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Introduction

The major impetus in developing well-defined superpara-
magnetic nanocrystals has been their biomedical applica-
tions as they are not subject to strong magnetic interactions
in dispersion.[1,2] Iron oxide nanocrystals have received the
most attention for this purpose because of their biocompati-
bility and stability in physiological conditions.[3–7] Several
robust solution-phase approaches have been developed for
synthesizing magnetic iron oxide (e.g. g-Fe2O3 or Fe3O4)
nanoparticles with high crystallinity and tightly controlled

size and monodispersity, typically through organometallic
pyrolysis reactions or solvothermal processes at elevated
temperatures in nonpolar organic solvents.[8–14] Additional
steps for surface modification or lipid encapsulation are usu-
ally required to transfer the hydrophobic products from
nonpolar solvents to water, and make them active for bio-
medical applications.[15–17] Besides the practical difficulties in
phase transfer, the stability of these dispersions has been an-
other major concern in these approaches.[18] Iron oxide parti-
cles have also been prepared directly in water or reversed
micelles by precipitating Fe2+ and Fe3+ cations, typically
with a lower degree of control over the size, distribution and
crystallinity because of the low reaction temperature.[19–21]

To produce high quality water-soluble nanocrystals, we
found it necessary to take advantage of concepts developed
previously for the pyrolytic growth of hydrophobic colloidal
nanocrystals in nonpolar organic solvents. A high reaction
temperature is required to directly synthesize water-soluble
nanocrystals with high crystallinity and narrow size distribu-
tion control, which can be achieved by using solvents such
as polyhydric alcohols. The challenge is to then find an ap-
propriate capping agent, which is thermally stable at in-
creased reaction temperatures and able to maintain hydro-
philicity after binding to electron-poor iron atoms at the
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nanocrystal surface. Typically used small organic surfactants
are not useful for this purpose as either they are unstable at
high temperatures or they precipitate the particles out of
the polar solvent after binding to the particle surface. We
find that short-chain poly(acrylic acid) (PAA) is an ideal
candidate as a capping agent for such reactions. Here, we
demonstrate its use in a one-step process for synthesizing
highly water-soluble magnetite (Fe3O4) nanocrystals with
uniform sizes. Specifically, superparamagnetic Fe3O4 nano-
crystals were produced by hydrolyzing the iron precursor
FeCl3 with a NaOH solution at a temperature above 200 8C
in diethylene glycol (DEG, boiling point �244–245 8C) in
the presence of PAA. As schematically illustrated in
Figure 1, the carboxylate groups on the PAA chains strongly

coordinate to iron cations on the magnetite surface to form
a robust coating, while uncoordinated carboxylate groups
extend into the aqueous solution, conferring upon the parti-
cles a high degree of dispersibility in water. The large
number of uncoordinated carboxylate groups on the nano-
crystal surface can be used for further linkage of biomole-
cules through the well-developed bioconjugation chemistry.
The superparamagnetism, small and uniform particle size,
and biocompatibility make these magnetite nanocrystals
ideal for a number of biomedical applications, such as highly
sensitive magnetic biolabeling, efficient bioseparation, and
contrast enhancement for magnetic resonance imaging
(MRI). The iron source used in this approach is commercial-
ly available, inexpensive, and more environmentally accepta-
ble than iron pentacarbonyl, Fe(CO)5, a highly toxic precur-
sor commonly used in thermal decomposition routes. There-
fore, this approach follows the green chemistry principle by
providing an environmentally and economically preferable
alternative for preparing high-quality magnetite nanocrys-
tals.

Results and Discussion

Size control and phase determination : The high-temperature
hydrolysis of Fe3+ upon addition of NaOH in the presence

of PAA yields highly water-soluble and uniform magnetite
nanocrystals, as shown in the TEM images in Figure 2. The
hydrolysis of Fe3+ is initiated by the production of water

through the neutralization reaction between NaOH and
PAA. The increased alkalinity upon addition of NaOH also
favors the hydrolysis reaction. Under the reductive atmos-
phere provided by DEG at high temperature,[22,23] Fe(OH)3
partially transforms to Fe(OH)2, finally leading to the for-

Figure 1. Schematic illustration of PAA-capped Fe3O4 nanocrystals. A
fraction of carboxylate groups bind to nanocrystal surfaces and the re-
maining fraction extend into the surrounding water, rendering the nano-
crystals highly soluble in water.

