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Superparamagnetic Magnetite Colloidal Nanocrystal Clusters**
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Recent advances in colloidal synthesis have enabled the
preparation of high-quality nanocrystals with controlled size
and shape.l'” The focus of synthetic efforts appears to be
shifting to creation of secondary structures of nanocrystals,
either by self-assembly or through direct solution growth. This
trend is evidenced by a number of interesting works published
in the past two years."'”) Manipulation of the secondary
structures of nanocrystals is desired in order to combine the
ability to harness the size-dependent properties of individual
nanocrystals with the possibility to tune collective properties
due to interactions between the subunits. Herein we report
the synthesis of highly water dispersible magnetite (Fe;O,)
colloidal nanocrystal clusters (CNCs) with uniform size from
about 30 to about 180 nm, each of which is composed of many
single magnetite crystallites approximately 10 nm in size. The
CNCs show superparamagnetic properties at room temper-
ature, whereas a single-crystalline magnetite particle within
the same size range would exhibit ferromagnetic behavior.
Apparently, the magnetic interactions among crystallites
within a CNC are perturbed sufficiently from the case of a
single-crystalline particle that the superparamagnetic—ferro-
magnetic transition is suppressed. The superparamagnetic
behavior, high magnetization, and high water dispersibility
make these CNCs ideal candidates for various important
applications such as drug delivery, bioseparation, and mag-
netic resonance imaging.

Superparamagnetic nanocrystals have proved to be very
promising for biomedical applications, as they are not subject
to strong magnetic interactions in dispersion.!''?! Iron oxide
nanocrystals have received the most attention for this purpose
because of their biocompatibility and stability under physio-
logical conditions. Several robust approaches have been
developed for synthesizing magnetic iron oxide (e.g., Y-
Fe,0; or Fe;0,) nanocrystals with tightly controlled size
distribution, typically by organometallic processes at elevated
temperatures in nonpolar solvents.*"® Additional steps of
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surface modification or lipid encapsulation are usually
performed to transfer the hydrophobic nanocrystals from
nonpolar solvent to water for biomedical applications.l'”:¥l
The nanocrystals prepared by these methods, with dimensions
on the order of 10 nm, have a low magnetization per particle,
so that it is difficult to effectively separate them from solution
or control their movement in blood by using moderate
magnetic fields. This limits their usage in some practical
applications such as separation and targeted delivery. Increas-
ing the nanocrystal size increases the saturation magnet-
ization, but also induces the superparamagnetic—ferromag-
netic transition (at a domain size of ca. 30 nm for Fe;0,), so
that nanocrystals are no longer dispersible in solution. The
strategy of forming clusters of magnetite nanocrystals has the
advantage of increasing the magnetization in a controllable
manner while retaining the superparamagnetic character-
istics.

Highly water dispersible magnetite CNCs were synthe-
sized by using a high-temperature hydrolysis reaction with
poly(acrylic acid), PAA, as surfactant. Iron(IIT) chloride was
used as precursor, and diethylene glycol (DEG, a polyhydric
alcohol with a boiling point of 244-245°C) as polar solvent.
Poly(acrylic acid) was selected because of the strong coordi-
nation of carboxylate groups with iron cations on the
magnetite surface. An additional advantage of PAA is that
extension of the uncoordinated carboxylate groups on the
polymer chains into aqueous solution confers on the particles
a high degree of dispersibility in water. Introduction of NaOH
into the hot mixture of DEG, FeCl;, and PAA produces water
molecules and also increases the alkalinity of the reaction
system, and both results favor the hydrolysis of FeCl,. Under
the reductive atmosphere provided by DEG at high temper-
ature,”! Fe(OH), partially transforms into Fe(OH),, and
finally Fe;O, particles are formed through dehydration.
Under optimized conditions, these Fe;O4 nanocrystals spon-
taneously aggregate to form flowerlike three-dimensional
clusters, as shown in the representative transmission electron
microscopy (TEM) images in Figure 1. Close inspection of
these images confirms that these monodisperse colloids
consist of small primary particles.

