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Superdispersible PVP-Coated Fe;O4 Nanocrystals Prepared by a “One-Pot” Reaction®
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Poly(N-vinyl-2-pyrrolidone) (PVP)-coated Fe;O4 nanocrystals were prepared by a “one-pot” synthesis through
the pyrolysis of ferric triacetylacetonate (Fe(acac)s) in N-vinyl-2-pyrrolidone (NVP). The polymerization of
NVP was followed by measuring the shear viscosity of the reaction mixture. The PVP molecules formed in
the reaction mixture was investigated by gel permeation chromatography. As the resultant Fe;O,4 nanocrystals
presented superdispersibility in 10 different types of organic solvents and aqueous solutions with different
pH, including 0.01 M phosphate-buffered saline buffer, their hydrodynamic properties in both organic and
aqueous systems were investigated by dynamic light-scattering. The results indicated that the PVP-coated
Fe;0,4 nanocrystals can completely be dispersed forming stable colloidal solutions in both organic solvents
and water. Fourier transform infrared spectroscopy results suggested that PVP interacted with Fe;O4 via its
carbonyl groups. Further surface analysis by X-ray photoelectron spectroscopy revealed that there were both
coordinating and noncoordinating segments of PVP on the particle surface; the molar ratio between them

was of 1:2.6.

Introduction

Magnetic nanoparticles with good dispersibility have found
a great number of applications in different fields ranging from
pressure seals and rotary shaft seals,! to heat dissipating media
for high-power loudspeakers,? to recently developed biological
assays and biomedical applications such as magnetic drug
targeting,> magnetic resonance imaging contrast agents,* and
tumor hypothermia treatment agents.> In principle, two different
approaches can be adopted to obtain colloidally stable solutions
of the magnetic nanoparticles. The first one relies on the
electrostatic interactions between nanoparticles. The second
approach relies on the steric stabilization effects introduced by
proper surface ligands.® It is quite evident that charge stabiliza-
tion has limitation in achieving satisfying dispersibility for
nanocrystals in a broad range of solvents of various polarities.
Therefore, different types of organic modifications have been
explored for achieving high-quality nanocrystals with good
dispersibility.

In fact, magnetic iron oxide nanocrystals can be prepared by
different synthetic routes. But the chemical principles behind
the syntheses can generally be classified into two categories.
The first group of synthetic routes relies on the hydrolysis of
ferric ions and ferrous ions under a proper molar ratio, such as
coprecipitation method;’ the second group of synthetic routes
relies on the pyrolysis of organometallic compounds of iron,
such as the thermal decomposition method.® As water and
hydroxyl ions have very strong affinity to ferric ions, the organic
ligands have to compete against water and hydroxyl ions;
therefore, it is difficult to control the surface modification in
aqueous systems. In contrast, in the thermal decomposition
approach, water is not involved in the reaction, which provides
opportunity for organic ligands to approach and eventually bind
onto the particle surface via chemical bonds. Therefore,
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magnetic nanocrystals with well-defined surface modifications
as well as perfect dispersibility are more often seen as the
products of thermal decomposition method. For example,
magnetic iron oxide nanoparticles stabilized by oleic acid present
very good dispersibility in nonpolar solvents.® However, when
the surface-bound long alkyl chain molecules are replaced, the
dispersibility of the nanocrystals is consequently altered. For
example, to replace the stearic acid by poly(ethylene glycol)
(PEG)-terminated organic dendrons, the Fe;O4 nanocrystals
obtained become dispersible in organic solvents such as
chloroform, methanol, dimethyl sulfoxide (DMSO), and water.’

By thermal decomposition method, we have already estab-
lished a novel synthetic route for preparing PEG-coated Fe3;O4
nanocrystals via “one-pot” reaction.**® In this synthesis, the
PEG-coating was realized during the formation of Fe3O4
nanocrystals, and the following sophisticated ligand exchanging
process for varying the dispersibility of the magnetic nano-
crystals in different solvents was consequently avoided, since
PEG chemically bonded on the particle surface enables the
resultant nanocrystals be well dissolved in both water and
chloroform.