Figure 2. Representative TEM images and the corresponding measured
size distributions of Fe3O4 nanocrystals with an average diameter of
a) 2.9 nm, b) 6.6 nm, and c) 11.3 nm, respectively. The size of the nano-
crystals is controlled by changing the amount of NaOH or the reaction
time. All the scale bars are 20 nm. Insets are HRTEM images of individ-
ual nanocrystals in Figure 2b and c, showing the single crystalline struc-
tures.

www.chemeurj.org E 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 7153 – 71617154

www.chemeurj.org


mation of Fe3O4 particles through dehydration. The size of
the nanocrystals can be precisely controlled by simply
changing the amount of NaOH added while keeping all
other parameters fixed, as shown in the two examples in
Figure 2a and b. This size tunability might be the result of
slight differences in H2O concentration and alkalinity
caused by varying NaOH concentrations. When NaOH is
sufficient, the amount of H2O and the alkalinity is enough
to fully hydrolyze the Fe3+ so that both the nucleation and
growth can be relatively quick. When the amount of NaOH
is low, the growth of nanocrystals is much slower due to the
low alkalinity and limited supply of H2O. When the samples
were collected at about the same time after the initiation of
reaction, the nanocrystals produced with less NaOH was
smaller due to a much lower growth rate. Therefore, the in-
creased amount of NaOH results in higher H2O concentra-
tion and relatively stronger alkalinity, promoting the forma-
tion of larger oxide nanocrystals.

The growth of magnetite nanocrystals follows the classic
La Mer model, in which monodisperse particles are favored
by a temporally discrete nucleation event followed by
slower controlled growth on the existing nuclei.[24, 25] Thanks
to the high reaction temperature, a relatively rapid nuclea-
tion occurs shortly after the injection of NaOH, leading to
magnetite nanocrystals with narrow size distributions (Fig-
ure 2b).[26] Interestingly, further heating of the system for an
additional one hour does not significantly broaden the size
distribution of nanocrystals, which occurs in many other syn-
thetic systems, suggesting relatively slow particle growth in
the current system. During this period, the remaining pre-
cursors are continuously consumed and added to existing
particles. Further growth of nanocrystals is dominated by
the well-known Ostwald ripening process in which small
nanocrystals dissolve as a result of their high surface energy
and the material is subsequently redeposited on the larger
nanocrystals.[25] Figure 2c shows the nanocrystals obtained
after heating the same system in Figure 2b for an additional
24 h. We have determined the diameter of large irregular-
shaped particles by measuring their longest dimensions. The
average diameter increases significantly from 6.6�1.36 to
11.3�1.88 nm while the relative size distribution narrows
slightly, suggesting the ripening mechanism during the
growth. By controlling the reaction conditions, such as the
amount of NaOH and the reaction time, we have been able
to conveniently tune the average size of the nanocrystals
from �2 to �15 nm.

High-temperature annealing during synthesis yields highly
crystalline magnetite particles. Inspections of the products
by using HRTEM indicates that each particle is a well-or-
dered single crystal, as shown in the inset of Figure 2b.
Measuring the distance between two adjacent lattice fringes
gives a value of 0.251 nm, which corresponds to the lattice
spacing of (311) planes of cubic magnetite. We have also in-
spected the large irregular-shaped nanoparticles produced
after 24 h annealing. As shown in the inset of Figure 2c, the
particles are still single crystals without defects. This obser-
vation again confirms the ripening growth mechanism and

rules out the possible fusion mechanism in which defects
such as twins should be easily observed in the final products.

The crystal structure of the products was also studied by
measuring their XRD patterns. Figure 3 shows the diffrac-

tion patterns with apparent broadenings for 2.9 and 6.6 nm
nanocrystals, which could be indexed to a cubic-phase
Fe3O4. The Debye–Scherrer formula Dhkl=kl/bcosq was
used to estimate an average crystallite size from the XRD
patterns, in which Dhkl is the particle size parallel to the
(hkl) plane, k is a geometrical constant with a typical value
of 0.89 for spherical particles, l is the wavelength of the ra-
diation, b is the full width at half maximum (FWHM) in ra-
dians, and q is the position of the diffraction peak. Calcula-
tions using the strongest peaks (311) give grain sizes of 3.6
and 6.4 nm respectively, which are comparable to the TEM
statistical results.

