< 100 nm) despite their promise in emerging technologies.21
Our interest in bottom up assembly of magnetic structures has led us to investigate
nanoparticle synthesis, functionalization, and magnetic transport.22 It is well understood that the
magnetic properties of nanoparticles are strongly affected by both composition and size.23 To
probe and understand the fundamental properties of magnetic nanostructures, development of
methods to produce monodisperse samples are needed. Synthesizing perfectly monodisperse
particles or structures is a formidable challenge, so that complementary separation tools are
needed. This has led us to develop methods for the separation of polydisperse nanoparticle
samples into monodisperse fractions.
We have previously described the use of capillary magnetic field flow fractionation (FFF)
to affect the transport of magnetic nanoparticles in flowing streams.24 This approach used a fused
silica capillary wound around the edge of a permanent NdFeB magnet, and was able to separate a
mixture of 6 nm diameter γ-Fe2O3 and 13 nm diameter CoFe2O4 particles using a flow velocity
gradient. However, analysis of the data using FFF theory25 gave estimates of the particle magnetic
moments that differed from SQUID magnetometry data by orders of magnitude. This was likely a
result of imprecise positioning of the capillary around the permanent magnet; an additional
drawback of this approach was inability to adjust the magnetic field strength. To address these
issues, and to be able to accurately analyze and separate complex mixtures of nanoparticles, in
this paper we report the design of a magnetic separation system that incorporates an
electromagnet into a capillary system. Control over the magnetic flux allows for application of
magnetic programs that (in conjunction with variation in solvent flow rate) enable analysis of
magnetic particles and separation of particle mixtures. Separation is accomplished by taking
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advantage of the size dependent magnetic moments of superparamagnetic nanoparticles, which
allows us to separate and isolate particles that are less than 10 nanometers different in diameter.

2.2 Experimental.

2.2.1 Chemicals.
Oleic acid (Aldrich), oleylamine (Aldrich), hexane (EMD), Co(acac)2 (Acros) , Fe(acac)3
(Strem Chemicals), 1,2-hexadecanediol (Aldrich), benzyl ether (Acros) were used as received
from the manufacturer. Hexadecanethiol stabilized Au nanoparticles were prepared according to
literature methods.26

2.2.2 Synthesis of Nanoparticles.
Synthesis of CoFe2O4 nanoparticles were carried out via literature methods.27 Briefly,
CoFe2O4 nanoparticles were synthesized by combination of Fe(acac)3 (2 mmol), Co(acac)2 (1
mmol), 1,2-hexadecanediol (10 mmol), oleic acid (6 mmol), oleylamine (6 mmol), and 20 mL
benzyl ether, which were mixed and stirred in a round bottom flask under a flow of nitrogen. The
solution was then rapidly heated to 200o C for 2 hours and the temperature increased (~3o C/min)
to reflux for 1 hour. The heat was removed and the mixture cooled to room temperature. The
nanoparticles were precipitated by addition of ethanol and isolated via centrifugation. After
decanting the supernatant the precipitate was redispersed in hexane in the presence of oleic acid
and oleylamine. The solution was again centrifuged to remove any aggregates or insoluble
particles, the soluble particles were precipitated with ethanol, centrifuged, and redispersed in
hexane three times. The final particle sample was redispersed and stored in hexane. Larger
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CoFe2O4 nanoparticles were synthesized using smaller nanoparticles as ‘seeds’ using standard
literature methods.27 The seeded growth particles were isolated from the reaction matrix by
precipitation and centrifugation as described above.

2.2.3 Analysis of Nanoparticles.
Transmission electron microscopy images of nanoparticle samples were obtained by
allowing a drop of dilute nanoparticle solution to evaporate on a 300 mesh carbon coated Cu grid
(EM Science) transmission electron microscope (TEM) grid. Images of the nanoparticles were
obtained with a JEOL-1200EXII TEM operating at 80 keV. Sizes of the nanoparticles are
determined using ImageJ software; the diameter and standard deviation are reported by analyzing
at least 100 nanoparticles from different areas of the TEM grid.

2.2.4 Magnetic Separation Instrumentation.
The separation system uses a Shimadzu LC-10AT HPLC pump, a VICI Cheminert six port
injector, and an electromagnet (GMW Magnetic Systems Inc. Model 3470), Figure 2.1. The
water cooled electromagnet has two 40 mm diameter poles that are held at a fixed gap of 1.3 mm.
A 40 mm diameter, 1.3 mm thick non-magnetic spacer with a rectangular notch to the center of
the disk is placed in the air gap and clamped in place using the poles. A gaussmeter (Magnetic
Instrumentation Inc. Model 907) is used to measure the magnetic flux produced by the
electromagnet by placing the transverse hall probe into the notch of the spacer. Fused silica
capillary (90 cm length, 250 m inner diameter, 350 µm outer diameter Polymicro TSP250350) is
wrapped around the circumference of the non-magnetic spacer four times, yielding a 50 cm
length of capillary in the magnetic field area. The placement of the fused silica capillary allowed
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for a maximum magnetic flux and magnetic flux gradient of ~1.9 T and ~460 T/m respectively.
The ends of the capillary are attached to the six port injector and the detection cell, respectively.
A detection window in the capillary is made by removing the polyimide coating with a flame; this
transparent window is then inserted into the fiber optic detection cell. Detection is performed
using a fiber optic light source (UV/Vis Analytical Instrument System Inc.) and a detector (Ocean
Optics USB2000) by monitoring the absorbance at 280 nm and recorded with computer data
acquisition software (Ocean Optics OOIBase32). Using hexane as the mobile phase, 1.3 µL
injections of nanoparticle solutions were introduced into the system.
The manner in which the capillary is wrapped around the non-magnetic spacer is VERY
important for an efficient separation. Starting from the detector the first two coils should be in the
center of the non-magnetic spacer. The last two coils should be nearest to the poles of the
electromagnet. Wrapping the column in this way allows the nanoparticles to feel the magnetic
field in a uniform manner. From my experience the nanoparticles are trapped within the first two
coils of the column. The middle two coils could potentially be removed, the air gap between the
poles could be decreased, and the experimental times would be decreased.
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Figure 2.1: Schematic of the instrumental apparatus. (A) Block diagram of the instrument. (B)
Electromagnet poles with water cooled electrical coils (█). 1.3mm air gap between the pole faces
where a non-magnetic spacer is inserted, fused silica capillary is then wrapped around the spacer
4x. (C) Comsol surface plot model of the magnetic flux density where the capillary is placed.
(D) Magnetic flux decay over the outer diameter of the capillary at the location indicated by the
line in C.

54
2.3 Results and Discussion
Our earlier work demonstrated the ability to affect the retention of magnetic nanoparticles
in capillaries by orthogonal application of a magnetic flux gradient with a permanent magnet. To
improve the separation efficiency and analytical power of this approach, we have developed a
modified system that incorporates an electromagnet whose flux is measured and computationally
modeled to more precisely tune and control the retention and separation of nanoparticles.

2.3.1 Magnetic Separation Apparatus.
The electromagnet unit consists of two ferromagnetic poles that are separated by a 1.3
mm distance and housed by water cooled copper coils Figure 2.1B; current is varied between 0 –
5 amperes producing 0 – 2 T magnetic flux densities. Magnetic flux densities were
experimentally measured (with mT precision) with a hand-held gaussmeter at the center of the
two poles. To aid in our understanding of the flux of the electromagnet, computational modeling
using Comsol Multiphysics® was also performed: this provided a first approximation of the flux
density and gradient, and guided the experimental design to maximize the force exerted on the
magnetic particle samples. A calculated surface magnetic flux plot, showing the magnetic flux of
the electromagnet, is in Fig 2.1C. This model, together with physical measurements of the flux at
the center of the poles, is used to determine the magnetic field gradient across the outer diameter
of the fused silica capillary. To exert the maximum amount of force on a particle, the fused silica
capillary was wound around a 1.3 mm thick nonmagnetic spacer at a distance 20 mm from the
center of the poles. Positioning the capillary at this location provides a maximum amount of
magnetic flux and gradient. Table 2.1 details the specific magnetic fluxes used in typical analyses
of magnetic nanoparticles.
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Our goal is to separate magnetic nanoparticles on the basis of the magnetic force (FM)
exerted on them, which is dependent on the type and volume of particle. 24,28,29 In our system the
magnetic fields used are sufficiently large to saturate the magnetization of the nanoparticles. In
this case, FM is related to the volume magnetic moment of the particle (m) by:14,30

FM  m   B

Eq. (2.1)

where m is the magnetic moment (A·m2) and B is the magnetic flux gradient (T/m). In a size
monodisperse nanoparticle sample, FM is approximately the same for all particles in the
population.
The CoFe2O4 nanoparticles that are used to test this separation methodology are
superparamagnetic,24,31so that application of a magnetic field causes their magnetization, however
this is reversible after removal of the field. It is understood that as the size of the CoFe2O4
nanoparticles increases, m increases, which would result in increasing FM.24,32 To test this,
magnetic CoFe2O4 nanoparticle samples were prepared, and their shape and size dispersity were
quantitatively determined using statistical analysis of transmission electron microscope (TEM)
images. TEM images of four particle samples, Figure 2.2, respectively show that the particles are
uniformly spherical and have diameters of 8.4 ± 1.5, 12.0 ± 1.2, 13.7 ± 1.3 and 17.0 ± 1.2 nm.
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Table 2.1: Relative Magnetic Flux and Gradients used in the Differential Magnetic Catch and
Release Experiments.
Magnetic Fluxcenter
Magnetic
Magnetic Flux
(T)a
Fluxedge (T)b
Gradient (T/m)c
0.000
0.250
0.500
0.750
1.000
1.250
1.500
1.750
2.000
a

0.000
0.238
0.476
0.714
0.951
1.189
1.427
1.665
1.903

0.000
57.500
115.000
172.500
230.000
287.500
345.000
402.500
460.000

Magnetic flux density at the center of the electromagnet poles, measured with a gaussmeter.
Calculated flux density at the outer edge of the electromagnet pole. cMagnetic flux gradient
across the capillary, determined using Comsol Multiphysics model as in Figure S1 with measured
Bcenter inputs.
b
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Figure 2.2: Transmission electron microscopy images of the original samples of CoFe2O4
nanoparticles with scale bars as indicated. (A) 8.4 ± 1.6 nm; (B) 12.0 ± 1.2 nm; (C) 13.7 ± 1.3
nm; (D) 17.0 ± 1.2 nm diameter. Insets: Histograms of particle diameters.
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2.3.2 Effect of Magnetic Field and Flow Velocity.
To investigate the properties of the magnetic nanoparticle samples, each pure 3.0 ppm
sample was individually injected (1.3 µL) onto the capillary column. For example, Figure 2.3
shows the resulting change in absorbance that is observed in the down-stream optical detector cell
as a function of the applied magnetic field when 12 nm diameter CoFe2O4 particles are injected.
Figure 2.3 shows that in the absence of a magnetic field a Gaussian peak is observed (black line),
however, when magnetic fields are applied, both peak area and height decrease while the peak
broadens and becomes skewed to the right. Analogous effects are observed for each of the
CoFe2O4 nanoparticle samples. Using 3 nm diameter Au nanoparticles as a nonmagnetic control
sample, under identical conditions applied magnetic fields have no effect on the shape, area,
height, or retention time of the eluted peak, Figure 2.4. In Figure 2.3 the retention time is
defined as the time at which the maximum peak absorbance of the eluted fraction is observed; this
increases linearly with inverse flow rate as we have previously reported and analytically
characterized.24 The dead time (time to elute under no magnetic field) is subtracted from the
retention times at their respective flow rates in (Figure 2.3 Inset) and plotted as a function of the
product of the magnetic flux and magnetic flux density ((B·)B, in T2/m). Using a constant flow
rate, the retention time for a magnetic nanoparticle is linearly dependent on (B·)B . The extent
to which the magnetic flux density affects the retention time is dependent on the solvent flow
rate: faster solvent velocities reduce the impact of magnetic field on the particle retention time.
Conversely, at slow flow rates even relatively small applied magnetic flux densities have large
impact on the particle retention.
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Figure 2.3: Chromatograms obtained following injection of 12 nm diameter CoFe2O4
nanoparticles at a flow rate of 30 µL/min and (black line) 0.0; (red) 0.50; (green) 0.750; (yellow)
1.0; and (blue) 1.25 T magnetic flux densities. Inset: Plot of the elution time of the peak (retention
time) versus the quantity ( (·B)B) for 12 nm diameter CoFe2O4 particles at constant flow rates
(black ●) 10; (red ■) 20; (green ▲) 30; and (blue ♦) 40 µL/min.
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Figure 2.4: At 10 µL/min, 1.3 µL, 3 ppm injection of mL of ppm 3 nm diameter Au

nanoparticles in hexane under 0 T (no magnetic field,▬) and under a 2 T magnetic field
(▬ ▬).
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A striking observation during these experiments is that the peak area dramatically
decreases as magnetic field increases, which was not observed in our earlier CMFFF experiments
with constant magnetic flux densities.24 However, by turning off the applied magnetic field during
the chromatographic experiment, elution of a second peak is observed. Figure 2.5A shows an
example of these chromatograms using 17 nm diameter CoFe2O4, with the point at which the
magnetic field was removed indicated with the red hash mark (Λ). At higher flow rates and low
applied magnetic fields the second peak of eluting nanoparticles is small or not observed.
However when slower flow rates and higher fields are used, after the magnetic flux density is
reduced to 0 T a substantial peak elutes. We attribute the second peak to nanoparticles that are
trapped in the capillary by magnetic forces, which when removed allows them to exit in the
flowing stream.
The relative amounts of particles that are eluted in the first (untrapped) and second
(trapped) peaks vary with the size of the magnetic particle, the strength of the applied magnetic
field, and the solvent flow rate. As the fluid flow rate increases, larger applied magnetic fields are
needed to trap the particles in the capillary. The inset of Figure 2.5A shows the relative peak
areas for the untrapped and trapped peaks from the 17 nm diameter CoFe2O4 sample as a function
of applied magnetic flux density at constant flow velocity. These data indicate that as the
magnetic force acting on the particles increases, a smaller fraction of the particles elutes from the
capillary and a proportionately larger fraction of particles is trapped and does not elute until the
magnetic field is removed. The relative amounts of particles that are untrapped and trapped vary
with the solvent velocity: as the fluid flow rate increases, larger applied magnetic fields are
needed to trap the particles in the capillary. We note that the area of the second peak, and
therefore the amount of particles that are trapped, never reaches 100% of the absorbance of the
initially injected sample. This is most likely a result of tailing and much longer elution times for
nanoparticles that exit the capillary below the detection threshold of the detector.
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Figure 2.5: (A) Chromatograms following injection of 1.3 µL of a 3.0 ppm solution containing
17 nm diameter CoFe2O4 particles in hexane at (black ──) 0 T; (red ──) 0.25 T; (green ──) 0.5
T; (yellow ──) 0.75 T; and (blue ──) 1.0 T and 10 µL/min flow rate. The red hash mark ()
indicates the time at which the magnetic field was removed. Inset: Plot of the untrapped (black
●) and trapped (red ▼) peak areas vs applied magnetic flux density. (B) The quantity ((B·)B)
required to retain 50% of particles vs solvent flow velocity for (black ●) 8; (red ■) 12; and
(green▲) 17 nm diameter CoFe2O4 particle samples.
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These data (such as shown in the Figure 2.5A inset) are used to determine the magnetic
flux density at which ~ 50% of the particles are magnetically trapped by using the crossing points
of the two curves (indicated with a dashed line) as a function of flow rate and particle size.
Quantitative description of the system is obtained by considering the force of the (pumped) fluid
pushing the particles through the capillary versus the orthogonal force pulling them toward higher
magnetic field. The force of the flowing laminar stream on the nanoparticle, FD (in N), is
described by the equation.16,33

FD  6RΔv

Eq. (2.2)

where  is the solvent viscosity (kg/m∙s); R is the hydrodynamic radius (m); and Δv is the
difference between the mobile phase and nanoparticle velocities (m/s). Due to the parabolic flow
profile in the capillary, the fluid velocity is slower at the walls than at the capillary center; the
average velocity is used to estimate the average FD acting on the particles. Orthogonal to this is
the magnetic force described by Eq 1. We hypothesize that at the crossing point of the curves in
the Figure 2.5A inset, FD ≈ FM and therefore by substituting in Eqs 1 and 2 and rearranging:

B 

6R
Δv
m

Eq (2.3)

This equation predicts a linear relationship between the magnetic flux gradient B and
the linear solvent velocity (v). Figure 2B plots the solvent velocity vs. the calculated B that is
necessary to retain 50% of the nanoparticles. For the series of three CoFe2O4 particle sizes, an
approximately linear relationship is observed over a range of flow velocities.
The slopes of these lines are used to calculate the magnetic moment of each nanoparticle
sample: values are 5.67 x 107, 2.50 x 108, 1.27 x 109 Bohr magnetons are determined for the 8, 12
and 17 nm diameter CoFe2O4 particles (Figure 2.2), respectively. The increase in moment with
size is consistent with trends reported in the literature and reported SQUID magnetometry
measurements,24,27,33 however they are ~ 103 larger in magnitude than expected. This is likely a
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result of an overestimate of FD when using the average flow velocity in the capillary. As in field
flow fractionation, the particles are pulled to one wall by the magnetic field and accumulate in a
thin layer. Modeling the parabolic flow profile in the 250 m diameter capillary, the solvent flow
rate and therefore FD acting on the particles held within ~ 1 m of the wall provide physically
reasonable values of m (~ 104 – 106 bohr magnetons). Our on-going modeling of the flow and
magnetic gradients in the capillary aim to provide more quantitative methods for analyzing m.
Electron microscopy was used to examine samples eluting from the capillary, assess the
sizes of the particles, and check for aggregation as possible sources for the peaks observed in the
chromatograms. For example, a 1.3 L volume of 3.0 ppm 17 nm diameter CoFe2O4 particles
(Figure 2.6A Inset) was injected onto the capillary at a flow rate of 25 µL/min with an applied
magnetic flux density of 0.500 T, resulting in the trace shown in Figure 2.6B. Initially, a broad
peak exits the capillary (starting at ~ 100 sec) and after a period of 385 seconds the magnetic field
was turned off to allow trapped nanoparticles to elute. Fractions were collected from each peak
and analyzed by TEM; the Figure 2.6C and D insets contain images of the particles from the first
and second fractions, respectively.
The particle size distribution in Figure 2.6C shows that the particles that exited in the
first fraction had a smaller average diameter (12.4 nm) and a larger size dispersity (28%) than the
particles that had been magnetically trapped, which had an improved size dispersity of 11.6% and
an average diameter of 16.7 + 1.94 nm. The smaller average size of the particles in Figure 2.6C
results from the many particles of smaller diameter (~8 nm diameter) that are present in the
sample. Although these were not observed in the TEM images of the original sample (Figure
2.6A Inset), they are most likely unreacted ‘seeds’ used for the synthesis of the 17 nm
nanoparticles.27
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Figure 2.6: (A) Chromatogram obtained of 1.3 µL injection of 17 nm diameter CoFe 2O4
particles in hexane at a flow rate of 25 µL/min and an applied magnetic flux density of 0.50 T.
Histograms of the particles sizes observed in the transmission electron microscope images of: (B)
the original sample (17.2 ± 2.3 nm diameter); (C) an aliquot from the untrapped fraction (12.8 ±
3.6 nm diameter); and (D) aliquot from the trapped fraction (16.7 ± 1.9 nm diameter). Insets:
representative TEM images of these fractions. Scale bars are 50 nm.
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No chemical reactions take place in the capillary, no degradation takes place during the ~ 13
minute separation, and the smaller particles are only observed when larger particles are
magnetically trapped. This observation highlights the power of this technique to remove trace
amounts of small particle impurities and produce more highly monodisperse magnetic
nanoparticle samples.

