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Simple, fast, large-scale, and cost-effective preparation of uniform controlled magnetic nanoparticles remains a major hurdle on the
way towards magnetically targeted applications at realistic technical conditions. Herein, we present a unique one-pot approach that
relies on simple basic hydrolytic in situ coprecipitation of inexpensive metal salts (Fe** and Fe**) compartmentalized by stabilizing
fatty acids and aided by the presence of alkylamines. The synthesis was performed at relatively low temperatures (~80°C) without
the use of high-boiling point solvents and elevated temperatures. This method allowed for the production of ultra-small, colloidal,
and hydrophobically stabilized magnetite metal oxide nanoparticles readily dispersed in organic solvents. The results reveal that
the obtained magnetite nanoparticles exhibit narrow size distributions, good monodispersities, high saturation magnetizations, and
excellent colloidal stabilities. When the [fatty acid] : [Fe] ratio was varied, control over nanoparticle diameters within the range of
2-10 nm was achieved. The amount of fatty acid and alkylamine used during the reaction proved critical in governing morphology,
dispersity, uniformity, and colloidal stability. Upon exchange with water-soluble polymers, the ultra-small sized particles become
biologically relevant, with great promise for theranostic applications as imaging and magnetically targeted delivery vehicles.

1. Introduction

Lately, the continuous trials to produce controlled monodis-
perse magnetic metal oxide nanoparticles (M°NPs) for both
in vitro and in vivo endpoints have sky-rocketed [1]. In
particular, the use of iron oxide (Fe,O;/Fe;O,) NPs in
a variety of physioelectronic and biomedical applications
offered M®NPs a remarkable glow [2]. In fact, it has been
shown that M>NPs based on ferrites were applied to record
storage devices, energy storage, catalysis, labeling cells, mag-
netically targeted imaging, drug delivery, and medical thera-
nostics [1-3]. Various synthetic methods have been reported

to produce M’NPs, which include nonaqueous and aque-
ous sol-gel, microemulsion, sonochemical, and the most
popular hydrothermal/solvothermal techniques [3]. Of the
many available approaches, two main synthetic solution-
based routes [4] have been popularized: (a) basic aqueous
coprecipitation [5] of iron salts (as demonstrated by Massart)
in the presence or absence of surfactants/polymers [6], (b)
high-temperature thermal decomposition [7] of organometal-
lic precursors (Fe(acac); [8], Fe-oleate [9], Fe-carboxylate
[10], Fe-pivalate [11], or heterodoped ferrite pivalate [12, 13])
in high-boiling solvents at elevated temperatures (~200-
360°C). Despite the popularity of the conventional basic
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ScHEME I: Synthetic route for the preparation of monodisperse magnetite metal oxide nanoparticles.

coprecipitation method, there remain difficulties in achiev-
ing size-controlled, narrowly dispersed, and reproducible
nanocrystalline particles [1, 3, 4]. Magnetic nanoparticles
tend to aggregate because of strong magnetic dipole-dipole
attractions between particles combined with van der Waals
forces and high surface energies. The complexity of con-
trolling the nucleation and the unlimited growth of the
NPs after nucleation, along with the complicated hydrolysis
reactions of iron precursors, makes it difficult to control the
size distributions and morphologies of the particles. Some
progress on the precipitation of stabilized NPs using capping
agents (i.e., small organic molecules [14] and polymers or
block copolymers [15]) has been exploited to improve on
size distributions, stabilities, and dispersibilities. Neverthe-
less, majority of the resulting materials formed using the
hydrolytic routes were practically agglomerated and uncon-
trolled [14-17]. To overcome these setbacks, marked improve-
ments in size control, uniformity, and monodispersity have
been achieved using organic-based thermolysis procedures.
However, the use of expensive polyalcohol components
as the iron reducing agent causes many side reactions of
polyaldehydes and polyorganic acids, hence making the
process of separating the byproducts complicated. Moreover,
the use of high-temperature reactions is in practice dangerous
and limits the choice of the nanoparticle capping agents.
In short, these high-temperature thermolysis methods are
complicated, costly, toxic, and industrially limited [17] and
usually lead to nanocrystals with relatively low magnetization
[18]. Thus, there is some incentive to use simpler, faster, safer,
and more practical strategies to efficiently produce M*NPs.