As magnetite (Fe3O4) and maghemite (g-Fe2O3) have very
similar XRD patterns and both of them show magnetic be-
havior, XAS spectroscopy was used to definitively identify
the crystal phase and composition of the products. Figure 4
shows the Fe L-edge X-ray absorption of the as-prepared
samples. For Fe L-edge X-ray absorption, the splitting of the
L3 peak located at 705–710 eV and the ratio of two L2 peaks
at 719–725 eV are two important features for distinguishing
between Fe3O4, g-Fe2O3, and a-Fe2O3. The splitting of peaks
A and B in Figure 4 was measured to be 1.12 eV, which is
close to the value reported in the literature for Fe3O4

(1.2 eV for Fe3O4, 1.4 eV for g-Fe2O3, 1.6 eV for a-Fe2O3).
[27]

The relatively stronger peak at C in comparison to the peak
at D for the L2 edge also supports the conclusion that the
nanocrystals are Fe3O4 in composition.[28]

Surface chemistry and high water solubility : Two factors
contribute to the robust surface coating of PAA on the mag-
netite nanocrystals: the strong coordination of carboxylate
groups with surface iron cations and the multiple anchor

Figure 3. X-ray powder diffraction pattern for 2.9 and 6.6 nm Fe3O4 nano-
crystals. Peak positions and relative intensities recorded in the literature
for bulk Fe3O4 samples are indicated by the vertical bars.
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points for every single polymer chain. The stability of the
PAA coating on magnetite nanocrystal surfaces was demon-
strated by measuring the FTIR spectrum on a sample that
was cleaned three times by repeated actions of precipitation
with ethanol and redispersion in water and finally dried in a
powdered form. The three peaks shown in Figure 5b and lo-
cated at 1454, 1566, and 1406 cm�1 can be attributed to char-
acteristic bands of the carboxylate (COO�) groups, corre-
sponding, respectively, to the CH2 bending mode, asymmet-
ric and symmetric C�O stretching modes of the COO�

group.[29,30] For comparison, Figure 5a shows the FTIR spec-
trum of pure PAA, which indicates a strong absorption band
at �1718 cm�1. This band is characteristic of the C=O
stretching mode for protonated carboxylate groups, which
form cyclic dimers and sideways chains due to hydrogen
bonding. By comparing these spectra, it is clear that a large
amount of carboxylate groups remain on the surface of
nanocrystals even after extensive washing.

The uncoordinated carboxylate groups on the polymer
chains extend into the aqueous solution, conferring upon
the particles a high degree of dispersibility in water. These
uncoordinated carboxylate groups can also be protonated by
adding HCl to the nanocrystal solution. At a pH �4, the
nanocrystals start to aggregate and precipitate out from the
solution, as will be discussed in detail later. The FTIR spec-
trum of such a precipitate is shown in Figure 5c. Similar to
that of pure PAA, a strong peak around �1716 cm�1 ap-
pears due to the C=O stretching mode for protonated car-
boxylate groups. In addition to the three characteristic
bands from carboxylate groups, a new band is distinguisha-
ble at 1626 cm�1 which appears as a shoulder before proto-
nation (Figure 5b) and can be attributed to the C�O stretch-
ing mode of partial carboxylate groups.[29]

The strong surface binding of PAA confers upon the mag-
netite nanocrystals high solubility in water and in many
buffer solutions, such as phosphate-buffered saline (PBS).
The as-synthesized nanocrystals, after washing with ethanol
and water three times, can be precipitated and collected by
centrifugation or magnetic force, and finally form a dry
powder after heating at 60 8C for 2 h, as shown in Figure 6b.
This powder can be readily redispersed in water to form a
stable solution within seconds. Due to their small size and
superparamagnetic properties, these nanocrystals show fer-
rofluidic behavior when the solution is subjected to an exter-
nal magnetic field, as shown in Figure 6d.