2.3.3 Separation of Magnetic Nanoparticles: Resolution of Various Sizes.
These experiments make it clear that analytical separations of nanoparticles utilizing
differential trapping based on variation of FM can be expected to be far more effective rather than
the small differences in retention times of untrapped peaks.24 To test this approach for separating
particle mixtures, a sample was prepared containing 3 ppm each of 8 nm and 14 nm diameter
CoFe2O4 nanoparticles. This mixture was loaded onto the capillary at a constant flow rate of 10
µL/min. Figure 2.7A shows the resulting change in absorbance as the particles elute in the
absence (black line) or presence (red line) of a magnetic field. When no field is applied, the
particles elute in a single, very sharp peak. The TEM image of a fraction collected from the peak
in the absence of a magnetic field (Figure 2.7B) clearly shows a mixture of two particle sizes in
the sample.
However, when the sample is introduced in the presence of an optimized magnetic field
program (Figure 2.7A, green line), three eluted peaks are observed. At the initially high field
strength, the first to elute (peak C) is smaller and has a longer retention time than the unretained
peak at 0 T; TEM analysis of this fraction (Figure 2.7C) reveals that it contains primarily small
7.97 + 1.53 (19.2%) nm diameter nanoparticles. After 1200 seconds, the magnetic flux was
reduced to 0.6 T, at which point peak D eluted from the capillary; the magnetic field was
removed after 2400 seconds so that any remaining trapped nanoparticles eluted (peak E).
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Figure 2.7: (A) Chromatogram (red line) of a solution containing 8 and 14 nm diameter CoFe 2O4
nanoparticles sample in the absence of a magnetic field (black line) and presence of a magnetic
field (red line), at a flow rate of 10 µL/min and using indicated the magnetic field program (green
line). (B) TEM image of the original particle mixture, which elutes at point B in the
chromatogram with no magnetic field present. TEM images of aliquots from peaks C, D, and E
are shown panels (C), (D), and (E), respectively. Scale bars are 50 nm. (F) Histograms of the
observed particles in aliquots of samples C (green ■); D (black ●); and E (red ▼).
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Fractions collected at the indicated times were analyzed by TEM: these images and the size
distribution histograms show that peaks D and E contain nanoparticles with diameters of 12.4 +
1.7 (13.4%) and 14.6 + 1.28 (8.78%) nm, respectively. Thus, peak E has improved size
monodispersity compared to peaks C and D and the initial sample (B). Since the original sample
was produced by combining 8 and 14 nm diameter CoFe2O4 particle samples, the presence of
three peaks and three different particle populations in the chromatogram is surprising. However,
synthesis of the 15 nm diameter particles was achieved by seeded growth of 12 nm diameter
particles (Figure 2.2) and their isolation in peak D and the narrowing distribution the sample of
larger particles (peak E) is indicative of purification of the larger (15 nm diameter) particle
population.

2.3.4 Separation of Complex Mixtures of Magnetic and Diamagnetic Nanoparticles.
To demonstrate the ability to separate magnetic nanoparticles from non-magnetic
nanoparticles, a solution containing 3 nm diameter Au nanoparticles together with 8 and 14 nm
diameter CoFe2O4 was prepared (overall concentration was 7 ppm, each sample was 2.33 ppm).
Figure 2.8A shows the magnetic program used to separate the nanoparticles and the resulting
chromatogram at 10 µL/min. The magnetic field was initially 0.25 T to decrease the physical
interaction of the nanoparticles (i.e. magnetic attractions) and therefore improve the resolution.
Instead of trapping all of the magnetic particles at the beginning of the capillary with a high
magnetic flux, the stepped increase of the magnetic flux allows the largest nanoparticles to be
trapped earlier on the capillary, while the smaller nanoparticles are largely unaffected and travel
downstream. These are subsequently trapped when the magnetic field is increased to 2 T and
varied as in Figure 2.8A.
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Figure 2.8: (A) Chromatogram of a solution containing Au nanoparticles with 8 and 14 nm
diameter CoFe2O4 particles together with the magnetic field program (red line). (B) Histograms
of the TEM images of particles in aliquots of the peaks labeled in the chromatogram (black ●) C;
(red ■) D; (green ▲) E; (blue ♦) F. Representative TEM images of these fractions in: (C) 7.5 ±
1.3 nm diameter; (D) 12.1 ± 1.5 nm diameter; (E) 13.5 ± 1.3 nm diameter; (F) and 15.5 ± 1.4 nm.
Insets contain higher magnification images.
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Several fractions of magnetic nanoparticles are isolated using this magnetic program:
Figures 2.8C – F contain TEM images of the aliquots of these peaks, with their normalized size
distributions shown in Figure 2.8B. The first fraction to elute (peak C) under a 2 T magnetic flux
contains predominantly 3 nm diameter Au nanoparticles with a small portion of 8 nm diameter
CoFe2O4. When the field is released and dropped to 1.25 T, peak D elutes and the TEM shows
that it contains particles that are 12 nm diameter (12.1 % dispersity). Dropping the field to 0.6 T
allowed peak E to elute, which contained 14 nm diameter CoFe2O4 (9.77%), and the final fraction
(peak F) contains CoFe2O4 particles with an average size of 15.5 nm (9.26%) eluted when the
field was removed.
Interestingly, although the Au nanoparticles are not magnetic and in separate trials using
only Au nanoparticles showed these solutions were unaffected by the applied magnetic field
(Figure 2.4), Au nanoparticles are observed in some of magnetic particle fractions. For example,
both fractions D and E contain CoFe2O4 particles together with small 3 nm diameter Au
nanoparticles closely associated with CoFe2O4, which co-eluted after the applied magnetic
program allowed them to be released (Figure 2.8C, D). The presence of Au particles in the
magnetic fractions suggests favorable interparticle interactions holding the particles together. We
note that in TEM images of a fraction collected in the absence of an applied field (Figure 2.9),
shows some closely associated Au and CoFe2O4 particles but these are not commonly observed.
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Figure 2.9: TEM image of nanoparticle mixture (3 nm diameter Au nanoparticles with 8 and 14
nm diameter CoFe2O4 particles in hexane) injected onto the capillary at 10 µL/min without a
magnetic field applied. Scale bar is 100 nm.
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Presence of the Au particles could be due to their physical confinement with the
magnetically trapped magnetic nanoparticles in the capillary, and eventual release when the
magnetic field is decreased. However, the lack of isolated Au nanoparticles on the TEM grid and
the observation that they are largely present as tightly associated with the CoFe2O4 particles
makes this less likely. Furthermore, we observed that in the presence of the Au particles,
trapping of the magnetic particles required higher magnetic fluxes. In consideration of
Equations 2.1 – 2.2, this result points to an increase in the effective hydrodynamic radius of the
magnetic particle as a result of closely associated Au particles. This would give rise to a larger
FD but leave FM unchanged, and therefore require greater magnetic field strengths to retain the
CoFe2O4-Au aggregate.

2.4 Conclusion
Ongoing experiments in our lab aim to determine the extent and cause of the Au-CoFe2O4
association in the capillary under magnetic forces and probe the impacts of surface chemistries on
these interactions, and to begin to apply differential magnetic catch and release for separation of
more complex nanoparticle structures.
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Chapter 3

Differential Magnetic Catch and Release: Experimental Parameters for
Controlled Separation of Magnetic Nanoparticles
“I was drawn to nanotechnology because by shrinking structures to this size scale you
can fundamentally alter the electronic, optical, and mechanical properties of a material and use
them in ways that were previously thought impossible.”
- Sameer Walavalkar, physicist, CalTech

3.1 Introduction
Growing interest in using magnetic nanoparticles as drug delivery vehicles,1 magnetic
resonance imaging contrast agents,2 for capture probes and sensors,3,4 and as components in
nanostructures has led us to develop analytical tools5,6 to complement existing methods for their
synthesis and functionalization. Magnetic nanoparticles with diameters less than 20 nm are
generally superparamagnetic7 (i.e. have a net magnetic moment only in the presence of a
magnetic flux density), but like many types of nanoparticles are often difficult to synthesize with
monodisperse sizes.8 For example, the best synthetic preparations typically report size
monodisperse particles as samples having distributions of diameters with + 10% deviation about
their average. Analogous to the use of chromatographic separation techniques in organic
synthesis, tools for separation and analysis of magnetic nanoparticles that are broadly applicable
would be advantageous. Furthermore, the separation of nonmagnetic and magnetic nanocomponents is important due to the interest in building nanostructures with integrated plasmonic,
semiconducting, fluorescent, catalytic, optical, and magnetic properties. Magnetic separations
will play a vital role in the purification and subsequent characterization of these products.
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Separations that use magnetic capture of magnetic microbeads are relatively
common9,10,11 however the separation of nanoscale magnetic particles with sizes less than ~ 20 nm
has received relatively little attention despite their importance in emerging technologies.12 Many
of these focus on the extraction of a target species13 with magnetic nanoparticles. Microcapillary
hydrodynamic chromatography (HDC) has been used to separate colloidal particles with sizes
0.07 to 40 µm.14 Field flow fractionation (FFF) uses open channels to perform separations of a
variety of samples with nanoscale dimensions including particles, polymers, and
macromolecules.15 For example, quadropole magnetic field flow fractionation has been used to
separate and characterize magnetite (Fe3O4) magnetic nanoparticles.16 High gradient magnetic
separations have separated colloid suspensions of particles or clusters of particles but with a
lower limit of ~ 40 nm diameter nanoparticles.17 Separation of two sizes of Fe3O4 nanoparticles
has been reported using low magnetic fields and a commercial separator column packed with
steel wool, although the propensity of magnetic nanoparticles to irreversibly stick to the column
packing makes this technique impractical.18
Our focus has been the separation and manipulation of magnetic nanoparticles with sizes
less than 20 nm because these are typically superparamagnetic and have dimensions that are
compatible for bioanalysis and medical applications. We recently described a new technique,
differential magnetic catch and release (DMCR), for the separation of polydisperse magnetic
nanoparticles into monodisperse fractions and analysis of magnetic moments.5 DMCR is similar
to microcapillary HDC in that it does not use a stationary phase, but like FFF relies on an external
field to effectively separate target analyte. DMCR uses an externally applied magnetic flux to
exert force on magnetic nanoparticles and retain them in the capillary. Magnetic force, FM, is
described by the equation:9,11,19
(

)

Eq. 3.1
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where m is the magnetic moment (A·m2) and B is the magnetic flux gradient (T/m). Magnetic
properties of nanoparticles such as blocking temperature and magnetic moment are dependent on
the type and volume of particle,6c,20,21 and thus the magnitude of FM and the retention during
DMCR varies for different nanoparticles. In our initial report, we demonstrated the effects of
magnetic flux density and solvent flow rate on the retention of CoFe2O4 magnetic nanoparticles.
This was applied to the separation of Au and CoFe2O4 particles, and to the separation of two sizes
of magnetic particles. In both cases, separation was achieved but using conditions that led to peak
broadening and non-optimal efficiencies leading to overlap in the Gaussian distribution of
magnetic nanoparticle diameter for eluting peaks.
In this chapter we report a series of experiments designed to further validate this
approach and to elucidate the experimental parameters that may be tuned to enable separation of
complex mixtures of magnetic nanoparticles using DMCR. Using mixtures of Au and CoFe2O4
nanoparticles as model systems, the column loading capacity, resolution, capture yield, and
effects of mobile phase viscosity on separation in DMCR are examined. We demonstrate for the
first time the separation of a mixture containing three different samples of magnetic nanoparticles
with excellent peak resolution and efficiency. These results provide the necessary framework to
enable the broad use of DMCR for magnetic nanoparticle separation and analysis.

3.2 Experimental

3.2.1 Chemicals
Oleic acid 90 % (Aldrich), oleylamine 70 % (Aldrich), hexane (EMD), pentane (Alfa
Aesar), toluene (EMD), carbon tetrachloride (Acros), Co(acac)2 (Aldrich), Fe(acac)3 (Strem), 1,2tetradecanediol (Aldrich), benzyl ether (Acros), tetralin (Aldrich), Au tetrachloroaurate (Acros),
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borane tert-butlyamine (Aldrich) were used as received. Mobile phase for the separations of
magnetic nanoparticles was de-gased by sonication under reduced pressure before use.

3.2.2 Synthesis of CoFe2O4 Nanoparticles
Synthesis of CoFe2O4 nanoparticles were carried out via slightly modified high
temperature reduction methods.22 Synthesis of CoFe2O4 nanoparticles were carried out via
slightly modified literature methods. Briefly, CoFe2O4 nanoparticles were synthesized by
combination of 0.706 g Fe(acac)3 (2 mmol), 0.356 g Co(acac)2 (1 mmol), 2.304 g 1,2tetradecanediol (10 mmol), 1.69 g oleic acid (6 mmol), 1.60 g oleylamine (6 mmol), and 20 mL
benzyl ether, which were mixed and stirred in a round bottom flask. The flask was evacuated and
purged with N2 three times, then under a N2 flow the solution was rapidly heated (~17o C/min) to
200o C for 2 hours, and the temperature was then increased at a rate of ~3o C/min to reflux. After
1 hour the heat was removed and the mixture cooled to room temperature. The nanoparticles were
precipitated by addition of ethanol and isolated via centrifugation. After decanting the
supernatant, the precipitate was re-dispersed in hexane in the presence of oleic acid (~0.05 mL)
and oleylamine (~0.05 mL). The solution was again centrifuged to remove particle aggregates or
insoluble particles, the soluble particles were precipitated with ethanol, centrifuged, and redispersed in hexane three times.22b The final particle sample was re-dispersed and stored in
hexane. Larger CoFe2O4 nanoparticles were synthesized using smaller nanoparticles as ‘seeds’
using standard literature methods.22 The seeded growth particles were isolated from the reaction
matrix by precipitation and centrifugation as described above. Transmission electron microscopy
images were collected for each sample, Figure 3.1.
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3.2.3 Synthesis of Au Nanoparticles
The synthesis of Au nanoparticles was carried out following a previously reported
method23 in which HAuCl4·nH2O and oleylamine surfactant are combined with borane tertbutylamine reducing agent and tetralin. The synthesis of Au nanoparticles was carried out
following a previously reported method. In a 3 neck round bottom flask, 10 mL of oleylamine
(~30.3 mmol), 10 mL of tetralin, and 0.1 g HAuCl4·nH2O were stirred at 32o C under a flow of
nitrogen for 10 minutes. A solution of 1 mL tetralin, 1 mL oleylamine, and 0.0435 g borane tertbutylamine (0.5 mmol) was sonicated and injected into the flask, immediately turning the reaction
black/purple, and the stirring was continued for 1 hour at 32o C. Au nanoparticles were isolated
by multiple precipitations with ethanol, centrifugation, and re-suspension in hexane. In a
diagnostic UV-Vis absorbance spectrum, the resulting Au nanoparticles exhibited a characteristic
surface plasmon peak at 522 nm, Figure 3.1E, and were stored in hexane.