The size of the CNCs can be precisely controlled from
about 30 to about 180 nm by simply increasing the amount of
NaOH while keeping all other parameters fixed (Figure 1).
This size tunability may be the result of slight differences in
H,O concentration and alkalinity caused by varying additions
of NaOH. Higher H,O concentration and stronger alkalinity
could accelerate the hydrolysis of FeCl; and promote the
formation of larger oxide clusters. The growth of CNCs
follows the well-documented two-stage growth model in
which primary nanocrystals nucleate first in a supersaturated
solution and then aggregate into larger secondary particles.””!
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Figure 1. Representative TEM images of magnetite CNCs at the same magnification. The average diameters of the CNCs, obtained by measuring
about 150 clusters for each sample, are 31 (a), 53 (b), 71 (c), 93 (d), 141 (e), and 174 nm (f). All scale bars are 200 nm.

The secondary structure of CNCs can be observed more
clearly in Figure 2 for isolated clusters approximately 31, 93,
and 174 nm in size. Lattice fringes were recorded for a small
cluster with diameter of 31 nm, as shown in the high-
resolution TEM (HRTEM) image in Figure 2a. Clearly, the

Figure 2. a) Typical HRTEM image of a 31-nm cluster. b, ¢) High-
magpnification TEM images of 93- and 174-nm CNCs. d) SAED pattern
of the cluster in (c).
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cluster is composed of small primary crystals with a size of 6—
8 nm and the same crystal orientation. Measuring the distance
between two adjacent planes in a specific direction gives a
value of 0.482 nm, which corresponds to the lattice spacing of
(111) planes of cubic magnetite. The fact that primary
particles crystallographically align with adjacent ones can be
understood as the result of oriented attachment and subse-
quent high-temperature sintering during synthesis.®! Figur-
e 2b,c shows the secondary structures of CNCs of much larger
size. The selected-area electron diffraction (SAED) pattern
recorded on an isolated cluster about 174 nm in size reveals
single-crystal-like diffraction (Figure 2d). The diffraction
spots are widened into narrow arcs that indicate slight
misalignments among the primary nanocrystals.

X-ray diffraction measurements also confirm the secon-
dary structure of magnetite CNCs. Figure 3 shows diffraction
patterns with almost identical broadenings for clusters of
different sizes. Calculations with the Debye—Scherrer formula
for the strongest peak (311) gave grain sizes of 9.73, 9.65, and
10.83 nm for CNCs with sizes of 53, 93, and 174 nm,
respectively; this implies that the primary nanocrystals do
not grow significantly with increasing size of CNCs. Consis-
tently, the peak shape and broadening in XRD patterns of
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Figure 3. X-ray powder diffraction patterns of 8-nm magnetite nano-
dots (a) and 53- (b), 93- (c), and 174-nm magnetite CNCs (d).
Literature values for the peak positions and intensities for bulk
magnetite samples are indicated by the vertical bars.

CNCs are comparable to that of 8-nm isolated nanodots. We
also confirmed the composition of iron oxide as magnetite by
combining the XRD results with the X-ray absorption
spectroscopy (XAS) measurements (see the Supporting
Information).

The unique and complex structure allows CNCs to retain
superparamagnetic behavior at room temperature even
though their size exceeds 30 nm. Figure 4 a,b shows hysteresis
loops of 93-nm CNCs measured at 300 and 2 K, respectively .
The clusters show no remanence or coercivity at 300 K, that is,
superparamagnetic behavior. At 2K, thermal energy is
insufficient to induce moment randomization, so that the
clusters show typical ferromagnetic hysteresis loops with a
remanence of 12.6 emug ' and a coercivity of 140 Oe.

To evaluate the magnetic response of CNCs to an external
field, the mass magnetization o was measured at 300 K by
cycling the field between —20 and 20 kOe. Figure 4c¢ shows
that all the CNCs, as well as the reference sample of 8-nm
Fe;O, nanodots, are superparamagnetic at room temperature.
The saturation magnetization o, of PAA-covered particles
was determined to be 63.5, 56.7, 30.9, and 21.2 emug™' for
174-, 93-, 53-nm CNCs, and 8-nm particles respectively. The
values for the larger clusters are close, but they decrease
noticeably for small particles, which may be attributed to the
higher weight fraction of PAA in small particles or a surface-
related effect such as surface disorder. The magnetic moment
w of an individual grain can be determined by the Langevin
paramagnetic function: M(x) = Nu[cothx—(1/x)], where x =
wHI/kg T, N is the number of clusters, H the applied field, kg
the Boltzmann constant, and 7 the absolute temperature.
Fitting the data in Figure 4c to this function, we found
magnetic moments for an 8-nm dot and 53-, 93-, and 174-nm
single clusters of 8.45x107", 3.23x107*, 1.79x 107", and
7.13x 107" emu, respectively (see the Supporting Informa-
tion). The dramatic increase in x4 with increasing size (inset of
Figure 4c) indicates that a single CNC would have much
stronger response to external field than a single nanodot.
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Figure 4. Mass magnetization M as a function of applied external field
H measured for 93-nm CNCs at a) 300 and b) 2 K. c) Comparison of
hysteresis loops of 53-, 93-, and 174-nm CNCs and a reference sample
of 8-nm nanodots. Inset: Magnetic moment u per cluster (or dot) in a
logarithmic plot.