Figure 6c shows the relationship between the concentra-
tion of nanocrystals and the pH values of water solution.
The nanocrystals are dispersible in water at a pH value

Figure 4. XAS spectrum at Fe L-edge of 6.6 nm Fe3O4 nanocrystals and
referential spectra for Fe3O4, g-Fe2O3, a-Fe2O3 .

[27]

Figure 5. FTIR spectrum of a) pure PAA, b) PAA carboxylate-capped
Fe3O4 nanocrystals, c) PAA carboxyl-capped Fe3O4 nanocrystals, and
d) Fe3O4 nanocrystals conjugated to cysteamine.
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above 4.0, and the solubility increases dramatically with the
pH value as more carboxylate groups are ionized at higher
pH. In the weak acid solution, the surface carboxylate
groups are partially ionized so that the solubility of the
nanocrystals decreases. At a pH value below 4.0, the nano-
crystals are no longer stable in water and form aggregates
which can be easily separated from the solution by using an
external magnetic field. We believe that this is because most
of the carboxylate groups assume the less hydrophilic pro-
tonated form at low pH and the hydrophobic backbone of
PAA chains dominates the solubility. The instability of the
nanocrystals at low pH provides another effective way (in
addition to ethanol precipitation) for their separation from
the solution; the precipitates can then be conveniently ex-
tracted from the solution by using an external magnetic
field.

Phase transfer to nonpolar solvent: The abundant carboxyl-
ate groups on the surface of magnetite nanocrystals provide
the opportunity for further surface modification, through
either the electrostatic interaction or chemical bonding.
Here we first demonstrate that the hydrophilic surface can

be easily converted to a hydro-
phobic one by attaching oleyla-
mine molecules to the PAA
coated nanocrystals through the
electrostatic interaction be-
tween carboxylate and ammoni-
um groups (Figure 6). The as-
synthesized Fe3O4 nanocrystals
were separated from water by
adding hydrochloric acid to the
solution, and at the same time
surface COO� groups are
protonized to COOH. Then
oleylamine was linked to the
nanocrystals through neutraliza-
tion and subsequent electrostat-
ic interaction, which induce the
reversal of the polarity and
make the nanocrystals very
soluble in a nonpolar solvent
such as toluene.[31] Similar to a
water solution of the PAA
coated nanocrystals, the toluene
solution of surface-modified
nanocrystals is stable over
months, and shows ferrofluidic
behavior under an external
magnetic field (Figure 6e). The
nanocrystals commonly self-as-
semble into a monolayer on the
carbon substrate of a TEM grid
without the formation of aggre-
gates, confirming the success of
phase transfer (Figure 6f).

Bioconjugation : The key advantage of the PAA-caped
nanocrystals also lies in their convenient conjugation to bio-
logical molecules by using an appropriate bifunctional linker
and any one of the well-established techniques.[32] Here, we
simply demonstrate the feasibility of this approach by link-
ing cysteamine molecules to the nanocrystal surface through
conjugation with 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide hydrochloride (EDC, Figure 7). As-synthesized
Fe3O4 nanocrystals were separated from water by addition
of hydrochloric acid, and cysteamine was conjugated to the
nanocrystals by using the carbodiimide cross-linker. The cor-
responding FTIR spectrum of the conjugated nanocrystals
(Figure 5d) shows two peaks around 1624 and 1558 cm�1,
which are commonly ascribed to amide I (C=O stretching vi-
bration of amide) and amide II (N�H bending vibration of
the secondary amide).[33,34] The thiol-functionalized magnetic
nanocrystals can be further attached to surfaces of gold col-
loids by the strong covalent Au�S bond, producing compo-
site nanostructures as shown in Figure 7d–f. Originally, the
gold colloids are stabilized in water by the citrate ions. We
noticed that even trace amounts of cysteamine would substi-
tute the citrate ions and cause the aggregation of gold parti-

Figure 6. a) Schematic illustration of the hydrophilic–hydrophobic transition of the nanocrystals by complexing
the surface carboxylate groups with oleylamine through the electrostatic interaction. b) Photo of the powder
of Fe3O4 nanocrystals collected by precipitating the as-synthesized sample which was dried at 60 8C. c) pH
value of the Fe3O4 aqueous solution as a function of concentration. d,e) Photos of Fe3O4 nanocrystal solutions
in d) water and e) toluene in response to external magnetic fields. f) Typical TEM image of Fe3O4 nanocrystals
dispersed in toluene.