3.2.4 Apparatus and Peak Analysis
The separation apparatus is the same as previously described in Chapter 2.5 Briefly, it
uses a Shimadzu LC-10AT HPLC pump, a VICI Cheminert six port injector with a 1.3 µL sample
loop, and an electromagnet (GMW Magnetic Systems Inc. Model 3470). Fused silica capillary
(250 µm i.d., 350 µm o.d. Polymicro TSP250350) with an injector-to-detector length of 90 cm,
50 cm of which is in the electromagnet, is used as the separation column. Controlled placement of
the capillary in the electromagnet allows for a maximum magnetic flux and magnetic flux
gradient of 1.9 T and 460 T/m, respectively. The magnetic flux density and the corresponding
magnetic flux density gradients are reported elsewhere5 and listed in the electronic supporting
information. Detection is performed using a fiber optic light source (UV/Vis Analytical
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Figure 3.1: Transmission electron microscopy images of the CoFe2O4 nanoparticles used (A)
6.90 ± 1.08; (B) 10.63 ± 1.43; (C) 16.62 ± 1.25 nm and (D) ~ 4 nm diameter Au nanoparticles.
(E) UV-Vis absorbance spectra of the Au nanoparticles in hexane.
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Instrument System Inc.) and absorbance detector (Ocean Optics USB2000) by monitoring at 280
nm, recorded with computer data acquisition software (Ocean Optics OOIBase32).

3.2.5 Analysis of Nanoparticles and Fraction Collection
Samples for analysis by transmission electron microscopy (TEM) were obtained by
allowing a drop of dilute nanoparticle solution to evaporate on a 300 mesh carbon-coated Cu
transmission electron microscope grid (EM Science). Fractions were obtained by allowing a
droplet to form on the end of the column, and the TEM grid was then touched to the droplet.
Typically 3 – 4 droplets (~60 µL) were collected per fraction and are representative of the center
of the eluting peak. TEM images of the nanoparticles were acquired using a JEOL-1200EXII
TEM operating at 80 keV. Sizes of the nanoparticles are determined using ImageJ software; the
average diameter and standard deviation are reported by analyzing at least 200 nanoparticles from
different areas of the TEM grid.

3.3 Results and Discussion
DMCR uses differences in magnetic moments and therefore applied magnetic force (FM)
to effect the separation of superparamagnetic nanoparticles in the flowing stream of a capillary.
To investigate and optimize the experimental parameters necessary for well-resolved separations,
Au and CoFe2O4 magnetic nanoparticles are prepared for use as nonmagnetic and magnetic model
systems, respectively. Transmission electron microscopy analysis (Figure 3.1) confirms that the
three samples of CoFe2O4 nanoparticles are generally spherical and have diameters of 6.90 ±
1.08, 10.63 ± 1.43, and 16.62 ± 1.25 nm. The Au nanoparticles are ~4 nm diameter and exhibit
the characteristic plasmon peak at ~520 nm (Figure 3.1E); these are used as nonmagnetic internal
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standards. In the experiments below, solutions containing one or more of these nanoparticle
samples are used to study the DMCR experimental parameters.

3.3.1 Column Capacity.
The loading capacity of the capillary column was characterized to determine the amount
of magnetic nanoparticles that could be analyzed using DMCR without negatively affecting the
elution profile or capture ability. Determining the loading capacity further provides insight into
the feasibility of scaling up magnetic nanoparticle purification and separations by DMCR.
Although the unfunctionalized fused silica capillary column in DMCR does not have a stationary
phase, a magnetic force is applied to retain particles much like the use external fields utilized in
field flow fractionation (FFF).15 Capillary overloading in DMCR is therefore defined as the result
of injection of an abundance of particles such that these are not captured despite application of
sufficient magnetic force. Samples of 10 nm diameter CoFe2O4 nanoparticles, for which we
previously demonstrated that a 2 T applied magnetic flux density was sufficient to trap,5 were
used to test the loading capacity. Figure 3.2A contains the elution profiles of a series of
injections of CoFe2O4 nanoparticles of varying concentration (3 – 300 mg/mL) using a 2 T
applied magnetic flux density and a flow rate of 10 µL/min. As we have previously shown,5 at
this magnetic field (B) and flow rate a void (i.e. untrapped) peak elutes that is the result of small
nanoparticle impurities in the particle sample and when magnetic flux density is removed at 1000
sec, a second peak elutes from the capillary due to the release of 10 nm diameter CoFe2O4
nanoparticles (Figure 3.3). The ratio of the peak areas is therefore a measure of the relative
concentrations of small and large particles in the sample, which is constant used in this series of
injections.
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Figure 3.2: (A) DMCR separation of 10 nm diameter CoFe2O4 nanoparticles in a hexane mobile
phase at a flow rate of 10 µL/min using 1.3 µL injection volume and concentrations 3, 50, 100,
150, 200, and 300 mg/mL nanoparticles in hexane. The initial applied magnetic flux density (2 T)
was turned off at 1000 seconds. Inset is an enlarged view of the void peak. (B) Calibration plot
of the area of the void peak. Line is the least squares fit line to the points. (C) Preparatory scale
DMCR purification of 8.75 mg/mL CoFe2O4 nanoparticles: 700 µm diameter capillary, 70
µL/min flow rate, and 100 µL injection volume. Black line is the elution profile with no applied
magnetic field, red line is the trace corresponding observed with the shown magnetic flux density
program (green line). (D – G) TEM images of CoFe2O4 nanoparticles from the purification in
panel C, corresponding to original sample, peak 1, peak 2, and peak 3, respectively. (H – K) Size
distribution histograms generated from analysis of these TEM images. Average diameter and
standard deviations (nm): 9.3 ± 2.4 n=572; 6.7 ± 1.4 n=401; 8.3 ± 1.5 n=588; 11.8 ± 1.3 n=203,
respectively.
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Figure 3.2A shows that as the nanoparticle concentration increases, the absorbance of the
second trapped peak rises until it is above the limit of the detector. However the void peak serves
as an internal standard to quantitatively determine the maximum loading of the column, since
sample overloading would result in a failure to retain magnetic particles as evidenced by an
increase in area of the void peak. Figure 3.2B shows that the area of this peak increases linearly
with increasing concentration of nanoparticles despite saturation of the signal for the retained
peak. At concentrations higher than 50 mg/mL, significant tailing of the untrapped peak is
observed. TEM analysis of a fraction obtained from the tailing region (for example, at ~ t = 600 –
800 sec. when a 250 mg/mL solution is injected, see Figure 3.3M, N, O) confirms that this is due
to elution of smaller (8.25 ± 1.35 nm diameter) particles. We hypothesize that tailing is largely a
result of dipole-dipole coupling of the small magnetized nanoparticles, which is known to occur
at high concentrations.24 Magnetic coupling results in aggregates with sufficient magnetic
moments that these are retained by the applied magnetic flux density. Although the linearity of
Figure 3.2B suggests that sample overloading does not appear to be a concern, increased
retention of smaller particles at high concentrations limits the use of DMCR to concentrations of
these CoFe2O4 particles to less than ~ 100 mg/mL. Therefore, under these conditions ~ 0.13 mg
of 10 nm diameter CoFe2O4 particles can be analyzed and separated. In the below experiments
that examine experimental parameters for optimizing DMCR, the standard injection size of
magnetic nanoparticles is < 15 µg, well below the mass at which magnetic aggregation is
observed.
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Figure 3.3: Transmission electron microscopy images and corresponding size distribution
histograms of the particles from Figure 1: (A, B and C) untrapped peak; (D, E, F) and trapped
peak for the 3 mg/mL sample. (G, H, I) untrapped peak; and (J, K, L) trapped peak for the 250
mg/mL sample. (M, N, O) TEM images and histogram of the tailing region (600 – 800 sec) of the
250 mg/mL sample.
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These DMCR separations therefore operate on an analytical scale; however we also
conducted experiments to determine the applicability of this technique for preparatory scale
separations using a larger bore capillary (0.70 mm diameter) and a solution with a high
nanoparticle concentration. Figure 3.2C contains the chromatograms following injection of 100
µL of the 8.8 mg/mL solution of as-prepared 12 nm diameter CoFe2O4 nanoparticles: the
transmission electron microscopy image (TEM) in Figure 3.2D and corresponding size
distribution histogram in Figure 3.2H show that the sample is a polydisperse mixture of spherical
particles of varying size. In the absence of a magnetic force a single peak elutes (black line in Fig
3.2C). However using the differential magnetic field program (green line in Figure 3.2C), the
sample is separated into three fractions that are collected and visualized using TEM (Figure 3.2E
– G). Comparison of the peak areas in the chromatogram reveals that ~60% of the nanoparticle
sample is eluted as the purified final peak. Analysis of the sizes of the particles in these images
(Figure 3.2H – K) shows that the initial polydisperse sample contained a population of 8 and 12
nm diameter nanoparticles. The first and second fractions to exit the capillary have average
diameters of 6.7 and 8.3 nm (Figure 3.2E, F), respectively.
The final fraction to elute from the capillary yielded a monodisperse sample of 11.8 nm
diameter nanoparticles (Figure 3.2G, K). In the purified product, the size dispersity has been
improved from 26.0% in the initial sample to 10.6%; these results are identical to those obtained
with a smaller capillary, demonstrating that the purification of the sample is not impacted by
scaling to a larger column and injection size. The data in Figure 3.2C – K bode well for
preparatory scale separations using DMCR. In these experiments, each 100 µL injection contains
~0.9 mg of nanoparticles. Since a typical full-scale preparation of the CoFe2O4 particles produces
~ 200 mg, under these conditions ~100 injections would be necessary to purify the entire sample.
This is readily achievable using automated sample injection and fraction collection, as is typical
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for preparatory scale HPLC. We note that the conditions here have not been optimized for high
sample throughput and speed, which would reduce the 45 min/injection separation time.

3.3.2 Control of Column Parameters.
In DMCR the mobile phase flow rate, magnetic nanoparticle release time, and external
magnetic flux density can be tuned to optimize the separation and enable purification,
characterization and investigation of more complex magnetic nanoparticle samples. We have
previously demonstrated the separation of nonmagnetic (Au) and magnetic (CoFe2O4)
nanoparticles,5 and again rely on this model mixture in a series of experiments designed to
optimize the experimental parameters and study capture and separation efficiency using DMCR.
Figure 3.4A contains a representative TEM image of the mixture of 4 nm diameter Au and 16 nm
diameter CoFe2O4 nanoparticles used for the capture yield experiments. When this mixture is
injected onto the capillary at a flow rate of 10 µL/min and a magnetic flux density is applied for a
period of time and then turned off (release time, Rt, indicated by the  symbol), chromatograms
such as those shown in Figure 3.4D and E are observed. The number of peaks and their
resolution is dependent on the magnitude of the applied magnetic flux (T) and the time that it is
removed. Consistent with our prior study, the void peak that initially elutes corresponds to
unretained Au and (small amounts of) CoFe2O4 nanoparticles (Figure 3.4B).5
Figure 3.4D shows that when B is initially > 0.25 T and is removed at Rt, a second peak
elutes from the capillary that corresponds to the larger, magnetic CoFe2O4 nanoparticles (Figure
3.4C). Peak resolution is experimentally controlled by selecting Rt, as demonstrated in Figure
3.4E for the separation of the two peaks. Analogous experiments using 10 nm diameter CoFe2O4
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Figure 3.4: TEM images of the (A) mixture of the 4 nm Au and 16 nm CoFe2O4 nanoparticles
eluting from the column under no applied B at a 10 µL/min flow rate; (B) void peak of 4 nm Au
nanoparticles; and (C) peak trapped at 2 T and released after 3000 seconds. (D) Chromatograms
of a solution containing 3 ppm each 16 nm diameter CoFe2O4 and 4 nm diameter Au nanoparticle
obtained with a flow rate of 10 µL/min, a 1.3 µL injection volume, and the indicated initial
applied magnetic fluxes. (E) Chromatograms and capture yields (●) obtained for this mixture
under the same conditions using constant magnetic flux (2 T) and varying release times. Release
time when B = 0 is indicated with : 1000 (black line); 2000 (red line); 3000 (green line) and
4000 (yellow line) seconds.
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Figure 3.5: TEM images of the (A) mixture of the 4 nm Au and 10 nm CoFe2O4 nanoparticles
eluting from the column under no magnetic field at a 10 µL/min flow rate; (B) unretained peak of
4 nm Au nanoparticles; (C) particles trapped at 2 T and released after 1000 seconds. (D) At a
constant release time (1000 sec), chromatograms of a solution containing 3 ppm each 10 nm
diameter CoFe2O4 and 4 nm diameter Au nanoparticle obtained with a flow rate of 10 µL/min, a
1.3 µL injection volume, and the indicated initial applied magnetic fluxes. (E) Chromatograms
and capture efficiencies (●) obtained for this mixture under the same conditions using constant
magnetic flux (2 T) and various release times. Release time (B = 0) indicated with : 1000 (black
line); 2000 (red line); 3000 (green line) and 4000 (yellow line) seconds. (F) 3 ppm 7 nm diameter
CoFe2O4 nanoparticles at a flow rate of 10 µL/min using hexane as the mobile phase. Black line
(0 T), red line (2 T), and green line (1 T).  indicates times when the magnetic field is removed.
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nanoparticle samples (Figure 3.5) reveal similar control of resolution, but using different applied
B. However at this flow rate and with the strongest magnetic flux density (2 T) smaller 7 nm
diameter CoFe2O4 particles are trapped only ~ 4% (Figure 3.5F) because of their lower magnetic
moments.
In these experiments, we further observe that Rt impacts the amount of CoFe2O4 sample
that is recovered during the magnetic separation. The capture yield is defined as the relative
quantity of magnetic nanoparticles that are magnetically trapped in the capillary versus the total
amount injected. The amount of retained versus injected CoFe2O4 nanoparticles is determined by
integration of the observed peaks and using Au particles as an internal standard. The capture yield
was evaluated as a function of B, Rt, and nanoparticle size; these results are shown in Figure 3.6.
Figures 3.6A and B show that leaving the magnetic particles trapped for longer periods
of time (i.e. longer Rt) decreased the amount of the magnetic sample that was recovered. Larger
16 nm diameter CoFe2O4 particles are more efficiently captured than smaller CoFe2O4 particles,
and the capture yield is negligibly effected when relatively high B (> 1T) and short Rt (< 2000
sec) are used. Higher capture yields as nanoparticle size increases are expected based on the
larger magnetic moment of the bigger particles.20 However a marked reduction in capture yield
occurs over time and as a function of applied B for both sizes of CoFe2O4 particles. We attribute
the trend observed in Figure 3.6 to a decreasing ability to recover particles as small amounts
diffuse back into the flow stream. This effect is greater with smaller diameter nanoparticles which
have higher diffusion coefficients and lower magnetic moments and are thus held at the capillary
wall with a smaller force compared with larger magnetic nanoparticles (Eq 3.1). We do not
observe changes in peak full width at half max as a function of either Rt or particle size, likely
because of the relatively short capillary length (e.g. analysis time) compared to a prior report that
used significantly longer columns for Taylor dispersion analysis of nanoparticles.25 The results in

92
Figures 3.4 and 3.6 suggest that there must be a balance between lengthening Rt to improve
resolution and affecting the capture yield of the target nanoparticle.

3.3.3 Mobile Phase Effects.
Nanoparticle samples can be prepared and are used in a range of solvents. To validate the
broad applicability of DMCR, we therefore used several mobile phases in which the particles
were soluble forming colloidal suspensions (i.e. pentane, hexane, toluene, and carbon
tetrachloride). The effects of mobile phase on the capture yield of CoFe2O4 nanoparticles were
studied using solutions containing 3 mg/mL each 4 nm diameter Au and 10 nm diameter CoFe2O4
nanoparticles, which were injected at a flow rate of 10 µL/min with B applied for Rt = 1000 sec.
In Figure 3.6C – D, the calculated capture yields are plotted versus the solvent viscosity over a
series of magnetic flux densities. At each B, capture yields are higher with lower viscosity
mobile phase, and when using the high η solvents CCl4 and toluene, no trapped CoFe2O4
nanoparticles were detected at B < ~0.8 T. In DMCR the separation of magnetic particles is
dependent on a balance of the drag force of the mobile phase and the applied magnetic force (Eq
1) acting on the nanoparticles in orthogonal directions. Drag force is defined by:11,26
Eq. 3.2
where  is the mobile phase viscosity (kg/m∙s); R is the hydrodynamic radius (m); and Δv is the
difference between the mobile phase and nanoparticle velocities (m/s). The variation in
nanoparticle capture yield with solvent in Figure 3.6C arises because FD acting on the particles is
linearly related to viscosity.
Equation 3.2 also shows that increasing the mobile phase velocity should have a similar
effect to increasing the η of the mobile phase: increasing the flow rate of the mobile phase exerts
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Figure 3.6: Capture yield of (A) 16 nm diameter and (B) 10 nm diameter CoFe2O4 nanoparticles
as a function of release time (Rt) under the applied B of 0.25 (●), 0.5 (■), 0.75 (▲), 1.0 (♦), and 2
(▼) T, eluted at flow rate of 10 µL/min in hexane mobile phase. (C) Capture yield of 10 nm
diameter CoFe2O4 nanoparticles as a function of solvent viscosity using the mobile phases (in
order of increasing η) pentane, hexane, toluene, carbon tetrachloride, with fixed Rt = 1000
seconds. The applied B are 0.5 (■), 0.75 (▲), 1.0 (♦), and 2 (▼) T. (D) Chromatograms of 3
mg/mL Au and 3 mg/mL 16 nm CoFe2O4 mixture in hexane at flow rates of 10 (black line), 20
(red line), and 30 µL/min (green line) at 1 T and a Rt = 1000 seconds. Inset: Plot of the capture
yield vs. mobile phase flow rate 0.25 (○); 0.5 (□); 0.75 (); 1 () and 2 () T applied B and Rt
= 1000 seconds.
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a larger drag force on the nanoparticles. Figure 3.6D shows the elution profile of a solution
containing 3 mg/mL each of Au and 16 nm diameter CoFe2O4 nanoparticles in hexane with flow
rates that increase from 10 to 30 µL/min. The 1 T magnetic flux density that captures the
magnetic particles is released at 1000 sec. At higher flow rates, the peaks elute at shorter times
and are narrower; however the capture yield (Figure 3.6D inset) decreases as a result of
increased FD at higher flow rates at all applied field strengths.