Inspired by the previous works, we herein describe a con-
venient route based on basic hydrolytic in situ coprecipitation
(Ko-precipitation) of fatty acid-stabilized ionic metal salts,
aided by the presence of alkylamines, to prepare multigram
quantities of stabilized M’NPs colloids dispersed in organic
solvents (see Scheme 1). By varying the experimental param-
eters such as the concentration of fatty acid and the amount of
alkylamine added, good control over key physical properties
such as particle size (tunable from 2 to 10 nm diameter)
and morphology (from agglomerated, monodispersed to
elongated) was achieved. The method described here can
potentially open new opportunities for the preparation of
metal oxide nanoparticles of many different oxide systems,
simply by using a wide range of cheap metals salts.

2. Materials and Methods

2.1. Materials. Unless otherwise indicated, all chemicals
and solvents were obtained from commercial suppliers
and used as supplied without further purification. Iron
(IIT) chloride hexahydrate (FeCl;-6H,0), iron (II) chloride
tetrahydrate (FeCl,-4H,0), and the other metal (II) chloride
salts (SrCl,-6H,0O, CoCl,-6H,0, NiCl,-6H,0, and ZnCl,),
oleic acid (OA), hexylamine (HA), and 28% ammonium
hydroxide (NH,OH), were all purchased from either Sigma-
Aldrich, LobaChemie, Alfa Aesar, BioBasic Inc., or Techno
Pharmchem. Fatty acid chlorides (hexanoyl chloride, caproyl
chloride, lauroyl chloride, palmitoyl chloride, and stearoyl
chloride) were purchased from Aldrich and subsequently
converted to their respective carboxylic acids. Poly-N-vinyl-
pyrrolidone (PVP) (average M.W. 58,000) was purchased
from Alfa Aesar and tetrabutylammonium tetrafluoroborate
(TBA'BF,") from Aldrich. All reactions for the synthesis of
M’NPs were carried under an argon atmosphere. Distilled
hexane and double distilled water were used.

2.2. Characterization. X-ray diffraction (XRD) patterns were
recorded using Bruker D8 Diffractometer using Cu Ku«
radiation (A = 0.154060 nm) and 26 scan range from 10 to
70°. Fourier transform infrared spectroscopy (FTIR) spectra
(400-4000 cm™") were recorded as KBr pellet forms using
Shimadzu IR Affinity-1. Thermal gravimetric analysis (TGA)
were carried out on SDT 2960 simultaneous DTA-TGA
equipment and the samples were burned in air at a constant
heating rate of 10°C/min from 35 to 700°C. Dynamic light
scattering (DLS) measurements were assessed on Malvern
Zetasizer Nano ZS instrument. Magnetic measurements were
recorded on a PPMS AC/DC Magnetometry System (ACMS)
manufactured by Quantum Design. The dried samples were
exposed to direct current magnetic fields in stepwise incre-
ments. The hysteresis curves were obtained at 298 K with
an applied field between —20.0 and 20.0 kOe. Transmission
electron microscopy (TEM) images were collected on a JEOL-
JEM 1230 operating at 100kV using Gatan camera with
Digital Micrograph Imaging software. High-resolution TEM
(HR-TEM) were recorded on a JEOL-2100 electron micro-
scope operating at an accelerating voltage of 200 kV. Samples
were prepared by depositing 5 uL of the particle dispersion
onto 400 mesh Formvar/Carbon-supported copper grid.
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The suspension was then allowed to air-dry overnight before
images were taken. Optical images were recorded on Nikon
inverted optical microscopy supplied with a digital camera.