Chem. Eur. J. 2007, 13, 7153 – 7161 E 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7157

FULL PAPERMagnetite Colloidal Nanocrystals

www.chemeurj.org


cles. However, the diluted gold colloidal solution remains
stable after the introduction of cysteamine-functionalized
magnetite nanocrystals due to the stabilization provided by
the unreacted carboxylate groups on the magnetite surface.
The typical isolated Au–Fe3O4 composite nanostructures
shown in Figure 7d–f also clearly indicate the presence of
thiol groups on the magnetite surface. The successful conju-
gation of cysteamine to PAA-capped magnetite nanocrystals
suggests the great potential for linking other biomolecules
to the magnetite nanocrystals for applications such as mag-
netic biomedical labeling, targeted delivery, and magnetic
resonance imaging.

Magnetic property measurements : The magnetic properties
of the Fe3O4 nanocrystals, including hysteresis loops, rema-
nence, coercivity, susceptibility, and blocking temperature,
were systematically studied by using a SQUID magnetome-
ter. Figure 8a and b show the magnetization of 6.6 nm Fe3O4

nanocrystals versus the applied field at 300 and 2 K by cy-
cling the field between �20 to 20 kOe. As expected, the
nanocrystals are superparamagnetic at room temperature,
showing no remanence or coercivity. At 2 K, the thermal

energy is insufficient to induce
moment randomization so that
the nanocrystals show typical
ferromagnetic hysteresis loops
with a remanence of 8.0 emug�1

and a coercivity of 400 Oe. The
saturated mass magnetization
of the nanocrystals at 300 and
2 K is 19.5 and 25.6 emug�1, re-
spectively. It is worth noting
that the average mass contribu-
tion of the surfactant layer of
these nanocrystals has been es-
timated to be 53% through
thermogravimetric measure-
ments. Therefore, the values of
saturated mass magnetization
of pure magnetite nanocrystals
are expected to be much
higher. For these small, super-
paramagnetic particles, the
magnetic moment of a single
nanocrystal, m, may be estimat-
ed from the Langevin paramag-
netic function: M(x)=Nm

(cothx-(1/x)), in which x=mH/
kBT, N is the number of clus-
ters, H is the applied field, kB is
the BoltzmannMs constant, and
T is the absolute temperature.
Fitting the data in Figure 8a to
this function, the magnetic
moment for a 6.6 nm nanocrys-
tal at room temperature is cal-
culated to be 9.40N103mB

(8.72N10�17 emu).
It is well known that below a critical size, each ferromag-

netic nanocrystal can only support a single magnetic
domain, and so can be viewed as a single large magnetic
moment of roughly 103–105 mB. At low temperature, this
moment points along the energetically favorable crystallo-
graphic axis, giving the particle a remanence on laboratory
time scales. Above a certain temperature, the thermal fluc-
tuations overcome the anisotropy barrier and randomize the
magnetic moment so that the net moment is zero, leading to
superparamagnetic behaviors of the nanocrystals. This tem-
perature, called the blocking temperature, is an important
feature of the superparamagnetic nanocrystals. Figure 9a
and b show the temperature dependence of magnetic sus-
ceptibility and remanence for the 6.6 nm Fe3O4 nanocrystals.
A maximum susceptibility of 0.046 emuOe�1 g�1 is observed
for the zero-field-cooled (ZFC) curve, which is located at
100 K. As ZFC and FC scans overlap at temperatures at
which the sample is in thermal equilibrium, the lowest tem-
perature for which this occurs, that is, cases where the ZFC
susceptibility is a maximum, is commonly considered the
blocking temperature of the magnetic nanocrystals. The

Figure 7. a) Schematic illustration of linking cysteamine molecules to a Fe3O4 nanocrystal surface through the
EDC conjugation by forming amide bonds. b,c) Photos of b) Au colloids stabilized by citrate and c) Au colloids
stabilized by cysteamine conjugated Fe3O4 nanocrystals. d–f) Representative TEM images of Au–Fe3O4 com-
posite nanostructures.
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presence of a remanent signal below 100 K demonstrates
the gradual blocking of the moments below this tempera-
ture, which is in good agreement with the susceptibility re-
sults.