3.3.4 Optimizing Separation of CoFe2O4 Particles.
Magnetic nanoparticle separations will play an important and enabling role for future
applications of magnetic nanostructures, such as separations of complex mixtures. The above
results were applied to optimize the separation of a mixture of magnetic CoFe2O4 nanoparticles
into monodisperse fractions and to simultaneously control peak resolution during the separation.
We challenged the separation ability of DMCR using a model mixture containing of 7 (3 ppm),
10 (3 ppm), and 16 (6 ppm) nm diameter CoFe2O4 particles, since these have diameters that differ
by less than 10 nm and all of the particles are superparamagnetic. Figure 3.7 shows three elution
profiles that were obtained using a flow rate of 10 µL/min; the three differ in the times at which B
was held at 2 T and at 0.5 T. In each case, three peaks are observed. The first of these elutes
while B is held at 2 T, the second exits the capillary after the flux density is reduced to 0.5 T and
a third peak elutes when it is decreased to 0 T. By collecting the eluted nanoparticles that
correspond to each peak and imaging these with TEM, the diameters of the separated species
were determined to be 6.2 ± 1.3, 11.6 ± 1.3, and 15.8 ± 1.3 nm (Figure 3.7B – F). When the
release times are short (Figure 3.7A chromatogram I), the relative peak areas of each separation
are 1:1:2 for the first, second and third peaks, corresponding to the relative concentrations of the
particles in the original sample. As Rt increases, this ratio deviates from the original
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Figure 3.7: Separation of a solution of 3 ppm 6.9 ± 1.1 nm, 3 ppm 10.6 ± 1.4 nm, and 6 ppm 16.6
± 1.3 nm diameter CoFe2O4 nanoparticles. The initial B was 2 T after which it was decreased to
0.5 T and then to 0.0 T at the times indicated with . Peak resolutions are indicated on the plot.
TEM images of fractions collected during the separation of 7, 10, and 16 nm CoFe2O4
nanoparticles for the peaks (B) eluted under a 2 T magnetic field, 6.18 ± 1.3 nm diameter; (C)
released when the magnetic field was turned to 0.5 T, 11.56 ± 1.3 nm diameter; (D) released
when the magnetic field was turned off, 15.82 ± 1.3 nm diameter. (E) TEM image of the original
(pre-separation) mixture of 7, 10, and 16 nm diameter CoFe2O4. (F) Histograms of the particles
size distributions corresponding to panels (A), (B), and (C).
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Table 3.1: Peak area ratios for the separation of three diameters of CoFe2O4 nanoparticles shown
in Figure 3.7A
Peak 1
Peak 2
Peak 3

Chromatograph I

Chromatograph II

Chromatograph III

1.00
1.04
2.06

1.00
0.94
1.45

1.00
1.04
1.39
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concentrations (Table 3.1), consistent with our observations of diminished capture yield with
longer analysis times as in Figure 3.7A. This experiment also demonstrates that the peak
resolution is adjustable using different Rt. The peak resolutions, Rs, indicated in Figure 3.7A
were calculated using:
Eq. 3.3
in which Δt is the difference in retention time of the two peaks and w1/2 is the average full width
at half maximum.

3.4 Conclusion
To the best of our knowledge, no other technique has been shown to efficiently separate
three sizes of magnetic nanoparticles with a difference in diameter of less than 10 nm and with
the excellent resolution demonstrated in Figure 3.7. Equations 1 and 2 govern the capture yield
and separation of the magnetic particles. FD is a linear function of hydrodynamic radius, whereas
the magnetic moment (m) is related to the nanoparticle size according to:19
Eq. 3.4
where M is the magnetization of the nanoparticle (A/m), and V is the volume of the nanoparticle
(m3). Although the value of m at room temperature is not known for these nanoparticles as a
function of size, it is clear that to trap particles by a magnetic field FM must be greater than FD; in
principle the difference in the dependence of these forces on nanoparticle dimensions could be
used to further improve the size discrimination of DMCR. Due to the dependence of magnetic
properties (e.g. blocking temperature, saturation of magnetization, magnetic susceptibility) of
nanoparticles on the interparticle distance it is also expected that the length of the ligand on the
nanoparticle surface will also affect the capture of magnetic nanoparticle samples.24 Our current
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efforts aim to demonstrate the generality of this approach to a broad range of magnetic
nanoparticles and to continue refinement of the method and determine the limit of separation
performance.
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Chapter 4
Purification and Magnetic Interrogation of Hybrid Au-Fe3O4 and FePt-Fe3O4
Nanoparticles
"We think that the biggest breakthroughs in nanotechnology are going to be in the new
materials that are developed."
- Troy Kirkpatrick, GE Global Research.

4.1 Introduction
Hybrid hetero-dimer, -trimer, and -oligomer nanoparticles, which contain two or more
domains connected through a solid-state interface, are of interest for catalysis, medicine,
biodiagnostics, and electronics.1 For example, the spatially distinct surfaces in M-Fe3O4 (M = Au,
Pt, Pd) heterodimer nanoparticles2-4 have been chemically derivatized with complementary
ligands and used as target-specific drug delivery vehicles5 and dual-imaging biological probes.6
Synergistic effects such as electron transfer and spin exchange can be mediated by nanoscale
heterojunctions in hybrid nanocrystals, giving rise to properties that have been exploited in
advanced catalysts,2,7,8 exchange-coupled magnets,9 magneto-optics,10 electronics11 and solar
conversion devices.12 To synthesize hybrid nanoparticles, judicious selection of reaction
conditions is needed to promote heterogeneous nucleation of a target solid onto preformed
nanocrystal seeds while avoiding conditions that result in isolated single-component particles.13,14
Despite the growing number of two-component heterodimers,1b,15 pure samples in high yield are
difficult to obtain, and heterogeneous seeded growth is challenging to control. For example, in the
prototypical Au-Fe3O4 system, the seed size, seed crystallinity,16 lattice matching,2a solvent
polarity,14 heating rate,16 and stabilizer concentration all influence the final product morphology.
The low purity of common commercially-available stabilizers superimposes additional technical
challenges with respect to reproducibility. Indeed, hybrid nanoparticle heterostructures and their
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syntheses are becoming increasingly complex and have the potential to form multiple products in
the reaction solution.
The macroscale measured properties represent the ensemble averages of the constituent
particle populations, so purification is critical for understanding the intrinsic structure-function
relationships in these materials. Distinctly absent from the nanoparticle synthesis literature are
post-synthetic separation and purification methods, and indeed there is a dearth of available
methodologies for use with colloidal nanomaterials. However, while some nanoparticle
purification methodologies exist,17,18 quantitative separation and purification of colloidal
nanoparticles is rarely practiced and has not previously been applied to hybrid nanoparticle
systems. Accordingly, we describe here the purification and subsequent magnetic interrogation
of hybrid magnetic nanoparticles using differential magnetic catch and release (DMCR), which is
our recently-reported chromatographic technique that separates polydisperse magnetic
nanoparticles into monodisperse fractions based upon differences in their magnetic moments.19
We use DMCR to generate purified fractions of the important hybrid nanocrystal systems AuFe3O414,16,20 and FePt-Fe3O4.9 Interestingly, we observe substantially different magnetic properties
in the purified heterostructures compared to the as-synthesized materials: different (more
accurate) saturation magnetization values and the identification of magnetic polydispersity in
morphologically similar hybrid nanoparticles that would not be detectable using established
methods.
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4.2 Experimental

4.2.1 Materials
Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4•3H2O), iron pentacarbonyl
(Fe(CO)5), oleic acid (tech. 90 %), oleylamine (tech. 70 %) and 1-octadecene (tech, 90%) were
purchased from Sigma-Aldrich. Platinum(II)2,4 pentanedionate (Pt(acac)2) was purchased from
Strem Chemicals. All chemicals employed in the syntheses were used without further
purification. The hexanes (EMD) mobile phase used for the separations of magnetic nanoparticles
was de-gassed by sonication under reduced pressure before use.

4.2.2 Methods

4.2.2.1 Synthesis of Au nanoparticles.
In a slightly modified literature procedure,3 50 mg HAuCl4 was dissolved in 20 mL
oleylamine by sonication. The clear, orange-yellow solution was transferred to a 100 mL round
bottom flask equipped with thermometer and reflux condenser. Under a flow of Ar, the
temperature was increased to 85-90°C, gradually forming a pale yellow solution that ultimately
became deep purple in color. The temperature was held for 20 minutes, and the product mixture
was allowed to cool. Au nanoparticles were collected by adding ethanol to induce precipitation,
which was followed by centrifugation. The nanoparticles were redispersed in hexanes, the
precipitation / centrifugation process was repeated twice, and the product was stored in hexanes.
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4.2.2.2 Synthesis of Au-Fe3O4 / Fe3O4 Heterostuctures
Using a literature method,3 a 0.5 mL oleic acid was mixed with 10 mL octadecene in a
50 mL round bottom flask equipped with thermometer, reflux condenser, flow control adapter
and rubber septum. While stirring, the solution was heated to 120°C under a flow of Ar, and
allowed to deaerate for 30 minutes. Under a blanket of Ar, 0.070 mL Fe(CO)5 was injected via
syringe. After 10 minutes, 0.25 mL oleylamine was added, followed immediately by 10-12 mg
Au nanoparticles dispersed in 1 mL hexanes. The temperature was increased to reflux (300°C) at
a rate around 5-6°C/min, held for 30 minutes, and allowed to cool to room temperature. The
product mixture was then heated to ~80°C while bubbling air through the black/brown colloidal
solution overnight. The mixture was subsequently heated to ~200°C for an additional 30 minutes,
and allowed to cool to room temperature. Particles were precipitated from the product mixture by
adding 2-propanol, followed by centrifugation. The nanoparticles were redispersed in hexanes
solution containing oleic acid and oleylamine (a typical stock solution was prepared by mixing
0.2 mL oleic acid and 0.2 mL oleylamine in 20 mL hexanes) to ensure colloidal stability, and
centrifuged to remove any insoluble material. Ethanol was added thereafter to precipitate the
nanocrystals, followed by centrifugation and redispersion in hexanes. The washing process was
repeated once, and the particles were stored in hexanes.

4.2.2.3 Synthesis of FePt-Fe3O4 Dimers
Synthesis of FePt-Fe3O4 was carried out following the reported method by Manna et al.9
A 100 mg amount of Pt(acac)2 was mixed with 7.5 mL of octadecene in a 50 mL, 3 neck round
bottom flask with magnetic stirrring. Under a N2 blanket the temperature was increased to 60o C,
placed under vacuum for 30 minutes, back-filled with N2, and further heated to 130o C. A 785 mg
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amount of oleic acid and 0.131 mL of Fe(CO)5 were mixed and injected to the solution at 130o C.
After 5 minutes 955 mg of oleylamine was injected and the temperature was increased to 180o C
at ~8o C/min and left for 1 hour, after which the temperature was increased to reflux at ~8o C/min.
The reaction was allowed to reflux for 1 hour and then cooled to room temperature. To remove
the nanoparticles from the reaction mixture, 2-propanol was added to the reaction and the mixture
was centrifuged. The precipitate was resuspended in hexane (in the prescence of oleylamine and
oleic acid) and again 2-propanol was added to precipitate the nanoparticles which were again
centrifuged. This prococess was repeated 5x. After the last precipitation the nanoparticles were
suspended in hexane (with no extra ligands) and centrifuged to remove any aggregates. The
supernatant was collected and stored.

4.2.3 DMCR Separation Apparatus
The separation apparatus is the same as previously described as described in earlier
chapters, a block diagram and a photograph of the electromagnet unit are shown in Figure 4.1.
Briefly, it uses a syringe pump, a VICI Cheminert six port injector, and an electromagnet (GMW
Magnetic Systems Inc. Model 3470). Fused silica capillary (250 µm i.d., 350 µm o.d. Polymicro
TSP250350 or 700 µm i.d., 850 µm o.d TSP700850 ) with an injector-to-detector length of 90
cm, 50 cm of which is in the electromagnet for the 250µm capillary, and 60 cm, 37.5 cm in the
around the electromagnet for the 700 µm capillary, is used as the separation column. Controlled
placement of the capillary in the electromagnet allows for a maximum magnetic flux and
magnetic flux gradient of 1.9 T and 460 T/m, respectively. The magnetic flux density and the
theoretical corresponding magnetic flux density gradients were previously reported. Detection is
performed using a fiber optic light source (UV/Vis Analytical Instrument System Inc.) and
absorbance detector (Ocean Optics USB2000) by monitoring at 280 and 500 nm for the small and
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large scale respectively, recorded with computer data acquisition software (Ocean Optics
OOIBase32). Hexane was used as the mobile phase in all separations in this chapter. A
photograph of the separation apparatus are shown in Figure 4.1 shows the capillary column
wrapped in between the electromagnet poles.

109

Figure 4.1: Top: Left - Schematic diagram of DMCR apparatus. Right – Photo of the
electromagnet and spacer around which the capillary is wrapped. Bottom: Diagram of the solvent
flow profile in the capillary, orthogonal to the applied magnetic gradient. Application of FM pulls
the particles against the capillary wall into the slower moving flow streams of the capillary, to a
height dictated by the strength of the magnetic moment. w = the capillary width, 250 or 700
microns.
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4.2.4 Characterization Methods

4.2.4.1 TEM Analysis
Samples were diluted in hexane and drop cast on 300 mesh carbon-coated Cu
transmission electron microscope grid (EM Science). Low resolution TEM images of the
nanoparticles were acquired using a JEOL-1200EXII TEM operating at 80 keV. High-resolution
transmission electron microscopy (HRTEM) images, energy dispersive X-ray spectroscopy
(EDS), and selected area electron diffraction (SAED) patterns were collected using JEOL-2010
LaB6 and JEOL-2010F microscopes operating at 200 keV with a typical probe size of 0.7 nm and
an EDAX solid state X-ray detector. Lattice fringes were measured from the fast-Fourier
transform (FFT) of HRTEM images, using Gatan Digital MicrographTM software. Sizes of the
nanoparticles are determined using ImageJ software; the average diameter and standard deviation
are reported by analyzing nanoparticles from different areas of the TEM grid using the
cumulative data from both TEM and HRTEM images. Reported diameters of Au-Fe3O4 hybrid
nanocrystals were determined from the longest observable axis. Statistical diameters and
histograms reported in Figure 2 are calculated from multiple TEM and HRTEM images from
different areas of the TEM grids. Reported diameters of the FePt-Fe3O4 hybrid nanocrystals were
determined by measurement of the diameter of the lower contrast Fe3O4 portion of the dimer.

4.2.4.2 UV-Visible Absorbance
UV-Vis absorbance spectra of dilute nanoparticle dispersions in hexanes were collected
on a Cary 500 spectrometer. A 1 cm path length Starna quartz cuvette was used.
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4.2.4.3 SQUID Magnetometry
DC magnetization measurements were performed using a Quantum Design
Superconducting Quantum Interference Device magnetometer. Nanoparticle solutions in hexanes
were concentrated, pipetted into tared SQUID gelatin capsules in 20 µL aliquots and dried.
Additional particles were added by repeating this process until the total mass was ~ 3 mg. To
ensure complete drying before analysis the SQUID capsules containing the samples were placed
into a vacuum oven for 1 hour.

4.2.4.4 XRD Analysis
Powder X-ray diffraction (XRD) data were collected on a Bruker Advance D8 X-ray
diffractometer using Cu Kα radiation.