2.3. Syntheses of Fatty Acid-Stabilized Fe;O, M’ NPs

2.3.1. Large-Scale Synthesis of OA-Stabilized Fe;0, M’NPs.
250 mL aqueous solution of ferric chloride hexahydrate (50 g,
0.185 mol) and oleic acid (150 g, 0.531 mol, and 3x-fold) were
mixed and magnetically stirred under argon for 20 min.
Hexylamine (150 g, 1.48 mol) was then added during which
the emulsive mixture turns rusty reddish. To the above mix-
ture, aqueous solution of ferrous chloride tetrahydrate (18.4 g,
0.0925 mol) was injected in a molar ratio of Fe(III)/Fe(II) = 2,
and the mixture was heated to 80°C. At this point, ammonium
hydroxide (30%) was added until pH of ~12 was reached and
vigorously stirred overnight. The black precipitate of M*NPs
formed was cooled to room temperature by removing the
heat source, isolated via centrifugation (4500 rpm, 10 min),
washed 3 times with 1-propanol and ethanol, respectively, and
redispersed in hexane. Centrifugation (4500 rpm, 20 min)
was then applied to remove any undispersed residue. The
large-scale stable colloidal hexane solution of Fe,O, M°NPs
was stored at ambient conditions for several months. No
precipitation was evident over the course of months. Running
the reactions at 25°C or for longer times had no major effects
on the dispersity of the small-scale particles. However, we
found heating at 80°C for large-scale synthesis was necessary
to magnetically stir and solubilize the precursors.

2.3.2. Synthesis of OAI-Stabilized Fe;0, M°NPs. In a gen-
eralized procedure, 5mL aqueous solution of ferric chlo-
ride hexahydrate (0.27 g, 1.0 mmol) and oleic acid (0.424 g,
1.50 mmol) were mixed and magnetically stirred under argon
in a degassed vial for 15 min. Hexylamine (0.81 g, 8.0 mmol)
was then injected during which the emulsive biphasic mixture
turns rusty reddish. After that, the Fe** precursor and ferrous
chloride tetrahydrate (0.10 g, 0.50 mmol) were added and the
mixed solution was heated to 80°C. After stirring for a few
minutes, ammonium hydroxide (30%) (~3mL) was added
to the mixture until pH of ~12 was reached and vigorously
stirred for 90 min. The black precipitate started to form
instantly after NH,OH addition confirming the formation
M’NPs. The black precipitate of M?NPs formed was cooled
to room temperature by removing the heat source, isolated
via centrifugation (4500 rpm, 10 min), washed 3 times with
l-propanol and ethanol, respectively, and redispersed in hex-
ane. Centrifugation (4500 rpm, 20 min) was then applied to
remove any undispersed residue. The stable colloidal hexane
solution of ~6nm Fe;O, M’NPs was stored at ambient
conditions for several months. No precipitation over the
course of months was observed.

2.3.3. Synthesis of OA3-, OA5-, and OAIQ-Stabilized Fe;0,
M’NPs. The same as the procedure described above, how-
ever, the concentration of oleic acid was changed to 4.5 mmol

(3x-fold), 7Z5mmol (5x-fold), and 15mmol (10x-fold) to
produce 4 nm, 3 nm, and 2 nm sized Fe;O, NPs, respectively.

2.3.4. Synthesis of OA-Stabilized MFe,0, M°NPs (M = St, Co,
Ni, and Zn). The same as the procedure for the synthesis
of iron oxide NPs, using a constant OA concentration of
7.5 mmol (5x-fold), for example, when Co(II) salt was used
instead of Fe(Il), ultra-small sized CoFe,O, nanocrystals
were obtained.

2.3.5. Synthesis of Saturated Fatty Acid-Stabilized Fe;0,
NPs. In a generalized procedure, ferric chloride hexahy-
drate (0.27g, 1.0mmol) and ferrous chloride tetrahydrate
(0.10 g, 0.50 mmol) dissolved in 5 mL water were mixed with
1.50 mmol of different saturated fatty acids (i.e., stearic acid-
C,s> palmitic acid-Cg, lauric acid-C,,, capric acid-C,,, and
hexanoic acid-C¢) and magnetically stirred under argon in
a degassed vial for 15min. If necessary, minimum amount
of DMF is added to solubilize the fatty acid. Ammonium
hydroxide (30%) (~3mL) was slowly added until pH of
~12 was reached and the mixture was heated to 80°C and
vigorously stirred for 90 min. The black precipitate of fatty
acid-stabilized NPs formed was cooled to room temperature
by removing the heat source, isolated via centrifugation
(4500 rpm, 10 min), washed 3 times with I-propanol and
ethanol, respectively, and redispersed in hexane. Centrifu-
gation (4500 rpm, 20 min) was then applied to remove any
undispersed residue. The stable colloidal hexane solution
of fatty acid-stabilized Fe;O, NPs was stored at ambient
conditions for several months. Precipitation of the particles
occurred depending on the length of the fatty acid chain.
It was found that at least C,, is required to keep the Fe;O,
stabilized in hexane for months. For the synthesis in the
presence of HA, the same procedure was followed with the
addition of 8.0 mmol of HA.