The CNCs are highly water dispersible, even after washing
three times with ethanol/water, thanks to the robust surface
coating of PAA. We were able to visualize the magnetic
responses in an optical microscope by observing a thin layer
of an aqueous dispersion of CNCs on a glass substrate. As
shown in Figure S5a—c, the initially well-dispersed CNCs
formed chainlike structures when a magnetic field was
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Figure 5. Superparamagnetic behavior of magnetite CNCs. Optical
dark-field images of a thin layer of CNC aqueous dispersion on a glass
substrate a) without magnetic field, b) with magnetic field, and c) after
the applied magnetic field is removed. The bright region at the lower-
left corner in each image represents the dried CNCs. Photographs of
an aqueous CNC dispersion in a vial d) without magnetic field, e) with
magnetic field for 1 min, and f) after the applied magnetic field is
removed.

applied. The chainlike structures disassembled immediately
on removing the external field, which is a typical super-
paramagnetic behavior. If a CNC solution is subjected to a
strong magnetic field, the particles can be completely
separated from the solution within minutes, as shown in
Figure 5d,e. Slight agitation will bring the CNCs back into the
original solution if the magnetic field is removed (Figure 5 f).

In summary, a high-temperature solution-phase process
has been developed to synthesize monodisperse magnetite
colloidal clusters which are composed of small primary
nanocrystals. The cluster size can be tuned precisely from
about 30 to about 180 nm by simply changing the rate of
hydrolysis with NaOH. Surface-tethered PAA chains render
the clusters highly water-dispersible. The CNCs show super-
paramagnetic behavior at room temperature, and their
response to external magnetic field is much stronger than
that of individual magnetite nanodots due to much higher
magnetization per particle. These properties are very impor-
tant, especially in biomedical applications where strong
magnetic response is usually achieved by embedding many
magnetic nanodots in polymer beads. The sizes of these
polymer beads are typically on the order of micrometers, as it
is difficult to achieve a dense loading of small magnetic
particles. For applications such as targeted drug delivery,
embedding CNCs, instead of a collection of smaller separated
superparamagnetic nanodots, within a carrier particle should
enable great reduction of the overall size of the carrier. This is
highly advantageous, as narrower blood capillaries may be
accessed without clogging while still retaining the combina-
tion of a strong magnetic response and superparamagnetism.
We also expect that facile coating of CNCs with a layer of
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silica will allow utilization of well-developed silane chemistry
for linking specific ligands to the surface of these magnetic
clusters through various coupling agents.*!]

Experimental Section

The CNCs were synthesized in solution phase at high temperature.
An NaOH/DEG stock solution was prepared by dissolving NaOH
(50 mmol) in DEG (20 mL); this solution was heated at 120°C for 1 h
under nitrogen, cooled, and kept at 70°C. In a typical synthesis, a
mixture of PAA (4 mmol), FeCl; (0.4 mmol), and DEG (17 mL) was
heated to 220°C in a nitrogen atmosphere for 30 min with vigorous
stirring to form a transparent, light yellow solution. NaOH/DEG
stock solution (1.75 mL) was injected rapidly into the above hot
mixture, and the temperature dropped to about 210°C instantly. The
reaction solution slowly turned black after about 2 min and became
slightly turbid. The resulting mixture was further heated for 1 h to
yield 93-nm magnetite clusters. The amount of NaOH/DEG solution
determines the size of the CNCs. For example, amounts of stock
solution of 1.6, 1.65, 1.7, 1.8, 1.85 mL lead to CNCs with average sizes
of 31, 53, 71, 141, and 174 nm, respectively. The final products were
washed with a mixture of deionized water and ethanol several times
and then dispersed in deionized water.
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