4.3 Results and Discussion

4.3.1 Au-Fe3O4 Heterostructures
Hybrid Au-Fe3O4 nanoparticles were synthesized by thermal decomposition of Fe(CO)5
in the presence of Au nanoparticle seeds.2,3 Figure 4-2 shows the DMCR chromatogram in the
absence of a magnetic field (black line) for a representative sample of as-synthesized colloidal
Au-Fe3O4 nanoparticles; a single peak (A) elutes at the dead time of the column. Applying the
magnetic field program (dashed blue line) results in a chromatogram with three peaks (red line).
The first of these (B) elutes while a 2 T magnetic flux density is applied, whereas peaks C and D
elute when the field is dropped to 0.6 and 0 T, respectively. Because the order of elution of the
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Figure 4.2: Peak A, elution of Au-Fe3O4 hybrid nanocrystals with no applied magnetic field λdet =
280 nm. Peak B, C, and D, DMCR chromatogram of the separation of the Au-Fe3O4 nanocrystals
under the applied magnetic flux density indicated by the dashed blue line.
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peaks is due to the relationship between FM and FD for each particle, it is determined by either
changes in effective size or magnetic moment. Each fraction was collected as it eluted from the
capillary and representative transmission electron microscope (TEM) images for each fraction
and for the initial sample are shown in Figure 4.3. Although some TEM images of the assynthesized sample contained regions with predominantly hybrid particles (Figure 4.3a), broader
examination revealed that 60% of the particles (n = 94) consisted of individual particle impurities
mixed with the intended hybrid nanoparticles. The particles eluting in peaks B and C are single,
spherical particles with diameters of 7.0 ± 1.6 (n = 308) and 11.0 ± 1.3 nm (n = 495), respectively
(Figure 4.3b,c). The TEM image of the particles eluted in peak D (Figure 4.3d) reveals hybrid
nanostructures. The purified sample contains 97% heterostructures (n = 135). With a constant
mobile-phase velocity, the increase in cross-sectional area of the particles would result in
increased FD (i.e. B < C < D). Therefore, the observed order of elution indicates a difference in
magnetic moment, and reflects a larger total volume of Fe3O4 within the hybrid nanostructure
versus individual nanoparticles. Selected area electron diffraction (SAED) patterns (Figure 4.3)
confirm that both Au and Fe3O4 elute in peak A. While the electron diffraction patterns for
particles from peaks B and C show only Fe3O4, the hybrid particles from peak D show evidence
of both Au and Fe3O4. Energy dispersive X-ray spectra (EDS) (Figure 4.2 Inset) further confirm
that the particles in peaks B and C contain only iron, whereas those eluting in peak D contain
both Au and Fe. Larger sample quantities were obtained by performing preparatory scale
DMCR,18b which incrementally purifies the sample in ~2 mg injections while retaining the
fidelity of the separation (Figure 4.4A). UV-Vis absorption spectra obtained for each fraction
also confirm the presence of Au in peaks A and D but not in B and C (Figure 4.4B). Taken
together, the data provide important insights into the synthetic pathway. Based on earlier studies
of spherical nanoparticles,18a,b nonmagnetic Au nanoparticles would be expected to elute in the
first

114

Figure 4.3: TEM images (scale bars are 50 nm), SAED patterns (blue labels are Fe 3O4; red
italics are Au), and size distribution histograms of (a) the as-prepared nanoparticles and the
fractions from the DMCR peaks (b) B, (c) C, and (d) D in Figure 4.2.
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Figure 4.4: (A) Black line is the large scale separation of the Au-Fe3O4 multimers λdet = 400 nm.
Green line is the magnetic field program used. (B) UV-Vis absorbance spectra in hexane of peak
fractions: Peak B (▬), Peak C (▬ ▬), and Peak D (■ ■) from the Figure 4.4A chromatogram,
compared to the as-prepared particles (▬ ● ▬). Transmission electron microscopy images and
histogram of the (Row C) first peak, (Row D) second peak, and (Row E) third peak. TEM images
taken with JEOL-1200EXII.
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fraction (i.e. peak B), but evidence for individual Au nanoparticles without attached Fe3O4 is not
observed. This suggests that Au nanoparticles nucleate the growth of Fe3O4, consistent with the
accepted hybrid nanoparticle formation mechanism that involves heterogeneous nucleation of
Fe3O4 on Au seeds. However, the presence of two distinct populations of individual Fe3O4
particles indicates that these also nucleate and grow under the same reaction conditions. Retention
of the Au-Fe3O4 heterostructures in the capillary at lower magnetic flux densities than the
spherical Fe3O4 particles is indicative of their greater magnetic moments. Figure 4.5A compares
the field cooled (FC) and zero field cooled (ZFC) magnetization data for the purified Au-Fe3O4
heterostructures to the as-prepared sample. The purified multimers exhibit a 20% higher
saturation magnetization and a larger hysteresis than the as-synthesized sample at 5 K, Figure
4.5B. The ZFC curves show that the purified sample has a 60% higher magnetization at TB versus
the as-synthesized multimer sample. It is clear that impurities in the as-synthesized sample have a
dramatic impact on the measured magnetic properties. Purification by DMCR separation yields
the target Au-Fe3O4 heterostructures even when the synthetic method fails to generate a sample of
desired particle uniformity.
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Figure 4.5: SQUID magnetometry data for the as-synthesized Au-Fe3O4 nanocrystals (●) and the
purified nanocrystals (■). (A) Field cooled and zero field cooled magnetization data. H = 100 Oe.
(B) Magnetization curves at 5 K. Inset: Expanded region around the origin.
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4.3.2 FePt-Fe3O4 Heterodimers
FePt-Fe3O4 heterodimers were also analyzed using DMCR separation. The synthesis
involved a one-pot, two-step reaction that has been reported to yield hybrid bimagnetic dimer
nanoparticles.9 A representative TEM image of the as-synthesized sample is shown in Figure 4.6.
Two populations of particles are observed, with average diameters of 2.7 ± 0.8 nm (n = 88) and
8.8 ± 0.9 nm (n = 279). The sample is predominantly (75%) heterodimers of FePt adhered to
Fe3O4. A hexane solution of this sample was injected into the DMCR apparatus, and three peaks,
B´, C´ and D´, were observed in the DMCR chromatogram (Figure 4.7) that eluted with 2, 0.5,
and 0 T applied magnetic flux densities, respectively. TEM images of these fractions are shown
in Figure 4.6B – D and in Figure 4.7C – E. Peak B´ contains small 2.4 ± 0.5 nm (n = 210)
particles, along with dimers having diameters of 8.1 ±1.2 nm (n=105) that comprise 33% of the
sample. TEM images of peaks C´ and D´ show predominantly dimers with average diameters that
are the same within experimental certainty (9.1 ± 0.9 nm, n=333, and 8.1 ± 1.2 nm, n=502,
respectively), with only a few small diameter particles: 2.5 ± 0.7 (n = 14) and 2.8 ± 1.0 nm (n =
26), respectively. HRTEM images (Figure 4.8) reveal lattice spacings that are consistent with
single particles that are predominantly Pt. Preparatory scale DMCR was used to generate largerscale samples, and powder X-ray diffraction (XRD) patterns for the separated fractions confirm
that the as-synthesized particles and each of the separated fractions contain both Fe3O4 and FePt,
Figure 4.9A. Because DMCR separates magnetic nanoparticles based on differences in their
magnetic moments, the fractionation of the FePt-Fe3O4 sample into two populations (peaks C´
and D´) that have the same crystalline phases and statistically the same compositions and average
diameters of Fe3O4 suggests that there is a polydispersity of magnetic moment within the FePtFe3O4 nanoparticle heterostructures. Figure 4.9B shows the FC and ZFC magnetization data for
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Figure 4.6: TEM images and corresponding histograms of the (a) as-synthesized FePt-Fe3O4
particles, compared to those separated in the DMCR chromatogram in Figure 5: (b) peak B´, (c)
peak C´, and (d) peak D´. Scale bars are 10 nm.
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Figure 4.7: (A) Chromatogram of preparatory scale separation of FePt-Fe3O4 (solid line) and the
magnetic field program (dashed line). Inset is analytical scale separation of the same sample.
Hexane mobile phase is used for all separations. Transmission electron microscopy images of the
(B) as synthesized FePt-Fe3O4 nanoparticles, (C – E) DMCR peaks B’, C’, and D’ from Figure
4.7A. TEM images taken with JEOL-1200EXII.
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Figure 4.8: HRTEM images of FePt-Fe3O4 dimers used to measure lattice fringes of single
nanoparticles in (A) as-synthesized and (B) peak B’. Images taken with JEOL-2010 LaB6 and
JEOL-2010F, respectively. Table - Comparison of standard nanoparticle lattice and measured
lattice distances. Lattice distances were measured from nanoparticles in Figure S6 using FFT.
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Figure 4.9: (A) Simulated X-Ray diffraction patterns for magnetite (Fe3O4), α, and Pt, β.
Powder XRD pattern of the separation of FePt-Fe3O4 nanoparticle dimers: (0) as synthesized, (B’)
Peak B’, (C) Peak C’, and (D’) Peak D’. (B) Field cooled (open symbols) and zero field cooled
(filled symbols) magnetization curves of the as-synthesized particles compared to particles
isolated from the indicated peaks in the chromatogram. H = 100 Oe.
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each isolated fraction. At 300 K (the temperature of the DMCR separation), the magnetization of
the particles that eluted in peak B´ is significantly lower than that eluted in peak C´. The purified
dimers from peak D’ have a higher magnetization than the as-prepared sample, highlighting the
polydispersity in magnetic properties that result from a typical synthesis of FePt-Fe3O4 hybrid
nanoparticles. The dispersity in magnetic moments can be rationalized by a variation of the Fe:Pt
ratio in the FePt component of the dimers, as suggested by EDS and ICP-AES data, Figure 4.10.
EDS data collected from each sample was normalized to the Fe peak at 7.2 keV to approximate
the Fe:Pt ratio in each fraction collected by DMCR. Figure 4.10 show the difference in the Pt
peak height in the normalized spectra. Particles from fraction B´ have more Pt relative to the assynthesized sample because of the presence of small Pt nanoparticles, and the amount of Pt
decreases for the second and third dimer fractions. ICP-AES indicates that the Fe content is
higher for particles in fractions C´ and D´, mirroring the observed increase in magnetization.
Together, the data suggest that although the nanoparticle dimers in the three fractions have
essentially identical morphologies and sizes as observed by TEM, differences in their chemical
composition give rise to polydispersity in magnetic moments.

124

Figure 4.10: Energy dispersive X-ray spectroscopy spectra for the as synthesized FePt-Fe3O4
dimers and peaks B’, C’, and D’ from the DMCR purification. Data acquired with JEOL-2010
LaB6.
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4.4 Conclusion
In conclusion, DMCR was used to separate and purify hybrid magnetic nanoparticles,
which are challenging to synthesize as pure samples in high yield because of the competition
between heterogeneous seeded growth and the nucleation of isolated particles under the same
reaction conditions. Importantly, DMCR enables interrogation of the magnetic properties of pure
samples that are free from ensemble averaging effects, which are otherwise unavoidable (and
often undetectable using the most traditional and well-established characterization tools) in assynthesized samples.

126
4.5 References

1. Costi, R.; Saunders, A. E.; Banin, U. Colloidal Hybrid Nanostructures: A New Type of
Functional Materials. Angew. Chem. Int. Ed. 2010, 49, 4878 – 4897. (b) Wang, C.; Xu, C.; Zeng,
H.; Sun, S. Recent Progress in Syntheses and Applications of Dumbbell-like Nanoparticles. Adv.
Mater. 2009, 21, 3045 – 3052. (c) Cozzoli, P. D.; Pellegrino, T.; Manna, L. Synthesis, Properties
and Perspectives of hybrid Nanocrystal Structure. Chem. Soc. Rev. 2006, 35, 1195 – 1208.
2. (a) Wang, C.; Yin, H.; Dai, S.; Sun, S. A General Approach to Noble Metal-Metal Oxide
Dumbbell Nanoparticles and Their Catalytic Application for CO Oxidation. Chem. Mater. 2010,
22, 3277 – 3282. (b) Lee, Y.; Garcia, M. A.; Frey Huls, N. A.; Sun, S. Synthetic Tuning of the
Catalytic Properties of Au-Fe3O4 Nanoparticles. Angew. Chem. Int. Ed., 2010, 49, 1271 – 1274.
3. Yu, H.; Chen, M.; Rice, P. M.; Wang, S. X.; White, R. L.; Sun, S. Dumbbell-like Bifunctional
Au-Fe3O4 Nanoparticles. Nano Lett. 2005, 5, 379 – 382.
4. Gu, H.; Yang, Z.; Gao, J.; Chang, C. K.; Xu, B. Heterodimers of Nanoparticles: Formation at a
Liquid-Liquid Interface and Particle-Specific Surface Modification by Functional Molecules. J.
Am. Chem. Soc. 2005, 127, 34 – 35.
5. Xu, C.; Wang, B.; Sun, S. Dumbbell-like Au-Fe3O4 Nanoparticles for Target-Specific Platin
Delivery. J. Am. Chem. Soc. 2009, 131, 4216 – 4217.
6. Xu, C.; Xie, J.; Ho, D.; Wang, C.; Kohler, N.; Walsh, E. G.; Morgan, J. R.; Chin, Y. E.; Sun, S.
Au-Fe3O4 Dumbbell Nanoparticles as Dual-Functional Probes. Angew. Chem. Int. Ed. 2008, 47,
173 – 176.
7. Wang, C.; Daimon, H.; Sun, S. Dumbbell-like Pt-Fe3O4 Nanoparticles and Their Enhanced
Catalysis for Oxygen Reduction Reaction. Nano Lett. 2009, 9, 1493 – 1496.
8. Yin, H.; Wang, C.; Zhu, H.; Overbury, S. H.; Sun, S.; Dai, S. Colloidal Deposition Synthesis of
Supported Gold Nanocatalysts Based on Au-Fe3O4 Dumbbell Nanoparticles. Chem. Commun.
2008, 36, 4357 – 4359.
9. Figuerola, A.; Fiore, A.; Corato, R. D.; Falqui A.; Giannini C.; Micotti, E.; Lascialfari, A.;
Corti, M.; Cingolane, R.; Pellegrino, T.; Cozzoli P. D.; Manna, L. One-Pot Synthesis and
Characterization of Size-Controlled Bimagnetic FePt-Iron Oxide Heterodimer Nanocrystals. J.
Am. Chem. Soc. 2008, 130, 1477 – 1487.
10. Li, Y.; Zhang, Q.; Nurmikko, A. V.; Sun, S. Enhanced Magnetooptical Response in
Dumbbell-like Ag-CoFe2O4 Nanoparticle Pairs. Nano Lett. 2005, 5, 1689 – 1692.
11. Mokari, T.; Rothenberg, E.; Popov, I.; Costi, R.; Banin, U. Selective Growth of Metal Tips
onto Semiconductor Quantum Rods and Tetrapods. Science 2004, 304, 1787 – 1790.

127
12. Costi, R.; Saunders, A. E.; Elmalem, E.; Salant, A.; Banin, U. Visible Light-Induced Charge
Retention and Photocatalysis with Hybrid CdSe-Au Nanodumbbells. Nano Lett. 2008, 8, 637 –
641.
13. Casavola, M.; Buonsanti, R.; Caputo, G.; Cozzoli, P. D. Colloidal Strategies for Preparing
Oxide-based Hybrid Nanocrystals. Eur. J. Inorg. Chem. 2008, 6, 837 – 854.
14. Shi, W.; Zeng, H.; Sahoo, Y.; Ohulchanskyy, T. Y.; Ding, Y.; Wang, Z. L.; Swihart, M.;
Prasad, P. N. A General Approach to Binary and Ternary Hybrid Nanocrystals. Nano Lett. 2006,
6, 875 – 881.
15. Carbone, L.; Cozzoli, P. D. Colloidal heterostructured Nanocrystals: Synthesis and Growth
Mechanisms. Nano Today 2010, 5, 449 – 493.
16. Wei, Y.; Klajn, R.; Pinchuk, A. O.; Grzybowski, B. A. Synthesis, Shape Control, and Optical
Properties of Hybrid Au/Fe3O4 “Nanoflowers”. Small 2008, 4, 1635 – 1639.
17. Chen, G., Wang, Y., Tan, L. H., Yang, M., Tan, L. S., Chen, Y., Chen, H. High-Purity
Separation of Gold Nanoparticle Dimers and Trimers. J. Am. Chem. Soc. 2009, 131, 4218 – 4219.
18. Kowalczyk, B., Lagzi, I., Grzybowski, B. A. Nanoseparations: Strategies for Size and/or
Shape-Selective Purification of Nanoparticles. Current Opinion in Coll. & Int. Sci. 2011, 16, 135
– 148.
19. (a) Beveridge, J. S.; Stephens, J. R.; Latham, A. H.; Williams, M. E. Differential Magnetic
Catch and Release: Analysis and Separation of Magnetic Nanoparticles. Anal. Chem. 2009, 81,
9618 – 9624. (b) Beveridge, J. S.; Stephens, J. R.; Williams, M. E. Differential magnetic Catch
and Release: Experimental Parameters for Controlled Separation of Magnetic Nanoparticles.
Analyst. 2011, 136, 2564 – 2571.
20. Xie, J.; Aronova, M.; Zhu, L.; Lin, X.; Quan, Q.; Liu, G.; Zhang, G.; Choi, K.; Kim, K.; Sun,
X.; Lee, S.; Sun, S.; Leapman, R.; Chen, X. Manipulating the Power of an Additional Phase: A
Flower-like Au-Fe3O4 Optical Nanosensor for Imaging Protease Expressions In vivo. ACS Nano.
2011, 5, 3043 – 3051.

128

Chapter 5
Monitoring Nanoparticle Reaction Kinetics using Differential Magnetic
Catch and Release
“Investigating the formation process of semiconductor nanocrystals by optical
spectroscopy is relatively easy and often adopted for mechanistic studies. However, for the
nanocrystals of other materials, it is challenging to trace the nucleation ad growth processes
during the synthesis in reliable ways.”
- Taeghwan Hyeon, professor at the School of Chemical and Biological Engineering
and associate editor of the Journal of the American Chemical Society

5.1 Introduction
Colloidally stable magnetic nanoparticles with high magnetic saturations are sought after
because their magnetic properties would be beneficial to applications such as bioimaging and
sensing.1 Magnetic properties of nanoparticles, specifically Fe3O4 nanoparticles, are affected by
their synthetic method, which determine size, crystallinity, and surface defects.2 Although, further
refinement of synthetic methods may provide nanoparticles with more uniform properties,
purification techniques are vital and complementary toward reaching this goal. We have
previously described differential magnetic catch and release as an analytical method that provides
a way to improve the size and magnetic dispersity of magnetic nanoparticles.3 In conjunction with
our previous work, this chapter reports the use of DMCR to probe the chemical kinetics of
magnetic nanoparticle reactions. The kinetics of nucleation, growth, crystallization, and oxidation
of nanoparticles has historically been difficult to determine because of the inherent difficultly to
probe these processes with most work focusing on quantum dots because of their size dependent
optical properties.4,5 The kinetics of nanoparticle synthetic methods such as the “heat-up” and
“hot injection” processes have also been studied using the classic LaMer model or some
modification.6,7 In situ SQUID magnetometry has been used to track the formation of iron oxide
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nanoparticles via their magnetic moment and exploited to elucidate the kinetics of iron oxide
nanoparticle nucleation and growth.7 Due to the scarcity of readily available and complementary
techniques, kinetic investigations of nanoparticle oxidation, crystallization, and chemical
transitions are rarely reported. Instead of studying the nucleation and growth processes, we aim to
isolate the chemical and architectural transitions in magnetic nanoparticle systems.
As a proof of concept system for using DMCR to track chemical reactions and transitions
within nano-systems, the oxidation of core/shell Fe/Fe3O4 nanoparticles was chosen because of its
robust synthesis, high magnetization values, and versatility in subsequent transitions. The
isolation of the crystallization of magnetite (Fe3O4) was accomplished by using wustite (FeO) as a
starting material followed by subsequent oxidation. In addition, chemically tuning systems for
catalysis, such as colloidal Ni to Ni3C nanoparticles, can be magnetically tracked. Here we report
kinetics of the crystallization and oxidation of Fe/Fe3O4, crystallization of Fe3O4, and the
transformation of Ni to Ni3C. Using DMCR to probe the changes in magnetic moments of during
oxidation, crystallization, and phase transitions may provide insights into designing high quality
nanocrystal syntheses.

