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Magnetic Nanoparticles

Preparation of Water-Soluble Magnetite
Nanocrystals from Hydrated Ferric Salts in
2-Pyrrolidone: Mechanism Leading to Fe;0,**
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Magnetic nanoparticles of iron oxides (y-Fe,O; and Fe;0,)
and their suspensions have extensive applications in magnetic
sealing, oscillation damping, and position sensing,! ultrahigh-
density magnetic storage media,” clinical diagnosis and
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treatment,”! and biological labeling, tracking, imaging, detec-
tion, and separations.”! For these applications, major efforts
have recently been devoted to the synthesis of magnetic iron
oxide nanoparticles.”! Generally, magnetic iron oxide nano-
particles can be prepared by co-precipitating ferrous and
ferric ions in aqueous solution. However, variations in the
molar ratio of Fe** and Fe?" often lead to rather complicated
changes in the crystalline structures of the iron oxides
obtained.”! Both pH and the ionic strength, which play
critical roles in the preparations, also affect the surface
chemical composition of the magnetite nanoparticles.”!
Furthermore, the relatively poor size uniformity and low
crystallinity of magnetic iron oxide nanoparticles obtained to
some extent limit their use in many applications. Although
sol-gel and hydrothermal methods were proven to be
effective in increasing the crystallinity, the magnetic nano-
particles obtained exhibit poor solubility or dispersibility."”
Recently, Alivisatos et al. reported a thermal decomposition
approach to synthesize nearly monodisperse maghemite
nanocrystals.®! Sun et al. succeeded in preparing monodis-
perse magnetite nanocrystals by decomposition of [Fe-
(acac);](acac = acetylacetonate) in the presence of 1,2-hexa-
decanediol, oleic acid, and oleylamine.”’ Hyeon et al.
obtained high-quality maghemite nanocrystals by thermal
decomposition of [Fe(CO);s] followed by oxidation with
(CH;);NO.'"l However, the direct products of the thermal
decomposition method are generally soluble in organic
solvents. Sophisticated post-preparative approaches are
required to make those magnetic nanocrystals water-solu-
ble,""! and this limits their applications in biomedical fields.
Furthermore, the mechanisms for the formation of magnetic
nanocrystals by thermal decomposition are far from clear.[1%
Recently, we demonstrated the possibility of producing
water-soluble magnetite nanocrystals by the thermal decom-
position method using strong polar 2-pyrrolidone as a
coordinating solvent.'” Here we report the preparation of
magnetite nanocrystals by using hydrated ferric salts as iron
precursors instead of costly [Fe(acac);]. In addition, the
mechanism leading to Fe;O, in 2-pyrrolidone is discussed.
FeCl;:6H,0 was used as a single iron source in the
preparation of magnetic nanocrystals. Figure 1 shows TEM
images of three typical samples of iron oxide nanoparticles
obtained after refluxing a certain amount of FeCl;-6 H,O in 2-
pyrrolidone for 1, 10, and 24 h. Their average particle sizes are

Figure 1. TEM images of nanoparticles obtained after FeCl;-6H,0 was
refluxed in 2-pyrrolidone for 1, 10, and 24 h, respectively. The inset in
a) is an enlarged part. The scale bar corresponds to 100 nm.
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4,12, and 60 nm, respectively. In addition to the difference in
size, the nanoparticles also change their shape with increasing
reflux time. During the early stages, spherical nanoparticles
appear and then grow larger and larger, and finally they lose
the original shape and form cubic particles after 24 h. The
crystalline structure of the samples shown in Figure 1 was
determined by powder XRD. The diffraction patterns and
relative intensities of all diffraction peaks match well with
those of JCPDS card 19-0629 for magnetite. The electron
diffraction pattern inserted in Figure 1c also supports the
magnetite crystal structure. In addition, FT-IR spectra of the
particles exhibit characteristic peaks of magnetite at around
7 =589 cm L1

The magnetic properties of the as-prepared magnetite
nanoparticles were investigated with a vibrating sample
magnetometer (VSM). Figure 2 presents the magnetic hyste-
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Figure 2. Room-temperature magnetization curves of the magnetic

nanocrystals shown in Figure 1: 4 nm (solid line), 12 nm (dashed line),
and 60 nm (dotted line) magnetite nanocrystals.

resis curves of the nanocrystals shown in Figure 1. The
saturation magnetization increases from 3 to 59 to 84 emug™'
with increasing reflux time, which can be attributed to the
growth of particle size and enhancement in crystallinity.
Samples a and b in Figure 1 are superparamagnetic at room
temperature, while the cubic particles exhibit a magnetic
coercivity of 85 Oe. This is because their size already exceeds
the critical size of single magnetic domains.""