2.4. Synthesis of PVP-Stabilized Hydrophilic Fe;O, M°NPs. To
render the particles water-soluble, 2 ways were explored: (a)
modified double-exchange protocol using TBA*BF, /PVP or
(b) direct PVP exchange of the OA capped on the surface of
Fe,O,M’NPs. In either case, the samples were successfully
suspended in water and no precipitation was evident over
the course of weeks, with much lower yields and low PVP
coating (~17% weight loss as evident from TGA) obtained
for route b. (a) Two-step exchange: 1mL of OA-stabilized
Fe;O, (10 mg/mL) in hexane was evaporated and redispersed
in 1mL toluene. 4 mL of TBA*BF,” solution (0.09 mM in
H,0:DMF 5:1) was then added and the biphasic mix-
ture was gently shaken at room temperate. After 1hr, the
particles were observed to be transferred from the organic
to the aqueous layer. The NPs were isolated via pipette,
centrifuged, washed repeatedly, and redispersed in 2mL
DME. 60 mg of PVP with few drops of sodium hydroxide
(1M) was then added to the above 2mL DMF suspension
of TBA*BF,” @Fe;O, NPs, and the reaction was stirred for
2 hrs at 37°C. The NPs were centrifuged, washed repeatedly,
and redispersed in water to yield colloidal water-soluble PVP-
stabilized Fe;O,. (b) Direct exchange: 1 mL of OA-stabilized



Journal of Nanomaterials

FIGURE 1: TEM and HR-TEM images of the large-scale production of OA-stabilized M>NPs of iron oxide at different magnifications. (a) 75k,
(b) 150k, (c) 800k, and (d) 1000 k. TEM images revealed the uniformity, and monodispersity of the particles and HR-TEM images showed
the highly crystalline nature of the OA-separated NPs showing a single Fe;O, NP with interfringe spacing of 0.253 + 0.32 nm.

Fe;0,4 (10 mg/mL) in hexane was evaporated and redispersed
in1mL toluene. 5mL of PVP solution (30 mg/mL) containing
few drops of sodium hydroxide (1 M) was then added, and
the reaction was stirred for 2 hrs at 37°C. The NP dispersion
was isolated via pipette, centrifuged, washed repeatedly, and
then redispersed in water to form stable dispersions with low

yields.

3. Results and Discussion

3.1.  “Ko-Precipitation Hydrolytic Basic” Method to Prepare
OA-Stabilized Fe;0, M’ NPs. The major difficulty for the pro-
duction of colloidal M’ NPs lies in designing simple, practical,
economical, and safe approach to produce large quantities
of monodisperse magnetite nanoprobes that are stable for
months and do not precipitate from their dispersions. The
other key factor is to get those nanocolloids as uniform
as possible with good control over size and morphology.
Our experimental design reported here is inspired by the
well-documented concept of concomitant basic coprecipi-
tation of ferric and ferrous salts in water, combined with
the possibility of using alkyl carboxylic acid surfactants as
efficient binding stabilizers on the surface of M*NPs. The
so-called “Ko-precipitation Hydrolytic Basic (KHB)” method
described consists of the following components: inexpensive