5.2 Materials and Methods

5.2.1 Chemicals and DMCR Parameters
From Sigma Aldrich Fe(CO)5, oleylamine (70%), oleic acid (90%), 1-octadecene, and Ntrimethylamine oxide (Alfa Aesar) were used as received from the manufacturer. Hexane,
isopropyl alcohol (IPA), and ethanol were supplied by EMD.
Differential magnetic catch and release parameters: degased hexanes mobile phase; flow
rate 10μL/min; release time 1000 seconds; nanoparticle concentration of 4 mg/mL; injection

130
volume 1.3 μL; 90 cm long, 250 μm i.d. fused silica capillary column; and 280 nm detection
wavelength.

5.2.2 Synthesis of Fe/Fe3O4 Nanoparticles
Synthesis of Fe/Fe3O4 nanoparticles was carried out via literature methods.8 In a 50 mL
three neck round bottom flask, 10 mL (7.89 g) of 1-octadecene and 0.13 g of oleylamine were
magnetically stirred. The system was placed under vacuum and then purged with N2 three times
to ensure an air free environment while heating to 120o C. The solution was held at 120o C for 30
min under N2 flow. Under a N2 blanket, the solution was heated to 180o C and 0.35 mL of
Fe(CO)5 was injected into the solution. The solution immediately turned black. The reaction was
left at 180o for 20 minutes, followed by removing the heating mantle and cooling to room
temperature. Nanoparticles were isolated form the reaction mixture via 4 cycles of precipitation
(IPA and ethanol), centrifugation, and redispersion in hexanes. The nanoparticles were stored in
hexanes.

5.2.3 Oxidation of amorphous Fe/Fe3O4 Nanoparticles
Oxidation of Fe/Fe3O4 nanoparticles were carried out by slight modification of literature
methods.8,9 In a three neck round bottom flask, 10 mL of octadecene and 0, 3, or 30 mg of
(CH3)3NO were magnetically stirred and degassed. The solution was heated to 130o C under a
nitrogen flow for 1 hour. Fe/Fe3O4 nanoparticles (40 mg) in ~2 mL of hexanes were injected into
the solution and left for 1 hour to remove the hexanes. The temperature was then quickly
increased to 250o C under a nitrogen blanket. To observe the evolution of the oxidation and

131
crystallization, fractions were extracted with a syringe at regular intervals over a 90 minute
period. The nanoparticles in each fraction were isolated as discussed above.

5.2.4 Synthesis of FeO
Wustite nanoparticles were made by slight modification of a literature preparation of
Fe3O4 nanoparticles. Iron oleate and oleic acid were dissolved in 1-octadecene (7.89 g) at room
temperature. The solution was placed under N2, heated to 130o C, and degassed under vacuum for
2.5 hours. Under a N2 flow the mixture was heated to 210o C for ten minutes, and then heated to
reflux at ~3 – 4o C/min under a N2 blanket. After 1 hour the solution was cooled to room
temperature. The resulting nanoparticles were isolated from solution by precipitation with 2propanol, acetone, and ethanol followed by centrifugation and redispersion in hexanes. To study
the crystallization of Fe3O4, FeO nanoparticles (40 mg) were oxidized using trimethylamine oxide
(3 mg) in octadecene. The resulting Fe3O4 nanoparticles were crystallized at 235o C and the
crystal domain growth was monitored by extracting aliquots of the reaction with a syringe over
the course of 60 minutes.

5.2.5 Analysis of Nanoparticles
Transmission electron microscopy images of nanoparticle samples were obtained by
allowing a drop of dilute nanoparticle solution to evaporate on a 300 mesh carbon coated Cu grid
(EM Science) transmission electron microscope (TEM) grid. Images of the nanoparticles were
obtained with a JEOL-1200EXII TEM operating at 80 keV. Sizes of the nanoparticles are
determined using ImageJ software; the diameter and standard deviation are reported by analyzing
at least 100 nanoparticles from different areas of the TEM grid.
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Powder X-ray diffraction (XRD) data were collected on a Bruker Advance D8 X-ray
diffractometer using Cu Kα radiation.

5.3 Results and Discussion
In the presence of oleylamine the decomposition of Fe(CO)5 in octadecene produces
amorphous Fe nanoparticles that undergo surface oxidation when exposed to the environment.
The surface oxidation is about 1 – 2 nm thick and produces a core/shell structure with Fe3O4 on
the surface of the nanoparticle protecting the interior Fe from further oxidation. X-ray diffraction
of the core shell structure shows that both the Fe and the Fe3O4 are amorphous. The controlled
oxidation of this system using trimethylamine oxide has been demonstrated previously. This
system was used as a proof of concept that differential magnetic catch and release can be used to
track a chemical reaction by monitoring the magnetic moment of the reactants and the products.
The reactant amorphous/amorphous Fe/Fe3O4 nanoparticles are less magnetic than the resulting
crystalline Fe3O4 product. By judiciously choosing the flow rate and trapping magnetic flux
density in DMCR, the reactant is not trapped and the more magnetic product is caught and
released at a later time. Analyzing the area of the peaks in the chromatogram as a function of time
allows the quantitative analysis of the concentration and therefore reaction kinetics.

5.3.1 Oxidation of Fe/Fe3O4 Nanoparticles with (CH3)3NO
Using 3 mg of the oxygen-transferring agent trimethylamine oxide (TMAO), 40 mg of
Fe/Fe3O4 nanoparticles were oxidized at 250o C under an inert atmosphere. Aliquots were taken at
0, 5, 10, 20, 40, and 90 minutes and individually analyzed by TEM, XRD, and DMCR to track
the reaction progression. Although literature describes the controlled oxidation of these particles

133
causing formation of hollow nanoparticles,8,9,10 the resulting nanoparticles in our experiments
were not observed to be hollow, unlike the oxidation of Fe/Fe3O4 with O2.11 Before the controlled
oxidation with TMAO, the synthesis described above produces Fe nanoparticles. Upon exposure
to air the surface of the nanoparticles are oxidized giving the Fe/Fe3O4 core/shell structure. The
core/shell structure is seen in the TEM images, where Fe corresponds to the darker contrast core
and Fe3O4 to the lighter contrast shell. Transmission electron microscopy images in Figure 5.1
show that these particles are not totally oxidized and a darker contrast core of Fe is still visible
even after 90 minutes of reaction with TMAO. The as-synthesized particles have a uniform
spherical shape but even at short reaction times the shape of the particles appears to be irregular,
showing cracks likely caused by the surface strain from the crystallization of the Fe3O4 shell.11
This deterioration of the nanoparticles spherical morphology is also observed in the absence of
trimethylamine oxide.
As the nanoparticles were oxidized by TMAO, they also undergo crystallization and
crystal domain growth. The XRD patterns for the 0, 20, and 90 minute fractions are shown in
Figure 5.1. The Scherrer equation was used to estimate the size of the crystal domain in the
nanoparticles as the crystallite size increased with reaction time, Figure 5.2. From the TEM
images it is clear that the outer diameter of the nanoparticles remains the same, so that the
increase in crystallite size is not a result of growth in the particle size. In separate observations,
while using a handheld magnet, over the course of the reaction there is a difference in magnetic
properties that is visually perceptible as the crystal size increased.
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Figure 5.1: Transmission electron microscopy images and X-Ray diffraction patterns of Fe/Fe3O4
oxidized with 3 mg of (CH3)3NO at 250o C for (a) 0, (b) 20, and (c) 90 minutes.
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Figure 5.2: Estimated crystal domain size from the Scherrer equation for the oxidation of
Fe/Fe3O4 with 3 mg of (CH3)3NO, fractions taken at 0, 5, 10, 20, 40, and 90 minutes.

136

Figure 5.3: DMCR chromatograms using hexanes mobile phase, a flow rate of 10 μL/min, and a
release time of 1000 seconds. (A) Chromatogram of the as-synthesized Fe/Fe3O4. (B) DMCR
chromatograms of each fraction, (C) concentration of the Fe/Fe3O4 tracked by DMCR after the
oxidation of Fe/Fe3O4 with 3 mg of (CH3)3NO, fractions taken at 0, 5, 10, 20, 40, and 90 minutes.
(●) untrapped peak (■) trapped peak. Inset: inverse concentration vs reaction time for the
untrapped peak.
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To track the chemical reaction and transitions of this reaction differential magnetic catch
and release was used to interrogate the magnetic changes during the course of the reaction.
Fe + oxidant ((CH3)3NO) → FeO → Fe3O4 → γ-Fe2O3

(1)

The overall reaction is:
Fe + oxidant → Fe3O4 ≈ γ-Fe2O3

(2)

because FeO is unstable,12 and Fe3O4 and γ-Fe2O3 are extremely difficult to differentiate at this
size scale.
In parallel the XRD data shows there is also:
Fe3O4 (am) → Fe3O4 (crys)

(3)

The crystallization of amorphous/amorphous Fe/Fe3O4 into amorphous/crystalline
Fe/Fe3O4 is apparent from the XRD data shown in Figure 5.1. Differential magnetic catch and
release was used to track the change in magnetic properties corresponding to the crystallinity
changes. A magnetic flux density of 0.5 T and a release time of 1000 seconds were sagaciously
chosen to track the depletion of am/am Fe/Fe3O4 and the evolution of am/crys Fe/Fe3O4. At this
magnetic flux density the as-synthesized am/am Fe/Fe3O4 is not trapped, Figure 5.3A. In
addition, none of the nanoparticles in the fraction taken at time 0 minutes was trapped and
released when the magnetic flux density was turned off at 1000 seconds, Figure 5.3B. As the
reaction time increased the initial untrapped reactant peak in the DMCR chromatogram decreased
and the trapped peak, containing the more crystalline product, increased in area. The peak areas
were converted to concentration in mg/mL and plotted verses the reaction time, Figure 5.3C. An
exponential decay was fitted to the untrapped peak data points with a R2=0.998. The rate of
reaction 2 can be written
R= k[Fe/Fe3O4]α[oxidant]β

(4)
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where R is the reaction rate, k is the rate constant, α is the reaction order with respect to
[Fe/Fe3O4], and β is the reaction order relative to the [(CH3)3NO].
Chemical kinetic theory predicts that for a second order reaction, plotting the inverse of
the concentration versus the reaction time will give you a linear line:
[ ]

(5)

[ ]

Where [A]o is the initial concentrations of Fe/Fe3O4, keff is the slope of the line and the y-intercept
is equal to the 1/[A]o. The data collected for the oxidation of Fe/Fe3O4 follow this theoretical
prediction, Figure 5.3C inset.
DMCR has been used to measure the concentration of the reactant as a function of time
where
[

]

(6)

The derivative in equation 6 is the slope of the tangent for the concentration at a specific
time. The slope of the tangent at time 0 is the initial rate of reaction.

5.3.2 Crystallization of Fe3O4
The crystallization of Fe3O4 was isolated by using FeO as a starting material. Wustite
nanoparticles were synthesized by using Fe oleate complex as a starting material in a slightly
modified heat up process. The FeO nanoparticles were then used as a starting material to
synthesize poorly crystalline Fe3O4 nanoparticles by oxidation with TMAO.
→

(

)→

(

)

(7)

Crystallization of Fe3O 4 nanoparticles was carried out at 235o C under an inert atmosphere. A
fraction of the reaction was removed when the temperature reached 235o C, isolated from the
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Figure 5.4: (A) X-Ray Diffraction patterns for the as-synthesized FeO (black), aliquot extracted
from FeO oxidation when the temperature reached 235o C, 0 minutes (red), and simulated pattern
of Fe3O4, magnetite (green). (B) Estimated crystal domain size from the Scherrer equation for the
crystallization of Fe3O4 from FeO, fractions taken at 0, 2, 5, 10, 30, and 60 minutes.
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Figure 5.5: (A) DMCR chromatograms of the as-synthesized FeO and subsequent fraction of
Fe3O4 after oxidation. (B) Blow-up of untrapped peaks in (A), (C) concentration of the Fe3O4
tracked by DMCR as it is being crystallized, fractions taken at 0, 2, 5, 10, 30, and 60 minutes. (●)
untrapped peak (■) inverse of the concentration of (●).
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reaction mixture, and analyzed by XRD, Figure 5.4A. The initial fraction showed no evidence of
FeO confirming that the oxidation of FeO to Fe3O4 was completed at a lower temperature. Using
the Scherrer equation the growth of crystal domain size was determined for each fraction
extracted from the reaction, Figure 5.4B. The crystal domain initially grows at a fast rate and
eventually reaches a maximum when the diameter of the crystal domain approaches the physical
diameter of nanoparticle.
The rate of crystallization was also followed using DMCR by using the change in
magnetic properties of the Fe3O4 nanoparticles due to the ordering of the nanocrystal. Figure
5.5A shows the DMCR chromatogram of each sample using an initial magnetic flux density of
0.65 T and a release time of 1000 seconds. The decrease in the untrapped peak that elutes is more
apparent in the expansion in Figure 5.4B. The area of this peak is converted to concentration and
plotted versus the reaction time and fit with an exponential decay curve. As the Fe3O4(crys) is
heated the long range ordering of the crystal increases yielding the same material, but with more
crystalline order, Fe3O4(CRYS). Due to this crystalline order the magnetic properties of the
nanoparticles are improved and become more homogenous. This crystallization appears to follow
second order kinetics, Figure 5.4C, where a linear relationship is seen by taking the inverse of
the concentration and plotting versus the reaction time.

5.4 Conclusion and Future Work
These results show the capability of DMCR to track chemical reactions and nanostructure
transitions by monitoring the change in magnetic properties. Aliquots were extracted during the
oxidation of Fe/Fe3O4 and during the crystallization of Fe3O4 to monitor the kinetics. The
concentration of the less magnetic reactants was quantitatively calculated by monitoring the
decrease in area of the untrapped peak in the DMCR chromatogram while the more magnetic
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products were trapped and released at a later time. Investigations varying both the amount of
oxidant and the reaction temperature will be important for determining the order of reaction with
respect to each reactant. Finding reaction rates at multiple temperatures will be used to make
Arrhenius plots and determine the activation energy of the reaction.
Kinetic investigation using DMCR will be applied to systems important for catalysis.
Recently, the transition of fcc-Ni nanoparticles to Ni3C1-x has been reported.13 The carbon content
of Ni3C can be tuned by extracting fractions over the course of the reaction. Initial Ni
nanoparticles are shown to be magnetic and as the C content in the crystal lattice increases, a
corresponding decrease in magnetic properties follows. Through synthetic methods the
magnetism of this system can be tuned. The rate at which C enters the crystal lattice of the Ni
nanoparticles will be investigated using DMCR to track the Ni nanoparticle reactants progressing
from magnetic to non-magnetic Ni3C.
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Chapter 6
Differential Magnetic Catch and Release: Conclusion and Prospective
“An international race in the relevant technologies is getting under way at this point, not
necessarily with an understanding of where that race leads in the long run, but strongly motivated
by the short-term payoffs.”
- K. Eric Drexler, Ph.D., engineer, author, philosopher, coined term grey goo

6.1 Introduction
The appeal of implementing magnetic nanoparticles in the design of nanoparticle assemblies
or nanoparticle heterostructures is common due to addition of magnetic controlled movement,1
magnetic tracking/imaging,2 and magnetic heating of the nanostructure.3 Differential magnetic catch
and release has been applied to model systems to show effective size separation of nanoparticles.4
Real systems have also been interrogated by DMCR showing improvement in purity and more
uniform magnetic properties.5 Although much improvement needs to be made for robust
nanostructures to be used in real applications, this chapter will describe some of the preliminary
work dedicated to exploring the structure, function, application, and syntheses of magnetic
nanoparticles. This chapter will also discuss some possible future improvements for differential
magnetic catch and release.

6.1.1 Microfluidics
For more than twenty years chemical and biological analysis systems have been shrinking in
size while interest in the area has been growing rapidly. By reducing the size of analytical tools, it is
possible for one to obtain better performance, lower limits of detection, smaller analyte and solvent
consumption, portability, and overall lower costs.6 One of the many goals of scientists is to use
microfluidics to create a micro total analysis system (μTAS) or “lab on a chip” device which can
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perform analytical and chemical functions.6-8 Because magnetic nanoparticles respond to a magnetic
field, transferring their momentum and therefore individual flow to the solution, we believe
magnetic nanoparticles have the potential for numerous applications to fluid handling in microfluidic
chips.
Previously, we have reported that magnetic nanoparticles can be moved between orthogonal
microfluidic channels via a magnetic field, leaving behind nonmagnetic nanoparticles.9 Using the
same channel design we aim to initiate a simple fluorescent reaction initiated by the magnetic
movement of nanoparticles from one flow stream into another. This will be a preliminary proof of
concept of a magnetic induced chemical reaction. Future work will focus on controlling the precise
manipulation of magnetic nanoparticles in flowing streams which can be applied to the construction
of superstructures from nano-size building blocks. The separations and finely controlled reactions in
microfluidics serve as a foundation for the eventual attainment of pure nanostructure building blocks
and their linking to build large structures in microfluidic chips.