The temperature dependence of magnetization is also an
important property for both fundamental studies and techni-
cal applications. In general, the spontaneous magnetization
M(T) far below the Curie temperature should follow the
Bloch law: M(T)=M(0)ACHTUNGTRENNUNG(1-BTb), for which M(0) is the mag-
netization at 0 K, B is the Bloch constant, and b is the Bloch
exponent. The Bloch exponent b has been verified to be 1.5
for bulk materials. Figure 10 shows the saturation magneti-
zation as a function of temperature in a field of 6 T for the
synthesized Fe3O4 nanocrystals. Fitting the data to the Bloch
law, the Bloch constant is found to be 9.17N10�6 and the

Bloch exponent is 1.7, which agree well with the results
from theoretical calculations and experimental measure-
ments.[35,36]

Figure 8. Magnetization as a function of field for 6.6 nm diameter Fe3O4

nanocrystals at a temperature of a) 300 K and b) 2 K. Insets show the
data around zero field with an expanded scale ranging from �3000 to
3000 Oe.

Figure 9. a) Low-field susceptibility as a function of temperature mea-
sured after zero-field cooled and field cooled in a 10 Oe field. b) Rema-
nence as a function of temperature after a 6 T external magnetic field
was removed.

Figure 10. Saturation magnetization data (&) as a function of tempera-
ture, measured with a field of 6 T for Fe3O4 nanocrystals with an average
size of 6.6 nm. c : A fit to the data by the Bloch law.
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Conclusion

We have successfully developed a high-temperature solu-
tion-phase hydrolysis procedure for the synthesis of colloidal
magnetite nanocrystals with well-controlled size and size
distribution, high crystallinity and high water solubility.
Unlike the widely recognized pyrolysis route which produ-
ces hydrophobic nanocrystals in nonpolar organic solvent,
we use a high boiling point polar solvent, DEG, as the reac-
tion media so that the reaction can occur at an elevated
temperature which benefits the precise control of the size
and size distribution of the products. The high reaction tem-
perature also allows sufficient rearrangement of atoms
within a growing nanocrystal over the course of the synthe-
sis, yielding highly crystalline products. The high water solu-
bility is achieved by using a polyelectrolyte PAA as the cap-
ping agent, the carboxylate groups of which partially bind to
the nanocrystal surface and partially extend into the sur-
rounding water. The monodisperse, biocompatible, and su-
perparamagnetic Fe3O4 nanocrystals can be conveniently
synthesized in one step and they should easily find immedi-
ate important biomedical applications. We also expect that
the concept of using the combination of high-boiling-point
polar solvent, polyelectrolyte surfactant, and high-tempera-
ture reaction could be extended to the synthesis of water-
soluble nanocrystals of a variety of other materials, the syn-
theses of which have been mostly limited in nonpolar organ-
ic solvents.

Experimental Section

Chemicals : Diethylene glycol (reagent grade), ethyl alcohol (denatured),
hydrochloric acid (36.5–38%), toluene (99.8%), and sodium hydroxide
(98.8%) were purchased from Fisher Scientific. Anhydrous iron ACHTUNGTRENNUNG(III)
chloride (98%) was purchased from Riedel-de HaPn. Poly(acrylic acid)
(Mw=1,800), oleylamine (70%), and cysteamine (95%) were obtained
from Sigma-Aldrich. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were purchased
from PIERCE. All chemicals were directly used as received without fur-
ther treatment.