metallic ions dissolved in aqueous media, long-chain fatty
acid surfactants (saturated or unsaturated), cosurfactants
(alkylamines), and a base. In a specific reaction, iron oxide
NPs were prepared by coinjecting 1: 0.5 aqueous molar ratios
of Fe(III) to Fe(II) salts, different concentrations of oleic acid
(OA) (1.5-15 mmol), followed by the addition of hexylamine
(HA) (8 mmol) into the mixture, stirred vigorously under
inert atmosphere. Addition of excess ammonium hydroxide
(NH,OH) base allowed the formation of ultra-small, ultra-
stable, and well-dispersed NPs of iron oxide. The particle
size can be tuned from 2 to 10 nm by controlling the OA
to iron precursor molar ratios. The obtained nanocrystals
are isolated and purified by simple centrifugation without
size-selective purifications [19] and are readily dispersed
in nonpolar solvents for months. Figure 1(a) shows TEM
images of a typical sample of ~4-5nm sized OA-stabilized
iron oxide NPs synthesized at large scale (50g of ferric
salt), indicating the ordered packing and good uniformity
achieved (no obvious aggregation was observed over the
entire TEM grid). A photograph of the stable colloidal iron
oxide hexane dispersion is also shown (inset of Figure 1(a)).
When a drop of the nanocrystal dispersion is deposited
onto the TEM copper grid at lower concentration, islands
made of self-assembled nanocrystals were observed (see
Figure 1(b)). Inspection of the products by high-resolution
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FIGURE 2: (a) Inter-fringe spacing (0.253 + 0.32 nm) obtained by HR-TEM analysis of a single OA-stabilized nanocrystal of iron oxide at
1000 K. (b) Powder XRD of OA-stabilized M?NPs of iron oxide. The observed diffraction peaks coincide with the Jade database (JCPDS

#019-0629) indicating that the NPs are magnetite (Fe;O,).

TEM (HR-TEM) indicates that the NPs show close-packed
2D array of relatively monodisperse sized particles with
narrow size distribution (<9%) and a neighbor spacing of
~3.5nm (+1nm) maintained by the hydrophobic capping
groups (see Figure 1(c)). Further analysis on HR-TEM images
clearly shows the lattices of the NPs, indicating that each
particle is a well-ordered single crystal despite their small size
(see Figure 1(d)). In fact, the distance between two adjacent
lattice fringes obtained by HR-TEM analysis of a single
nanocrystal is calculated to be 0.253£0.32 nm corresponding
to the lattice spacing of (311) planes of magnetite [20] (see
Figure 2(a)). XRD of the material revealed that the observed
diffraction pattern is in good agreement with published data
for Fe;O, magnetite (JCPDS #019-0629), with reflection
planes of 111, 220, 311, 400, 422, 511, and 440 clearly identified
and 440 peak position centered at 62.5° [21] (see Figure 2(b)).
The proof of OA coating on the surface of M°NPs was
confirmed by FTIR (see Figure 3). FTIR spectra showed that
OA-stabilized Fe;O, NPs have the distinctive characteristic
absorption bands of magnetite (~585cm™"), with peaks at
1405, 1517, 2850, and 2915cm™" ascribed to the asymmetric
and symmetric C-O stretching vibrations of COO™ and C-
H stretching mode of methyl and methylene groups, respec-
tively. The observed shifts indicated that the carboxylate of
OA is bound symmetrically to the surface of Fe;O, NPs in
a chelating bidentate mode, as has been suggested before
[22]. TGA revealed a ~5% weight loss for a weakly bound
surfactant layer, followed by ~65% of a tightly held OA layer,
further confirming the observed stabilization and solvation
of OA-stabilized M®>NPs in organic solvents [23] (inset of
Figure 3). In brief, we produced high quality hydrophobically
stabilized magnetic metal oxide nanocolloids through a one-
pot hydrolytic process by sequentially mixing inexpensive
and nontoxic precursors at low temperatures, aging them for
a short period of time, and finally collecting them without
the use of complicated size sorting processes. According to
our knowledge, such TEM images of nearly monodisperse
stabilized Fe,O, M’NPs prepared via the coprecipitation of
metal salts using hydrolytic synthetic routes have not been
reported earlier.
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FIGURE 3: FTIR spectra for OA-stabilized Fe,O, M>NPs. The spectra
clearly show the intensity of the characteristic vibrational modes
ascribed to OA molecules (inset: TGA analysis of OA-stabilized
M’NPs exhibited a weight loss ~24%, implying the successful
coating of the as-synthesized M?NPs with OA).