6.1.2 Microcapsules
Micron-sized capsules can protect sensitive chemicals from unfriendly environments and
can be engineered for controlled release of its contents. These two attributes make microcapsules
attractive candidates for drug delivery vehicles. The bursting of microcapsules can be induced using:
light, electric fields, chemical reactions, or vibrational excitement. Incorporation of magnetic
nanoparticles into the microcapsule would be advantageous for two reasons: first, the magnetic
controlled translocation of the capsule in solution; second, the temperature of magnetic nanoparticles
increases in an AC magnetic field and we hypothesize the heat will burst the microcapsule releasing
its contents.
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6.2 Microfluidics

6.2.1 Experimental

6.2.1.1 Chemicals
Polydimethyl siloxane Sylgard 184 Dow chemical, fluorescamine, ethylene diamine,
dimethylformamide, 1, 2-tetradecanediol, iron acetylacetonate, cobalt acetylacetonate, oleic acid,
oleylamine, benzyl ether, anhydrous citric acid, and anhydrous dimethylforamide.

6.2.1.2 PDMS Microchips
Polydimethyl siloxane was mixed with its curing agent in a 10:1 ratio. The mixture was
then placed under vacuum and allowed to degas. The polymer was then poured over an aluminum
master and placed in an 80o C oven for 30 minutes. Cross channels were made by oxygen plasma
bonding two channels orthogonal to one another. Inlets and outlets were made by puncturing the
PDMS with a flat tipped 18 gauge needle and inserting fused silica capillary (350 µm o.d. 250 µm
i.d.). The capillary was sealed by placing a small amount of PDMS near the end of the capillary
before inserting it into the microchip. After all of the capillaries were inserted, the microchip was
placed back in the oven for another 30 minutes. Syringe pumps were used to provide fluid flow
through the microchannels. The microchannels are 3000 x 200 x 200 µm, l x w x h.

6.2.1.3 Fluorescence Microscopy
A Zeiss Axioimager A1 microscope fitted with a MRC 5 camera was used to obtain
transmitted light and fluorescent images of the microchannel. The microscope was modified with a
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removable magnet fitted to the condenser arm underneath the stage of the microscope. The
condenser lens was removed to allow the fitting of the magnet. The magnet is cube shaped and has a
~0.4 T magnetic flux at its surface. Fitting the magnet to the condenser arm allows Z- height
adjustment which allows for the tuning of the magnetic field at the microchannel which can reach a
maximum of ~0.1 T.

6.2.1.4 Synthesis of CoFe2O4 Nanoparticles
Synthesis of CoFe2O4 nanoparticles were carried out via slightly modified high temperature
reduction methods.10 Briefly, CoFe2O4 nanoparticles were synthesized by combination of 0.706 g
Fe(acac)3 (2 mmol), 0.356 g Co(acac)2 (1 mmol), 2.304 g 1,2-tetradecanediol (10 mmol), 1.69 g
oleic acid (6 mmol), 1.60 g oleylamine (6 mmol), and 20 mL benzyl ether, which were mixed and
stirred in a round bottom flask. The flask was evacuated and purged with N2 three times, then under
a N2 flow the solution was rapidly heated (~17o C/min) to 210o C for 2 hours, and the temperature
was then increased at a rate of ~3o C/min to reflux. After 1 hour the heat was removed and the
mixture cooled to room temperature. The nanoparticles were precipitated by addition of ethanol and
isolated via centrifugation. After decanting the supernatant, the precipitate was re-dispersed in
hexane in the presence of oleic acid (~0.05 mL) and oleylamine (~0.05 mL). The solution was again
centrifuged to remove particle aggregates or insoluble particles, the soluble particles were
precipitated with ethanol, centrifuged, and re-dispersed in hexane three times. The final particle
sample was re-dispersed and stored in hexane.
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6.2.1.5 Citrate Stabilization of CoFe2O4 Nanoparticles
To make water soluble nanoparticles, citric acid was used to replace the oleic
acid/oleylamine stabilized CoFe2O4 nanoparticles via ligand exchange. An 80 mg amount of
CoFe2O4 nanoparticles were dried and redispersed in 7.5 mL of toluene. 7.5 mL of DMF and 100 mg
of citric acid were mixed with the nanoparticle solution, and the mixture was stirred at 80o C for 24
hours. The citrate coated particles were washed 3 times each with diethyl ether, acetone, and isolated
via centrifugation. The product was dried and redispersed in warm water, centrifuged, and the
supernatant was stored for further use.

6.2.2 Results and Discussion
Fluorescent microscopy can be used to visualize and capture images of a fluorescent
nanoparticle solution being magnetically moved in a microfluidic chip. The magnetic switching of
particles from one microfluidic channel to another to perform a reaction on a nanoparticle stabilized
with an amine terminated small molecule will be the proof of concept for the future reaction of
linking multiple nanoparticles to make a nanoparticle assembly in a microfluidic chip.
Control experiments were carried out that the magnetic switching of nanoparticles between
channels could be done within the confines of a microscope. Figure 6.1 shows the PDMS
microfluidic cross channel being used in these experiments. The channels are 200 µm x 200 µm and
are 3.0 cm long and are oxygen plasma bonded in an orthogonal direction to one another. An open
area that is a 200 x 200 µm is shared by each channel where they intersect; this area is used to switch
magnetic nanoparticles from one flow stream to another flow stream. Ideally, any mixing at this
intersection is due to diffusion and not turbulent mixing.
The fluorescent small molecule fluorescamine was used to observe cross channel mixing in
the microfluidic chip. Figure 6.1B shows the mixing between the two flow streams flowing at the
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same flow rate. This mixing was attributed to both diffusional and some turbulent mixing due to the
rough microfluidic channel walls. To observe the cross channel transport of magnetic nanoparticles,
a small NdFeB magnet was fitted under the microscope’s viewing table. A solution of 8 nm
diameter, citrate stabilized CoFe2O4 nanoparticles were used as the test solution. In Figure 6.2A,
water is being pumped through the lower channel (vertical) entering in the bottom and exiting the
top. Citrate stabilized 8 nm diameter CoFe2O4 nanoparticles are not pumped and are stationary in the
left hand side of the horizontal channel in Figure 6.2A. Both outlet channels are clear and
transparent being filled with water. The magnetic nanoparticles are then pumped through the top
channel. As expected, from the previous experiments with the small molecule fluorescamine, even
when no magnetic field is in place some of the magnetic nanoparticles enter the bottom channel due
to mixing at the interface. This is evident as the bottom outlet stream is darker than in Figure 6.2B
than when only water was in the channel (Figure 6.2A). While the magnetic nanoparticles and water
were pumped at the same flow rate in their respective channels, the magnet was swung into position
below the intersection of the channels. The magnet blocks the view of the interface as well as the top
(horizontal) channel. Figure 6.3 shows the comparison of the lower channel (where the magnetic
nanoparticles are being pulled by the magnet) with and without the magnet in place. The magnet has
~0.4 T at its surface but because of the magnet-to-channel interface distance the magnetic flux
density at the interface was ~0.1 T. The channel in Figure 6.3A (no magnet) has much lower
contrast than the channel in Figure 6.3B where the magnet is in place. This shows that the small
magnetic field effectively pulls magnetic nanoparticles into the lower stream through the 200 x 200
µm interface. Further analysis using an off chip UV-Vis detector will provide quantitative data for
the extent of cross channel transfer.
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Figure 6.1: Microfluidic cross channel (A) Transmitted light image and (B) fluorescence image
showing the cross channel mixing. A mixture of fluorescamine and ethylene diamine in DMF is
pumped into the left horizontal channel while water is pumped into the bottom vertical channel.
Flow rate is 10 μL/min in each channel.
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Figure 6.2: Microfluidic cross channel (A) with water being pumped in the bottom vertical
channel and the nanoparticle flow turned off. (B) Image of the channel with the citrate stabilized
cobalt ferrite as well as the water pumped through each channel at 20μL/min.
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Figure 6.3: Comparison of the bottom channel (A) without a magnetic field and (B) with a
magnetic field. The magnetic field effectively pulls the magnetic nanoparticles into the lower
channel, evident due to the darker flow stream shown in (B).
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This study shows promise for the pending experiments of flowing fluorescamine in on
channel and amine functionalized magnetic nanoparticles in the orthogonal stream. When a magnet
is placed under the channels mixing will occur turning “on” the fluorescence of fluorescamine. The
fluorescence intensity should be able to be controlled by the applied magnetic field, concentration of
reactants, channel dimensions, and the flow rate through the channel. Through the aforementioned
variations the kinetics of this reaction and the reaction of one type of nanoparticle being linked to
another, on a magnetic nanoparticle in a flowing stream, would like to be studied.

6.3 Magnetic Microcapsules

6.2.1 Experimental

6.2.1.1 Chemicals
Nanopure water, terephthaloyl chloride, toluene, diethyl ether, polyvinyl alcohol (PVA), and
diethylenetriamine were used.

6.2.1.2 Synthetic Methods
Magnetic microcapsules were made via modifying a method by Frechet et al.11 Two
milligrams of 8 nm diameter CoFe2O4 nanoparticles were mixed with 0.45 mg of terephthaloyl
chloride, and 1 g of toluene. To this was added 3 mL of a 0.4% wt solution of PVA in water. The
solution was magnetically stirred creating an emulsification. To the emulsification was added
diethylenetriamine (650 µL in 1 mL water) drop-wise in over a 30 – 45 seconds period of time. The
microcapsules formed immediately and were allowed to stand overnight. The microcapsules were
then gravity filtered and washed with diethyl ether and water.
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6.3.2 Results and Discussion
Synthesis of these microcapsules is easy and with care a good yield of intact microcapsules
can be obtained, Figure 6.4. These microcapsules are reported to have an organic liquid interior
(toluene) in which we hypothesized the nanoparticles would be suspended. According to the
literature the nanoparticles should be inside the capsule but in reality it appears that the magnetic
nanoparticles are embedded in the shell of the capsule. Nevertheless, the microcapsules were
responsive to an external magnetic field. A magnet held to the vial pulled the microcapsules to the
wall. Confirmation of the microcapsules’ magnetic response was captured by transmitted light
microscopy. Figure 6.5 shows sequential images of the microcapsules moving in the presence of a
magnetic field gradient over a 10 second time span.
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Figure 6.4: (A) Dark field and (B) bright field transmitted light images of magnetic
microcapsules.
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Figure 6.5: Movement of microcapsules under a magnetic field. Images A – E were taken in
sequential order over a 10 second time span. These images were captures under 2.5 x
magnifications in transmitted light mode.
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Figure 6.6: Proposed scheme of an AC magnet that could be used to burst the magnetic
microcapsules in the view of the microscope. The copper coil will come from a magnetic relay.
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6.3.3 Future Studies
Still to be determined is how an AC magnetic field can be used to break the microcapsules
in a controllable fashion. Literature reports CoFe2O4 nanoparticles can be heated to ~70o C by an
AC magnetic field in about 15 minutes.3 Figure 6.6 shows a simple AC magnet setup made from an
electrical relay that could be built to magnetically heat the microcapsules. The electromagnet would
then be modified with arms so that they could reach into the light path of the microscope. When the
AC magnetic field is at low frequency, the microcapsules will be pulled in between the poles and
trapped there, allowing one to move the microcapsules by moving the poles. We hypothesize that
increasing the frequency of the AC magnetic field will result in the bursting of the microcapsules.

6.4 Non-Spherical Magnetic Nanoparticles

6.4.1 Experimental

6.4.1.1 Chemicals
Sodium oleate, iron (III) chloride hydrate, cobalt (II) chloride, iron pentacarbonyl (Fe(CO)5),
oleic acid (tech. 90 %), oleylamine (tech. 70 %), and 1-octadecene (tech, 90%) were purchased from
Sigma-Aldrich. Platinum(II) 2,4 pentanedionate (Pt(acac)2) was purchased from Strem Chemicals.
All chemicals employed in the syntheses were used without further purification.

6.4.1.2 Synthetic Methods CoFe2O4 Nanoparticles
Typical syntheses of shaped magnetic nanoparticles directly followed literature methods.12,13
All nanoparticle syntheses performed were high temperature reductions of metal precursors.
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Isolation of the nanoparticles from the reaction mixture was carried out through precipitation in
ethanol or 2-propanol, centrifugation, and redispersion in hexanes.

6.4.1.3 Synthetic Methods FePt Nanoparticles
Synthesis of FePt was carried out following the reported method by Manna et al.14 A 100 mg
amount of Pt(acac)2 was mixed with 7.5 mL of octadecene in a 50 mL, 3 neck round bottom flask
with magnetic stirrring. Under a N2 blanket the temperature was increased to 60o C, placed under
vacuum for 30 minutes, back-filled with N2, and further heated to 130o C. A 785 mg amount of oleic
acid and 0.131 mL of Fe(CO)5 were mixed and injected to the solution at 130o C. After 5 minutes,
955 mg of oleylamine was injected and the temperature was increased to 180o C at ~8o C/min and
left for 1 hour. To remove the nanoparticles from the reaction mixture, 2-propanol was added to the
reaction and the mixture was centrifuged. The precipitate was resuspended in hexane (in the
prescence of oleylamine and oleic acid) and again 2-propanol was added to precipitate the
nanoparticles which were centrifuged. This process was repeated 5x. After the last precipitation the
nanoparticles were suspended in hexane (with added ligand) and centrifuged to remove any
aggregates. The supernatant was collected and stored. These small, spherical nanoparticles were
used as seeds in a further reaction to make FePt nanocubes. A 40 mg amount of FePt seeds in
hexanes were added to the reaction mixture and heated to 130o C for 30 minutes under a N2 flow to
remove the hexanes. Afterwards, the reaction parameters described above were followed.

6.4.1.4 Analysis of Nanoparticles
Transmission electron microscopy images of nanoparticle samples were obtained by
allowing a drop of dilute nanoparticle solution to evaporate on a 300 mesh carbon coated Cu grid
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(EM Science) transmission electron microscope (TEM) grid. Images of the nanoparticles were
obtained with a JEOL-1200EXII TEM operating at 80 keV. Sizes of the nanoparticles are
determined using ImageJ software; the diameter and standard deviation are reported by analyzing at
least 100 nanoparticles from different areas of the TEM grid.

6.4.2 Results and Discussion

6.4.2.1 Shape Synthesis of Magnetic Nanoparticles
Building off of the success of separating different size CoFe2O4 nanoparticles (see Chapter
2 and 3) we have begun to investigate the feasibility of separating different shapes of magnetic
nanoparticles. The theory is that different shape magnetic nanoparticles would interact with the
mobile phase differently, resulting in various drag forces for differently shaped particles. The
literature has contains mixed reports of the variation in magnetic properties of magnetic
nanoparticles of the same material but different shape.15 We believe a source of these conflicting
reports of magnetic properties is the inability to synthesize perfectly one shape of particle, e.g. a
mixture of cubes and faceted spherical nanoparticles. In addition, the crystal faces on the surface of a
nanocube versus a nanosphere may be in proportionally different, giving rise to dissimilar surface
defects and magnetic surface interactions. With this in mind we believe separation-purification of
different size and shape magnetic nanoparticles would be useful for their complete and accurate
characterization. Syntheses of magnetic nanoparticles were carried out following various literature
preparations.
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Figure 6.7: (A) Shape synthesis of iron oxide nanoparticles. The nanoparticles are ~23 nm in
diameter (B) A successful synthesis of shaped CoFe2O4 nanoparticles. The nanoparticles were not
magnetic and XRD data showed a FeO or CoO structure. (C, D) FePt nanocubes synthesized by a
seed-mediated growth method.
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Most syntheses were found to not yield the shape or composition reported in the paper. Figure 6.7
shows successful syntheses of shaped magnetic nanoparticles.12,13 Two main types of syntheses used,
both of which were high temperature reductions. The difference between the two syntheses was the
starting materials, which were metal oleates (iron and cobalt oleates) and metal salts (iron(III)
acetylacetonate and cobalt(II) acetylacetonate), Figure 6.7A, B respectively. The nanoparticles in
Figure 6.7A were not colloidally stable and could not be used in DMCR since nanoparticles that are
not colloidally stable or fall out of solution under a magnetic field have the propensity to irreversibly
adhere or adsorb to the DMCR column.
The TEM image in Figure 6.7B shows a successful synthesis of nanocubes by following a
literature method which are fairly monodisperse (11% dispersity).13 However, unlike the reported
method, the resulting product in Figure 6.7B was not observed to be magnetic. The material was
then further characterized using X-ray diffraction (XRD). The XRD pattern did not match the
inverse spinel structure of Fe3O4 or CoFe2O4 but more closely matched FeO or CoO, both of which
are antiferromagnetic.
The FePt system has been shown to yield multiple shapes: spheres, cubes, and rods. Figure
6.4C, D shows the product of a seed-mediated synthesis where FePt seeds were used as a support on
which to grow larger FePt nanoparticles. The seed particles were ~3 nm diameter spheres and after
one growth cycle nanocubes are formed, Figure 6.4C. The nanocubes in Figure 6.4B were used as
seeds and larger nanocubes were grown, Figure 6.4D. To show a separation based on shape alone
the magnetic volume of each shape would ideally be the same.

6.4.3.2 Future Studies
Attempts at the oxidation of the FeO/CoO should be undertaken. This would result in a
crystalline, magnetic product which could be interrogated by DMCR. The challenge with the FePt
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system is being able to synthesize FePt nanospheres or rods with identical magnetic volume and
Fe:Pt ratio as the nanocubes in Figure 6.7C, D.