Synthesis of water-soluble magnetite colloidal nanocrystals : The magnet-
ite nanocrystals were synthesized by using a solution-phase hydrolysis re-
action at a high temperature. A NaOH/DEG stock solution was prepared
by dissolving NaOH (50 mmol) in DEG (20 mL); this solution was
heated at 120 8C for 1 h under nitrogen, and cooled down and kept at
70 8C. In a typical synthesis, a mixture of PAA (4 mmol), FeCl3 (2 mmol),
and DEG (15 mL) were heated to �220 8C in a nitrogen atmosphere for
30 min under vigorous stirring, forming a transparent light-yellow solu-
tion. A NaOH/DEG stock solution (4 mL) was injected rapidly into the
above hot mixture, which induced the temperature drop to �210 8C and
the reaction solution turned black immediately. The resulting mixture
was further heated for 10 min to yield magnetite nanocrystals with an
average diameter of 6.6 nm. The size of nanocrystals can be tuned by
controlling either the reaction time or the amount of NaOH solution. For
example, heating the above solution continuously for 24 h leads to much
larger nanocrystals (�11.3 nm). The addition of less NaOH produces
nanocrystals of smaller size, that is, 2.9 nm for 2 mL NaOH/DEG stock
solution. The final products were washed by repeated actions of precipi-
tation with ethanol and subsequent redispersion in deionized (DI) water
several times, and finally redispersed in DI water (20 mL).

Phase transfer of magnetite colloidal nanocrystals : A diluted HCl solu-
tion was added to the above magnetite nanocrystal solution (5 mL) so
that its pH value became �4.0. The nanocrystals precipitated instantly,
which were subsequently separated from the solution by applying an ex-
ternal magnetic field. The nanocrystals were washed with anhydrous eth-
anol several times and collected by an external magnetic field. Finally,
the precipitates were transferred to toluene (5 mL), in which the nano-
crystals still remained insoluble. An addition of oleylamine (10 mL) to the
mixture solubilises the nanocrystals instantly by complexing with surface
carboxyl groups and forming hydrophobic surfaces.

Surface conjugation of magnetite nanocrystals : As-synthesized magnetite
nanocrystals in aqueous solution (1 mL) were separated by the acid-pre-
cipitation method, washed with DI water three times, and suspended in
water (10 mL). Cysteamine (192 mL), EDC (500 mL), and NHS (50 mL)
were sequentially added to the solution, which was stirred at room tem-
perature for 3 h. The thiol-grafted magnetite nanocrystals were washed
by the acid-precipitation method to remove the excess cysteamine resi-
dues and then dispersed in water (5 mL, 6.7 mmolmL�1, pH 6.4).

Gold colloids were prepared by the sodium citrate method, and the final
concentration was 1.5 mmolmL�1. A thiol-grafted magnetite nanocrystal
solution (0.15 mL) was diluted to 6 mL with water and then added drop-
wise to the gold colloidal solution (4 mL) with vigorous stirring, produc-
ing the Au–Fe3O4 nanostructures.

Characterization : Morphology and size distribution of the products were
characterized by using a Tecnai T12 transmission electron microscope
(TEM). High-resolution TEM (HRTEM) images were obtained by using
a Tecnai G2 S-Twin electron microscope operated at 200 kV. The nano-
crystals dispersed in water were cast onto a carbon-coated copper grid,
followed by evaporation under vacuum at room temperature.

FTIR spectra were measured in the 400–4000 cm�1 region by using a
Bruker EQUINOX 55 spectrometer. Crystal structures were measured
on a Bruker D8 Advance X-ray Diffractometer (XRD) with a CuKa radi-
ation (l=1.5418 Q). The data were collected from 2q=20–708 at a scan
rate of 0.028 per step and 1.5 s per point.

X-ray absorption spectroscopy (XAS) measurements were performed at
beamline 7.0 of Advanced Light Source, Lawrence Berkeley National
Laboratory. The measurements were performed at room temperature,
with a base pressure in the experimental chamber lower than 5N
10�9 mbar. XAS spectra were obtained by measuring both the total elec-
tron yield (TEY) and fluorescence yield (FY) from the sample as a func-
tion of the incoming photon energy. All spectra were normalized to the
photocurrent from a clean gold mesh introduced into the beam.

The magnetic properties were measured with a magnetic properties mea-
surement system (MPMS) from Quantum Design, which utilities a super-
conducting quantum interference device (SQUID) magnetometer. The
magnetic moment M and the magnetic susceptibility were measured ac-
cording to the following procedure: The dried nanocrystals were initially
cooled in a zero field to 2 K. With an applied field of 10 Oe, the magneti-
zation was then recorded as a ZFC curve by increasing the temperature.
After the temperature had reached 350 K, the sample was progressively
cooled and the magnetization was recorded as an FC curve.
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