3.2. Syntheses and Characterization of the Different Sized OA-
Stabilized Fe;0, M°NPs. The size and monodispersity of the
product were found to be strongly dependent on the exper-
imental conditions such as the concentration of OA and the
amount of HA added. It was found that when the concentra-
tion of OA was increased by factors of 3, 5 and 10, both the size
and the morphology of the NPs were affected. For instance,
using 1.5mmol (1x), 4.5mmol (3x), and 75mmol (5x) of
OA during the reaction (with all other parameters fixed),
we synthesized M?NPs with core diameters of ~6 nm, 4 nm,
and 3 nm, respectively (see Figure 4). Similar phenomenon
was observed earlier, where the nanocrystal size was found
to decrease, when the amount of fatty acid (i.e., decanoic
acid) was increased [24]. When no OA (0 mmol) was added,
the particles were harvested as polydisperse agglomerates of
bigger sizes (10-15nm) dispersed in aqueous media, rather
than in organic solvents (see Figure 4(a)). On the other end,
once the OA concentration is too high (15mmol), streak-
like packing aggregates of NPs were observed with worm-like
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FIGURE 4: TEM images of the different sized OA-stabilized M?NPs of iron oxide prepared by varying the ratios of OA to the iron precursor.
(a) No OA (0 mmol OA), (b) 1x (1.5 mmol OA), (c) 3x (4.5 mmol OA), (d) 5x (7.5 mmol OA), and (e) 10x (15 mmol OA). (f) Summary of the
morphological and size variations of OA-stabilized M3NPs with increasing OA to iron precursor ratios (0, 1, 3, 5, and 10).

elongated morphologies (see Figure 4(e)). Those nanoparti-
cles resemble the nanoworms obtained from dextran-coated
particles prepared via the conventional coprecipitation route
[25] and are composed of linear aggregates of 2nm iron
oxide cores. Figure 4(f) summarizes the morphology and size
variations of the OA-stabilized M NPs with increasing OA to
iron precursor ratios (0, 1, 3, 5, and 10). DLS measurements
of the nanocrystal dispersions in hexane revealed that the
size of M*NPs decreases as the OA concentration increases,
further confirming the role due to the hydrophobic density of
OA capping during the synthesis. DLS clearly showed sharp
peaks at ~5, 10, and 15nm for the different samples, with no
noticeable aggregation (see Figure 5 and Table 1). The ultra-
small 2nm NP streaks, however, were characterized with
rather large size distributions and higher polydispersities
as depicted from DLS measurements and polydispersities
values, probably due to their elongated morphologies formed.
Moreover, DLS measurements were recorded for a time
period of 12 months showing no significant changes in the size
(inset of Figure 5), confirming the remarkable stability of the
particles in their organic dispersions for months. In summary;,
it is best to keep the concentrations of OA at the fivefold limit
to obtain nearly monodisperse NPs.

Next, magnetization of the different sized Fe;O, M’NPs
with their ultra-small sizes was measured. Field-dependent
magnetization curves obtained at 298 K showed a charac-
teristic superparamagnetic behavior with a strong induced

100 30
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0 10 20 30 40 50 60 70 80 90 100
Size (nm)
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FIGURE 5: DLS measurements of the different sized OA-stabilized
M?NPs in hexane dispersions. The data clearly shows that as the
(OA) molar ratios increase, the particle size decreases. However,
once OAIOx (i.e., 15mmol OA) was reached, the size increases to
~20 nm, due to the worm-like streaks of aggregates formed.

magnetizations (M, = 80 to 43emu/gg.) (see Figure 6),
higher than the values typically observed for ultra-small
iron oxide nanocrystals [26], indicating a high degree of
their magnetic ordering and crystallinity and pinpointing
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TABLE 1: Physiochemical properties of the different sized OA-stabilized Fe;O, MNPs.
. Diameter (nm)