Herein, we report our recent efforts toward this direction. It
is well-known that poly(N-vinyl-2-pyrrolidone) (PVP) is an
amphiphilic polymer that can well be dissolved in a wide range
of organic solvents and water.!” It was expected that PVP
molecules derived from the particle surface would help to
enhance the dispersibility of the resultant nanocrystals in
different types of solvents. Our previous investigations have
demonstrated that 2-pyrrolidone can be used as a coordinating
solvent in preparing water-soluble Fe;O4 nanocrystals.!! There-
fore, it is reasonable to use N-vinyl-2-pyrrolidone (NVP) as the
reaction medium for achieving PVP-coated Fe;O4 nanocrystals,
based on the fact that ferric triacetylacetonate (Fe(acac)3), the
precursor of Fe3O4 nanocrystals, can initiate the polymerization
of radical monomers.'?
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Experimental Section

Tron (III) acetylacetonate (Fe(acac);) was purchased from
Aldrich (14024-18-1, 97%, Aldrich) and used after two recrys-
tallizations. NVP in medical grade was obtained from Jiaozuo
Meida Fine Chemical Co., Ltd. It was purified by distillation
under reduced pressure in the presence of phenothiazine. All
other chemicals of analytical grade were used as received.

1. Synthesis of Fe;04 Nanocrystals. The Fe;O4 nanocrystals
were synthesized by pyrolyzing Fe(acac); in NVP at 200 °C.
Typically, Fe(acac); was first dissolved in NVP at a concentra-
tion of 0.04 mol/L. The resultant solution was then purged with
argon for 30 min at room temperature to remove oxygen, and
subsequently heated to 200 °C. The reaction system was
protected by argon throughout the whole reaction process.
Different samples were extracted during the reaction at 200 °C.
Then an equal portion of ethanol was introduced followed by
5-fold ether as precipitant. Black precipitates were isolated by
a permanent magnet. After repeating the above-mentioned
procedures for three cycles using ethanol as solvent and ether
as precipitant, the magnetic nanocrystals were finally obtained.
The samples extracted at 3 and 6 h, denoted as samples A and
B, respectively, were chosen for the following investigations.

2. Production Rate of Fe304 Nanocrystals. The production
rate of the reaction was determined by comparing iron content
in the final products with that in the initially fed Fe(acac)s. In
detail, a nanocrystal sample was dissolved in hydrochloric acid
solution (36.5 wt %). Then excessive hydroxyamine hydrochlo-
ride was introduced to completely reduce Fe(III) to Fe(II). The
final content of Fe(Il) in the solution was determined by
phenanthroline method.!® The production rates of samples A
and B were of 45.3% and 60.2%, respectively.

3. Characterizations. Transmission electron microscope
(TEM) images and electron diffraction (ED) patterns were taken
on a JEM-100CXII electron microscope at an acceleration
voltage of 100 kV. Powder X-ray diffraction (XRD) was
performed on a Rigaku D/Max-2500 diffractometer under Cu
Ko, radiation (1 = 1.54056 A). Atomic force microscopy
(AFM) was performed with a Digital Instruments Nanoscope
[ITa Multimode System (Santa Barbara, CA). The hydrodynamic
diameter of the magnetic nanocrystals was determined with a
Malvern Zetasizer Nano ZS instrument. The Fourier transform
infrared (FTIR) spectroscopy was taken on a Bruker EQUI-
NOXS55 FT-IR spectrometer under ambient conditions. The
room-temperature shear viscosity of reaction system was
followed by TA AR2000 stress-controlled rheometer equipped
with two parallel plates of 25 mm in diameter. Gel permeation
chromatography (GPC) measurements were performed by a set
of Waters 1515 HPLC pumps, a 2414 differential refractometer,
and Styragel columns (HT3, HT4, HT5) using dimethylforma-
mide (DMF) as the eluent at 50 °C. X-ray photoelectron
spectroscopy data were obtained with an ESCALab220i-XL
electron spectrometer from VG Scientific using 300 W Mg Ka
radiation. The base pressure was about 3 x 107 mbar.
Thermogravimetric analysis (TGA) was carried out on a Perkin-
Elmer TGA. The samples were analyzed in a temperature range
of 20—850 °C with a temperature increasing velocity of 10 °C/
min under protection of nitrogen. The magnetic properties of
the resultant samples were characterized by a vibrating sample
magnetometer (VSM JDM-13, China).