Similar to our previous report, the as-synthesized magnet-
ite nanocrystals reported here can also be dissolved in water
under both acidic and alkaline conditions, especially when the
particles are smaller than 10 nm. This makes our investigation
significant since FeCl;-6 H,O is a very inexpensive iron source.
To the best of our knowledge, the current synthetic approach
is the first example using FeCl;-6 H,O as a single iron source
to prepare water-soluble Fe;O, nanocrystals by the high-
temperature wet-chemical approach. Therefore, nearly noth-
ing is known about the mechanism leading to Fe;O, nano-
crystals in this reaction system. To investigate the formation
of Fe;O, nanocrystals in 2-pyrrolidone, photoelectron
spectroscopy (PES) was used to analyze the small molecules
released during the reaction. A stream of nitrogen carried
these small molecules through a glass U-tube whose bottom
was immersed in liquid nitrogen in a Dewar flask. Then the U-
tube was connected to a double-chamber UPS machine-II for
PES measurements.
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Hel photoelectron spectroscopy is a powerful tool for
characterizing unstable, metastable, and transient species.“sl
The gaseous species entrapped in the glass U-tube were
released on slow addition of alcohol to the Dewar flask. Gases
with different boiling points were released successively. The
photoelectron spectrum of the early released gas is shown in
Figure 3a. The peaks centered at 13.78, 17.59, 18.08, and
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Figure 3. Photoelectron spectra of gaseous species released during the
preparation of magnetite nanocrystals. Spectra a) and b) were
recorded in sequence with increasing temperature.

19.41 eV are characteristic for carbon dioxide."®! The gener-
ation of carbon dioxide during reflux indicates that 2-
pyrrolidone is not stable at its boiling point even in an
oxygen-free environment. The photoelectron spectrum of the
gaseous species released at higher temperature is shown in
Figure 3b. The PES peaks at 12.66 and 13.01 eV can be
attributed to water,'” and those at 9.08 and 11.51 eV can be
assigned to the first and second bands of azetidine according
to a previous report.’l In addition, hydrogen chloride was
also detected when the initial concentration of FeCl;-6 H,O
was relatively high.

In accordance with these results, a possible mechanism
leading to magnetite nanocrystals is proposed in Scheme 1. In
fact, the thermal decomposition of 2-pyrrolidone is rather
complex. We observed that prolonged reflux of 2-pyrrolidone
also generated fluorescent species in solution. Therefore,
Scheme 1 does not depict all decomposition reactions that
take place. Only those related to the formation of magnetite
nanocrystals are shown. Since carbon dioxide and azetidine
were released during reflux, it can be deduced that thermal
decomposition of 2-pyrrolidone produces carbon monoxide
and azetidine by cleavage of the acylamide bond. Azetidine
catalyzes the hydrolysis of FeCl;-6 H,O to form ferric oxide
hydroxide (FeOOH) which is then partially reduced by CO.
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Scheme 1. Chemical reactions involved in the formation of magnetite
nanoparticles. Equation (2) is a process involving dissolution of
FeCl;-6 H,0 in 2-pyrrolidone and azetidine-catalyzed hydrolysis of
FeCls.

Upon dehydration it forms magnetite and carbon dioxide is
released as a by-product. The thermal decomposition of 2-
pyrrolidone and the formation of intermediate CO also
explains why only magnetite was produced even when
[Fe(cup)s] (cup = N-nitrosophenylhydroxylamine) or
[Fe(acac);] was used instead of FeCl;-6 H,O in the prepara-
tion.

To provide direct proof for the generation of carbon
monoxide, a typical identification reaction was used to
determine CO. At room temperature CO can reduce Pd**
to give black precipitates of Pd metal. We purged the reaction
system with nitrogen during reflux and allowed the N, flow to
pass successively through a glass tube filled with KOH
powder and a flask with H,SO, solution. At the end of this gas
line, a fine glass tube was used to introduce the N, flow into an
aqueous solution of PdCL,. Black precipitates were observed
after long enough time and shown to be Pd metal by TEM
measurements. The d spacings of 0.2244, 0.1945, 0.1391,
0.1190, and 0.0894 nm calculated from selected-area electron
diffraction on the black precipitates match well with the d
values for (111), (200), (220), (311), and (331) lattice planes of
Pd metal, respectively.

In summary, we have presented a simple route to
synthesize water-soluble magnetite nanocrystals by refluxing
inexpensive FeCl;6 H,O in 2-pyrrolidone. Differently sized
and shaped magnetite nanocrystals can be obtained simply by
varying the reaction time. Carbon monoxide generated during
the reaction plays a critical role in the formation of magnetite
nanocrystals, since it partly reduces Fe*" to Fe*". We believe
this novel synthetic approach will not only pave a new way for
the preparation of water-soluble magnetite nanocrystals but
also provide a new route for mass production of high-quality
magnetic nanocrystals, since much more concentrated colloi-
dal solutions can be directly obtained by the current method.

Experimental Section
In a typical synthesis of magnetite nanocrystals, a solution of 10 mmol
FeCl;-6 H,O in 100 mL 2-pyrrolidone was first purged with nitrogen to
remove oxygen and then heated to the boiling point of 2-pyrrolidone.
Samples were taken after the mixture was refluxed for 1, 10, and 24 h,
and then cooled to room temperature. A threefold volume of
methanol/diethyl ether (1:3) was added to precipitate the nano-
particles. The resultant black precipitate was washed with acetone
several times and then dried for characterization.

The magnetite nanocrystals were characterized by TEM, XRD,
FTIR, and VSM. TEM images were obtained on a JEM-2010
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microscope. XRD patterns were obtained with a Rigaku D/Max-2500
diffractometer equipped with a rotating anode and a Cuy,, radiation
source (A=1.54056 A). FT-IR spectra were recorded on a Bruker
EQUINOXSS FT-IR spectrometer. VSM spectra were collected on a
homemade magnetometer.

PES measurements were performed on a double-chamber UPS
machine-II. Argon and methyl iodide were used as internal standards
for measurements.
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