S 1 Weight 1 % PDI Morphol

ample eight loss (%) i1 hexane orphology
No OA added N/A N/A N/A Large aggregates
OAl-stabilized MNPs 24% 15.9 +1.37 0.202 Monodisperse
OA3-stabilized MNPs 15% 10.4 + 0.816 0.137 Monodisperse
OA5-stabilized MNPs 19% 5.60 +1.17 0.099 Monodisperse
OA10-stabilized MNPs 22% 20.6 +2.16 0.377 Elongated aggregates
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FIGURE 6: Plot of induced magnetizations for the different sized
OA-stabilized M®NPs (inset: representative field-dependent magne-
tization (M-H) curve showing the characteristic superparamagnetic
behavior). With the reduction of the particle size and the increase
in the OA concentration, magnetization decreased from 80 emu/gg,
reaching 43 emu/gg,, which is higher than the values typically
observed for their respective ultra-small iron oxide nanocrystals.

their promise as T1 contrast agents in magnetic imaging.
As expected, with the reduction of the particle size and the
increase in the OA concentration, magnetization decreased
reaching 43 emu/gg,.. It is evident that, in the presence of
an external magnetic field (H), these NPs can be easily
magnetized to reach their M,, but when H is removed,
their magnetization becomes randomized and the overall
moment drops back to zero, making them extremely stable
in dispersion states and ready to be used for biomedical
applications.

3.3. Effect of Alkylamine on the Synthetic Procedure. Further
experiments suggested that the morphology of the product
has also a strong dependence on the presence of HA. When
the synthesis is conducted without HA, no effective transfer to
the organic layer was observed and the product resembles oil-
in-water (o/w) micelle system. The particles were harvested
as micelles containing NPs of bigger sizes (5-15nm) (see
Figure S1 in the Supplementary Material available online at
http://dx.doi.org/10.1155/2015/620672). It was also observed
that the yield of the obtained OA-stabilized M’ NPs dissolved
in organic solvents increased as the concentration of HA
increases (~20% yield when 1.5 mmol HA added versus >90%
yields for 8 mmol HA). From the above findings, it was

concluded that the presence of HA during the synthesis at
8 mmol or above is crucial to afford individual monodisperse
nanocrystals. All the above results pinpoint the important
roles of both OA and HA to control the size, dispersity,
and morphology of the nanocrystals. According to our
knowledge, the ability to control the size of Fe;0, M’NPs
using different concentrations of OA in a surfactant-assisted
aqueous sol-gel synthesis has not been reported.

3.4. Effect of Fatty Acid Alkyl Chain on the Stability of
Fe;0, M’NPs. To better understand the effect of the alkyl
chain on colloidal stability, we prepared a library of NPs
coated with saturated fatty acids of different carboxyl alkyl
chains RCOOH (R = octadecyl down to hexyl), without
the addition of HA. Respective TEM images are shown
in Figure 7, showing bigger particles with more marked
agglomerations (see Table SI for DLS measurements of the
different fatty acid-stabilized M?NPs). This observation is in
agreement with previously published data, where the size
of nanocrystals was found to be bigger when shorter alkyl
chains were used [27]. The stability of the particles seems
to depend on the alkyl chain, with a minimum of CI6
acid needed to effectively stabilize the particles for months
(see Figure 7(a)). The long-chain length acids (C16 and Cl18)
appear to be the best suited for particle derivatization with
marked stabilization in their hexane dispersions. As a result,
we chose stearic acid and studied the effect of HA addition
to the synthetic procedure. As expected, we found that the
uniformity, polydispersity, and size are clearly affected. TEM
images of stearic acid-stabilized Fe;O,M’NPs prepared with
or without the addition of HA, under identical experimental
parameters are shown (see Figure 7(b)).