6.5 Core/Shell Fe/Fe3O4 Nanoparticles

6.5.1 Chemicals
Iron pentacarbonyl (Fe(CO)5), oleylamine (tech. 70 %), oleic acid (tech. 90 %), 1octadecene (tech, 90%), 1-hexadecylamine were purchased from Sigma-Aldrich. Isopropyl alcohol,
hydrochloric acied, diethyl ether, ethanol, and hexanes were purchased from EMD.

6.5.2 Synthetic Methods

6.5.2.1 Core/Shell Fe/Fe3O4
Synthesis of Fe/Fe3O4 nanoparticles was carried out via literature methods.16 In a 50 mL
three neck round bottom flask 10 mL (7.89 g) of 1-octadecene and 0.13 g of oleylamine were
magnetically stirred. The system was placed under vacuum and then purged with N2 3 times to
insure an air free environment and heated to 120o C for 30 min under a N2 flow. Under a N2 blanket
the solution was heated to 180o C and 0.35 mL of Fe(CO)5 was injected into the solution. The
solution immediately turned black. The reaction was left at 180o for 20 minutes followed by
removing the heating mantle and cooling to room temperature. Nanoparticles were isolated from the
reaction mixture via 4 cycles of precipitation (IPA and ethanol), centrifugation, and redispersion in
hexanes.
To make crystalline/amorphous Fe/Fe3O4 nanoparticles 0.14 g of hexadecylammonium
chloride (HDA∙HCl) was added to the reaction mixture.17
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6.5.2.2 Hollow Fe3O4 Nanoparticles
Synthesis of hollow iron oxide nanoparticles were carried out by slight modification of
literature methods.18 First, amorphous (am) Fe nanoparticles were synthesized as reported above.
The reaction solution was further heated at 150o, 215o, or 250o C and dry air was bubbled through the
solution at approximately 20 mL/min for 2 hours. Fractions were extracted from the solution and
quenched by precipitation in IPA. The nanoparticles were isolated from the reaction mixture as
outlined above. Hollow nanoparticles were also made by first cooling the Fe nanoparticle reaction to
room temperature, isolating the nanoparticles from the reaction mixture, and re-heating followed by
air bubbling.

6.5.3 Results and Discussion

6.5.3.1 Hollow Fe3O4 Nanoparticles
Our group has shown that the hollowing of these nanoparticles can be attributed to electron
beam while characterizing these nanoparticles in the TEM.19 The nanoparticles that are used
hereafter are synthesized by a similar method that uses oleic acid/oleylamine as ligands instead of
trioctylphosphine oxide/hexadecylamine which serve as solvent and ligands. TEM induced structural
changes are not observed with the oleic acid/oleylamine stabilized nanoparticles. Hollow oleic
acid/oleylamine stabilized iron oxide nanoparticles have been reported via the oxidation of Fe/Fe3O4
nanoparticles.18,20 The hollow nanoparticles are reportedly the result of the Kirkendall effect, where
the Fe atoms have a faster diffusivity outward than the O atoms inward resulting in voids on the
interior of the nanoparticle. The results of this effect can be seen in Figure 6.8 where the as
synthesized Fe nanoparticles were heated at 150o C as air was bubbled through the reaction solution.
Fractions were extracted at regular intervals for further analysis. Figure 6.8A – F shows that over
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the course of the experiment the Fe core shrinks leaving a void at the center of the nanoparticle. All
fractions of these nanoparticles are amorphous, showing no peaks in their XRD pattern Figure 6.9A;
the temperature that this oxidation was carried out at is too low to crystallize the Fe3O4. This has a
quite large detrimental effect on their magnetic properties, evidenced visually by their negligible
response to a magnetic field. Using DMCR the as-synthesized sample can be trapped with efficiency
approaching 100% at 0.75 T while the nanoparticles oxidized for only 5 minutes (Figure 6.6D) are
trapped with ~50% efficiency. After 30 minutes of oxidation (Figure 6.6D) the magnetic properties
are diminished to the point that no particles can be trapped with a 0.75 T magnetic field. It seems
that the amorphous Fe3O4 portion of the core shell structure has a minimal contribution to the
magnetic properties of the overall nanoparticle structure. As the inner Fe core is oxidized the
magnetic properties plummet in these amorphous samples. Also apparent is the noticeable
appearance of many small nanoparticles after the oxidation step begins. The formation of these small
nanoparticles was further investigated by trying a slight modification of the synthetic method.
Instead of a one-pot synthesis of the hollow nanoparticles as shown in Figure 6.6 the Fe/Fe3O4
nanoparticles were cooled to room temperature and isolated from the reaction mixture via
precipitation, centrifugation, and redispersion. The nanoparticles were then redispersed in
octadecene and heated to 215o C. After beginning the air bubbling oxidation, fractions were taken
over the course of 2 hours. Figure 6.9B, C shows the as-synthesized Fe/Fe3O4 nanoparticles before
and after 2 hours of oxidation. There is no evidence of extraneous nanoparticle formation. An
analogous reaction was performed to prove that the different temperature was not a contributing
factor to the formation of small nanoparticles during the oxidation step. Figure 6.10 shows the
hollowing of Fe/Fe3O4 at 150o C. Results have consistently shown small nanoparticle formation in
the one-pot synthesis but not after the Fe/Fe3O4 is isolated from the reaction mixture before reheating
and oxidizing them. This may be due to unreacted Fe in solution and the oxidation allows the
nucleation of these small nanoparticles. The XRD pattern of the hollow nanoparticles synthesized at
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Figure 6.8: Transmission electron microscopy images of the one-pot synthesis of hollow Fe3O4
nanoparticles (A) as synthesized Fe/Fe3O4, (B) 5, (C) 30 minutes, (D) 60, (E) 90, (F) 120 minutes
of air bubbling at 150o C . Scale bar is 50 nm.
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Figure 6.9: X-ray diffraction patterns (A) hollowing of Fe/Fe3O4 via air bubbling at different
temperatures. Transmission electron microscopy images of fractions of the hollowing of Fe/Fe 3O4
(B) reheated to 215o C and (C) after 2 hours of air bubbling oxidation. (D) DMCR chromatogram
of as synthesized Fe/Fe3O4 (black), 5 minutes (red) and 30 minutes (green) of oxidation via air
bubbling. 10 μL/min flow rate, hexanes mobile phase, 4 mg/mL sample concentration, and 1.3 μL
injection volume.
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Figure 6.10:
Transmission electron microscopy images of the synthesis of hollow Fe3O4
nanoparticles (A) as synthesized Fe/Fe3O4, (B) 5, (C) 30 minutes, (D) 60, (E) 90, (F) 120 minutes
of air bubbling at 150o C . Scale bar is 50 nm.
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215o C shows that the particles are crystalline. If the hollowing of the nanoparticles takes place at an
even higher temperature (250o C) the particles show more distinct and sharp diffraction peaks. The
increase in temperature increases the crystallinity of the hollow Fe3O4 sample.

6.5.3.2 Future Studies
From the data collected, the best route to obtain hollow magnetic nanoparticles is to clean up
the as-synthesized Fe/Fe3O4 nanoparticles, reheat, and bubble air through the reaction mixture. This
prevents the formation of the small (iron oxide?) nanoparticles that form if the hollowing oxidation
is done in a ‘one-pot’ manner.
Kinetic data for the hollowing of Fe/Fe3O4 nanoparticles at different temperatures could be
determined using DMCR to magnetically track the depletion of Fe core. At the lower reaction
temperature of ~150o C the reactants will be trapped in DMCR. As the reaction (hollowing)
proceeds the products become less magnetic so a decrease in the area of the trapped peak will be
observed versus reaction time. This will be used to determine the rate constant for the hollowing of
Fe/Fe3O4 with no effects from crystallization of the Fe3O4 since the temperature is too low for this
crystallization to occur to a great extent.
At an intermediate temperature (~215o C) crystallization of the Fe3O4 does occur while the
Fe core is oxidized. The Fe core is oxidized faster at higher temperatures and the hollow
nanoparticles are magnetic in this case. Experiments will have to determine the trapping ability of
DMCR for the products and the peak shapes in the DMCR chromatogram as the amorphous Fe core
decreases in size and magnetic moment but the crystalline Fe3O4 shell increases in thickness and
magnetic moment. The product may be more magnetic due to the crystallinity change, although the
crystallization results in a small crystal domain size, Figure 6.9A (red pattern).
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At the higher temperature of 250o C the nanoparticles hollow out quickly and the crystal
domain size grows significantly. DMCR should be able to track this and see the disappearance of the
initial untrapped (reactants) peak and the emergence of the trapped (product) peak over the course of
the reaction. The challenge will be to collect enough fractions over the course of this reaction. The
hollowing of the nanoparticles at this temperature will be fast (i.e < 5 min) for complete hollowing.

6.5.3.3 Crystalline/Amorphous Core/Shell Fe/Fe3O4 Nanoparticles
Nanoparticles with a crystalline (crys) Fe core and an amorphous (am) Fe3O4 shell have also
been studied using DMCR. The TEM image shows that the nanoparticles are core shell
nanoparticles, Figure 6.11A. The crystallinity of the Fe core was confirmed by XRD, Figure 6.11B,
confirming the presence of bcc-Fe. There are no reflections for the Fe3O4 shell in the XRD pattern
due to its amorphous nature. The Fe (crys) nanoparticles were separately studied and compared to
their amorphous counterparts using DMCR. Even though composed of the same material, these
nanoparticles are known to have different magnetic moments due to crystallinity.17 As a proof of
concept that DMCR could separate these nanoparticles, with both Fe (am) and Fe (crys) cores
identical in diameter, were mixed together. Under no magnetic field the elution profile is a single
Gaussian peak at the dead time of the column. When the mixture is injected under and initial 0.75 T
magnetic flux density the untrapped peak elutes with significant tailing. This peak is composed of
the am/am particles. When the magnetic field is turned off after 2000 seconds a second trapped peak
elutes. This more magnetic fraction is the crys/am Fe/Fe3O4. We have previously separated particles
of the same material with magnetic moment differences based on their diameter.4 This is the first
demonstration that DMCR can separate particles of the same composition but with differences in
their magnetic moment based on their crystallinity.
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Figure 6.11: (A) TEM image, scale bar 50 nm, (B) XRD pattern of the crys/am Fe/Fe3O4. (C)
Comparison of the DMCR chromatogram of the am/am (black), am/crys (red), and crys/am
Fe/Fe3O4 core shell nanoparticles. (D) Separation of am/am and crys/am Fe/Fe3O4.
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6.6 Possible Improvements for DMCR
Differential magnetic catch and release has proven to a useful tool to separate and purify
magnetic nanoparticles and hybrid nanostructures but challenges on the horizon are to improve the
technique to encompass numerous nanosystems and increase the impact of DMCR in the scientific
field. The resolution of magnetic moments that DMCR is capable of separating is a challenge that
will need to be addressed. What is the smallest difference in the diameter of nanoparticles that
DMCR can separate? What is the smallest diameter that DMCR is capable of trapping?21 The
answers to these questions will vary based on the magnetic nanoparticle material but as of this
writing the smallest nanoparticles that DMCR can trap are ~7 nm in diameter (Fe3O4) using a flow
rate of 10 μL/min and a hexanes mobile phase. In Chapter 3 parameters such as using a lower
viscosity mobile phase and a slower flow rate will enhance the capture efficiency but this leads to
long separation times. The best size resolution separation achievable at this time is ~2-3 nm
difference in diameter. The following are some attempts or ideas on how to improve the magnetic
moment resolution in DMCR.

6.6.1 Cooling the Separation
Generally, MFe2O4 (M = Fe, Co, Ni, Mn) magnetic nanoparticles less than 20 nm in
diameter are superparamagnetic. Thermal fluctuations randomly orient their magnetic dipoles in the
absence of a magnetic field. The nanoparticles’ magnetic moment is inversely proportional to
temperature and the magnetic properties of different diameter nanoparticles diverge as temperature
is decreased. In Figure 6.12A the magnetic response of the same vial of γ-Fe2O3 is shown at ~76o C
and at room temperature; the magnetic nanoparticles are more strongly attracted to the magnet at
lower temperatures. The divergence of magnetic properties of different size magnetic nanoparticles
is evident from the magnetization versus temperature data in Figure 4.9. These two pieces of data
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suggest that performing DMCR at cold temperatures would allow us to trap smaller particles and
decrease our size resolution in a separation. At the suggestion of Dr. Schaak the temperature of
DMCR was cooled to investigate how it would affect the trapping ability of the technique.
A few different techniques were attempted including: 1) running the capillary column inside
a cooling capillary both which were wrapped around the electromagnet, 2) wrapping a cooling
capillary on top of the separation column, and 3) using a bag to immerse the separation column
making a cooling bath. The first two methods required a secondary pump to continuously pump cold
ethanol through the cooling capillary. The ethanol (F.P. -114o C) was pumped through cooling coils
which were immersed in a dry/ice acetone slurry (-76o C). Figure 6.13 shows the cooling line
coming out of the dry ice/acetone slurry in a Dewar flask and through the cooling line wrapped on
top of the separation column and around the electromagnet. Methods 1 and 2 described above did
not seem to have a significant impact on the trapping ability of DMCR most likely due to the
inefficient heat transfer from the polymer cooling capillary to the separation column. The most
promising result of improved magnetic trapping ability was the result of immersing the separation
column in a plastic bag filled with dry ice/acetone slurry. Chromatograms in Figure 6.12B show the
enhanced trapping of ~ 8 nm diameter MnFe2O4 nanoparticles in a hexane mobile phase. Under
room temperature conditions no trapped peak elutes when the magnetic field is turned to 0 T from
0.25 T. When the separation column is cooled to ~76o C a portion of the MnFe2O4 particles are
trapped and then released when the magnetic field is turned off. This proved that our hypothesis was
correct; DMCR is capable of trapping nanoparticles with smaller magnetic moments or using
smaller magnetic fields to trap particles. The challenge that still needs to be overcome is that a
portion of the nanoparticles are never released under the cold conditions. When the column is
brought back to room temperature more nanoparticles elute off the column Figure 6.12C.
Independent experiments have shown that adding ligands (1% vol/vol oleic acid/oleylamine) into the
mobile phase enhances the magnetic nanoparticle “release ability” in DMCR. Magnetic
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nanoparticles that were problematic and magnetically trapped and permanently stuck in the column
could be normally trapped and released by adding ligands to the mobile phase and warrants testing
in conjunction with the DMCR cooling experiments. Cooling the separation theoretically has many
advantages that would allow DMCR to achieve: trapping of smaller particles, higher resolution for
small nanoparticle diameter differences, and move to less magnetic systems. These advantages are
important and merit considerable time in designing a method to control the temperature of separation
to reap the full benefits of DMCR cooling.
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Figure 6.12: (A) Picture of the response of Fe3O4 nanoparticles at -76o C and room temperature
to a magnet. (B) DMCR chromatogram of MnFe2O4 at ~-76o C and room temperature. (C)
Chromatogram of the excess nanoparticles eluting after the separation column was warmed to
room temperature.
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Figure 6.13: Picture of an attempt to cool the separation column used in DMCR. Polymer tubing
was wrapped on top of the separation column and cold ethanol was continuously pumped through
the tubing.
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6.6.2 Alternating Current Magnetic Fields
Magnetic nanoparticle separations and purifications using DMCR are executed under a
static magnetic field. To take full advantage of the difference in magnetism between nanoparticles
(of different size or material) is to use an AC magnetic field to access the time dependent magnetic
susceptibility of the nanoparticles. Magnetic susceptibility, simply put, is the degree of
magnetization under an applied magnetic field. The AC susceptibility (at high frequencies is called
dynamical susceptibility) is associated with nanoparticles as:22
( )

(

)

(1)

Where χ(ω) is the dynamical susceptibility at driving frequency ω is, χo is the static susceptibility, τ
is the Neel relaxation time. With the typical Neél relaxation time:
(

)

(2)

Where τo is the attempt time, K is the magnetic anisotropy energy density, V magnetic volume, k
Boltzmann’s constant and T is the absolute temperature. The magnetic moment and the magnetic
susceptibility are two magnetic properties that are both different for a given magnetic nanoparticle.
DMCR separations use a static magnetic field which accesses only the magnetic moment of the
nanoparticle. If the time dependent response to an applied magnetic field (magnetic susceptibility)
could be approached, this new magnetic handle may improve separations in DMCR. Applying an
AC magnetic field during the separation in DMCR could allow the advantageous leveraging of two
different magnetic properties of the nanoparticles, i.e. magnetic susceptibility and magnetic moment,
to allow a more efficient, timely, and well resolved separation.
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6.7 Conclusion
Magnetic nanoparticles being explored and used in a wide range of applications, including
magnetic resonance imaging, drug delivery, biosensing, magnetic separation, and medical diagnosis.
The tunability of the surface interactions as well as the magnetic manipulation of the nanoparticles
with an external magnetic field make magnetic nanoparticles attractive mates for use in devices to
catalysis. Differential magnetic catch and release has been shown to be a useful analytical method
for the purification of magnetic nanoparticles and has filled an absence of analytical methods to
purify inorganic nanomaterials. Recent articles have described the frustrating reality of nanoparticle
synthesis and the range of magnetic material properties found with identical particles/syntheses.15,23

In addition methods to assess the purity of nanoparticles are needed in the foreseeable future
due to impending regulation of nanoparticles in commercial products. DMCR has been shown
to provide not only size polydisperse samples but also more magnetic monodisperse samples,
yielding uniform samples with respect to their metal: metal ration and crystallinity. We believe that
using DMCR to study magnetic nanomaterials syntheses, yield, purity, and kinetics will facilitate
markedly improved nanomaterials for future applications.
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