Results

Figure 1 shows the TEM images and ED patterns of particle
samples A and B, respectively. Statistical results revealed that
the average sizes of sample A and sample B are 4.3 + 0.8 nm
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Figure 1. TEM images and ED patterns of sample A (a) and sample
B (b).
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Figure 2. Powder X-ray diffractograms of sample A (solid line) and

sample B (dashed line); Bottom: JCPDS card (19-0629) data for

magnetite.
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Figure 3. Room-temperature magnetization curves of sample A (solid
line) and sample B (dashed line).

and 7.0 £ 1.5 nm, respectively. ED results indicate that both
of these two samples are composed of nanostructured materials.
Their d-spacing values calculated match well with those from
the JCPDS card (No. 19-0629) for magnetite, which were further
proven by the XRD measurements shown in Figure 2.

Further TGA measurements revealed that the polymer content
in these two samples was 36.2% for sample A and 25.0% for
sample B, implying that PVP-coating was successfully realized
via the current synthetic route. AFM was used to determine the
overall size of the polymer-coated nanoparticles sitting on the
surface of mica. Statistical results revealed that the average size
of samples A and B were 6.9 £ 2.0 nm and 10.8 £ 1.9 nm,
respectively.

The magnetic properties of as-synthesized Fe;O4 nanocrystals
were measured by vibrating sample magnetometer (VSM). The
room-temperature magnetization curves shown in Figure 3
suggest that both samples are superparamagnetic with a satura-
tion magnetization of 24.2 and 40.6 emu/g for samples A and
B, respectively.
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Figure 4. Photographs of sample B dispersed in different types of
organic solvents. The photographs were captured in the absence (left)
or presence (right) of a permanent magnet.

Figure 5. Photographs of sample B dispersed in aqueous solutions of
different pH and 0.01 M PBS buffer. The photographs were captured
in the absence (left) or presence (right) of a permanent magnet.

The dispersibility of the magnetic nanocrystals was tested
by dispersing sample B in different types of solvents at a
concentration of 2.3—9.7 mg/mL. Ten different organic solvents,
i.e., o-pyrrolidone, DMSO, methanol, DMF, acetic acid, ni-
tromethane, pyridine, CHCls, ethanol, and CH,Cl,, were adopted
in addition to water. The polarities of the solvents varied from
3.4 to 10.2 (water). Figure 4 exhibits the photographs of the
resultant magnetic fluids, captured in the absence or presence
of a permanent magnet. It was found out that the tilt angle of
the magnetic fluid surface induced by the external magnetic field
strongly depends on the density of the solvent. In addition, the
dispersibility of sample B in water of different pH values (3.0,
6.1, 11.0), as well as 0.01 M phosphate-buffered saline (PBS)
buffer was also tested, and the photographs of the resultant
magnetic fluids are shown in Figure 5.

Discussion

Thermally decomposing organometallic precursors in various
nonaqueous media has become a mainstream approach for
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Figure 6. Temporal evolution of the shear viscosity of the reaction
solution.

synthesizing high quality nanocrystals. Different from the typical
high-boiling-point solvents such as 1-octadecene, phenyl ether,
and dioctyl ether, the current synthetic approach adopted strong
polar NVP as the reaction media. As NVP is structurally similar
to a-pyrrolidone, it was also supposed to be a coordinating
solvent.!! In addition, NVP is also a radical monomer that is
readily polymerized. Because Fe(acac)s, as one of most popular
precursors used in synthesizing magnetic iron oxide nanocrys-
tals, can also initiate the polymerization of radical monomers,
NVP was used as both the coordinating solvent as well as the
radical monomer for preparing PVP-coated Fe;O4 nanocrystals
upon pyrolysis of Fe(acac)s.

The polymerization of NVP was monitored by measuring the
shear viscosity of a 1 mL reaction mixture extracted at a fixed
time interval during the reaction. The measurements were
performed at 25 °C by a shear rate of 10 s~!. The curve shown
in Figure 6 depicts the reaction time-dependent shear viscosity,
which increases slowly during the first 3 h, followed by a fast
increase until the whole reaction solution became too sticky to
be extracted, which strongly suggests that NVP was polymerized
and formed PVP during the formation of Fe;O4 nanoparticles.
The fast increase in the viscosity during the late stage of the
reaction is possibly caused by the intermolecular cross-linking
of PVP,'* which is supported by the fact that the magnetic
particle samples obtained by a reaction time longer than 6 h
presented greatly reduced dispersibility in either organic solvents
or water. Therefore, the preparation was generally terminated
before 6 h.

The polymerization of NVP was also investigated by FTIR
spectroscopy. The FTIR spectra of NVP and samples A and B
are provided in the upper frame of Figure 7. The typical
vibrational bands of the vinyl group from NVP, located at 1629
cm™! and 983 cm™!, completely disappear in the spectra of both
samples A and B,!> suggesting that NVP has been polymerized.
Taking the organic contents, i.e., 36.2% and 25.0% in samples
A and B, respectively, into consideration, it can be deduced
that PVP formed upon polymerization of NVP is present in the
nanocrystal samples. The shift of the vibrational band of the
carbonyl group from 1680 cm™! to 1661 cm™! in the nanocrystal
samples, however, suggests that PVP is modified on the surface
of the Fe3;O4 nanocrystals via coordination interaction through
its carbonyl group.'® The sharp absorption peak at around 575
cm™! is attributed to lattice absorption of the Fe;Oy particles.

The polymerization of NVP was further investigated by
measuring the molecular weight of PVP molecules found in
liquors containing nanocrystal samples A and B, respectively,
using the GPC method. The results are shown in Figure 7. The
number-average molecular weight of PVP was determined to
be 5.17 x 10* and 4.14 x 10% respectively, using polystyrene
standards as references. The slight decrease in molecular weight
of PVP found in liquors containing sample B is probably caused
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Figure 7. Upper frame: FTIR spectra of NVP (a), sample A (b), and
sample B (c). Lower frame: GPC traces of PVP presented in the liquors
extracted at 3 h (solid line) and 6 h (dashed line) during the reaction.

by intermolecular cross-linking among higher molecular weight
PVP, which eventually leads to nonsoluble gel. In fact, NVP is
also a thermal polymerization monomer. Nevertheless, the
polydispersity index (PDI) of PVP found in reaction mixtures
containing sample A and sample B was calculated to be 1.18
and 1.27, respectively, which somehow suggests that, even if
the thermal polymerizing mechanism took effect, it would not
be a dominant procedure as the thermal polymerization often
gives rise to a much higher PDI.

As the Fe;O4 nanocrystals presented very good dispersibility
in different types of organic solvents as shown in Figure 4, their
hydrodynamic properties were investigated for excluding sus-
pensions of particle aggregations. The hydrodynamic size of
sample B in the following solvents, i.e., a-pyrrolidone, DMSO,
methanol, DMF, acetic acid, nitromethane, pyridine, CHCls,
ethanol, and CH,Cl,, was determined to be 29.1 nm, 33.7 nm,
28.8 nm, 26.1 nm, 24.8 nm, 22.3 nm, 31.2 nm, 18.8 nm, 25.5
and 38.3 nm, respectively. In general, the hydrodynamic size
of the magnetic nanocrystals varies in different type of solvents,
but in a very small size regime. This variation is probably caused
by the difference in the solubility parameter of the solvents,
even though no regular dependency is found. Nevertheless, the
hydrodynamic properties of the magnetic nanocrystals strongly
support that the magnetic nanocrystals are well dispersed in all
the above-mentioned solvents with particles being separated
from each other.

In addition to organic solvents, the Fes;O, nanocrystals
obtained also present good dispersibility in aqueous solution.
The hydrodynamic sizes of sample B were measured in aqueous
solutions of different pH values (2.0, 3.0, 5.0, 6.1, 7.4, 9.0, 11.0)
by the DLS method, and the results are given in Table 1. In
general, the hydrodynamic size of sample B presents very small
pH-dependent effects, ranging from 18 to 24 nm. The relatively
pH-independent hydrodynamic size suggests that the nanocrys-
tals present very good colloidal stability in a very broad pH
range. Moreover, the nanocrystal solutions present a very good
long-term stability. In neutral pH range, the colloidal solution
remains highly stable for more than 1 year in a refrigerator.
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TABLE 1: The Hydrodynamic Size of Sample B in Aqueous
Solution with Different pH

pH value 20 30 50 61 74 90 110
hydrodynamic size (nm) 20.3 21.9 21.1 183 20.7 24.6 22.1
fwhm (nm) 58 65 64 61 63 66 63

Since the dispersibility of the nanocrystals in physiological
saline is a very important prerequisite for biomedical applica-
tions of the magnetic nanocrystals, the dispersibility of sample
B was also tested in 0.01 M PBS buffer. The hydrodynamic
size was determined to be 20.7 nm, suggesting that the
as-prepared Fe3;O4 nanocrystals can well be dissolved in buffer
saline.

The superdispersibility of the Fe;O4 nanocrystals is undoubt-
edfully attributed to the surface-bound PVP. Although FTIR
spectroscopy results indicate that PVP molecule coordinates with
Fe;0,4 particles via its carbonyl group, more detailed information
regarding the surface binding situation remains important to
reveal the superdispersibility of the resultant Fe;O, nanocrystals.
To fulfill this task, systematic XPS investigations were per-
formed. The survey XPS spectrum of sample B together with
the spectra of O 1s and N 1s are shown in Figure 8. All the
binding energies are calibrated with reference to C 1s (284.8
ev) of adventitious carbon. The spectra of O 1s and N 1s were
fitted by multiple Gaussians with an equal full width at half-
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Figure 8. Survey X-ray photoelectron spectrum (a), N 1s (b) and O
Is (c) spectra of sample B. The bold lines shown in frames b and ¢ are
the best fits for N 1s and O 1s, respectively.
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maximum (fwhm) using a Shirley-type background. The fitting
results reveal that the binding energy of N 1s remains unchanged
in comparison with that in pure PVP,!7 further supporting that
PVP coordinates with Fe;O4 nanocrystals via its carbonyl group.
The O 1s line was fitted with a convolution of three peaks, i.e.,
529.8, 531.0, and 531.9 eV, corresponding to three different O
chemical states. According to reference data, the first peak can
be assigned to O from magnetite,'® the second peak (531.0 eV)
can be assigned to uncoordinating O in PVP,!” while the last
peak can be attributed to O from PVP coordinating with the
Fe304 nanocrystals.!” On the basis of this analysis, the ratio
between the coordinating and noncoordinating PVP segments
is approximately 1:2.6, well interpreting the superdispersibility
of the Fe;O4 nanocrystals stabilized by PVP since the coordinat-
ing PVP segments offer stabilization effects to the Fe3;O4
nanocrystals and prevent them from uncontrollable growth,
while the noncoordinating PVP segments provide the resultant
nanocrystals dispersibility in different types of solvents.

Conclusion

In summary, PVP-coated Fe;O,4 nanocrystals were prepared
by a “one-pot” synthesis through the pyrolysis of Fe(acac); in
NVP. In this synthetic route, Fe(acac); serves as the precursor
of magnetite, and NVP serves as a radical monomer of PVP.
Both FTIR and XPS results reveal that the resultant PVP
coordinates with Fe;O4 nanocrystals via carbonyl groups, as the
noncoordinating segment is 2.6 times that of the coordinating
segments of PVP. Consequently, the resultant PVP-coated Fe;O4
nanocrystals present similar dissolvability to pure PVP and can
form stable solutions in a great number of organic solvents as
well as water solutions of different pH (including PBS buffer).
All these results demonstrate that the current synthetic route is
very facile and effective for achieving highly soluble and
colloidally stable Fe3;O4 nanocrystals. Their superdispersibility
in both organic and aqueous media may offer potential applica-
tions of the superparamagnetic nanocrystals in different fields.
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