3.5. Proposed Mechanism of Formation of Fatty Acid-Stabilized
Fe;0, M’NPs. Figure 8 illustrates the formation mechanism
of the Fe;O, M’NPs formed. Upon the addition of the
alkylamine HA, a color change into brownish emulsion with
a phase transfer of the metal cations into the oily phase is
observed. Phase transfer of metal ions from an aqueous to an
organic phase using alkylamines has been elegantly demon-
strated [28]. Weak adsorption of alkylamine to the iron/iron
oxide surface was proposed [29] and recently proven [30],
indicating an amine-surface interaction via electron donation
from the nitrogen lone pair to the positively charged iron
ions. With the aid of the HA agent, the ionic metal compo-
nents become compartmentalized and isolated by the fatty
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all NPs precipitate

HOJ\/\/\ Hexanoic acid (HA) Cq
HOJ\/\/\/\/\ Capric acid (CA) Cyg
HOJ\/\/\/\/\/\ Lauric acid (LA) C;,
HO)IVWVWV\ Palmitic acid (PA) C4
HO)I\/\/\/W\/\/\/\ Stearic acid (SA) Cyg

FIGURE 7: (a) TEM images along with photographs of the different fatty acid-stabilized M*NPs (i.e., stearic acid-C, palmitic acid-C,, lauric
acid-C,,, capric acid-C,,, and hexanoic acid-Cg) at the same magnification (scale bar = 50 nm). (b) TEM images of stearic acid-stabilized
Fe,O, M’NPs with or without the addition of HA (insets are images with higher magnifications). The images clearly show the effect of HA
on the size, uniformity, and dispersity of the synthesized particles.
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FIGURE 8: Schematic representation of the formation mechanism of the fatty acid-stabilized M*NPs, aided by the presence of alkylamine as
the structure-directing and pulling agent.

acids, acting as steric barriers and protective stabilizers. Ko-  precursors become spatially separated at the water-oil inter-
precipitation by the base generates tiny oxide nuclei at the  face, crystal growth can be limited and agglomerations can
interfaces, which subsequently form well-ordered dispersions ~ be inhibited in favor of small, well-dispersed particles. The
of fatty acid-capped black metal oxide nanocrystals. Since the ~ formation of thermodynamically stable crystalline colloidal
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FIGURE 9: (a) Schematic representation of the transfer from the organic to the aqueous phase along with a photograph showing the successful
transfer of OA-stabilized Fe,O, M’NPs dispersed in hexane to PVP-stabilized Fe;O, M*NPs dispersed in water. (b) left: TEM image of worm-
like OA-stabilized M?NPs deposited from hexane dispersion; right: TEM image of PVP-stabilized M?NPs deposited from water dispersion.

The insets are magnifications at 250 K.

materials from solution is usually explained by the nucleation
and growth theory and has been very recently described
for the coprecipitation of magnetite from alkaline one-phase
aqueous solutions [31]. In our method, nanocrystals are
small-sized and narrowly distributed, possibly due to the
hydrolytic reacting environment, the nature of the capping
agents, and the relatively low reaction temperatures [32]. In
a two-phase system, since the precursors become spatially
separated at the water-oil interface, crystal growth can be
limited and agglomerations can be inhibited in favor of small,
well-dispersed particles. Moreover, the capping agents will
disintegrate agglomerates after phase transfer and form stable
colloids. In fact, no growth of the particles was observed,
even if the reaction was kept for 48hrs, pinpointing the
protective role of the fatty acid coating and blocking crystal
growth, as has been suggested earlier. Thus, a nucleation
event induced by injecting the base, followed by surfactant-
mediated controlled growth, is anticipated [32]. In this way,
the agglomerations of NPs that usually occur in typical one-
phase aqueous procedures are overcome.

3.6. Generalization of the Method. We have shown that it
is possible to prepare dispersible nanocrystals of various
metal oxides by our method. We successfully synthesized
nanocrystals of doped ferrite metal oxides MFe,O, (M = Sr,

Co, Nj, and Zn) resulting in ~2 nm sized nanodots as evident
from the TEM images (Figure S2). Experimentally, the same
procedure was followed using the corresponding metal (II)
chloride salts instead of the Fe(II) precursor. Preliminary
results suggest that this simple and cost-effective method
described here could be developed into a generalized strategy
for the preparation of metal oxide nanoparticles of many
different oxide systems. A wide range of cheap metals salts
already exists and provides a potential source of readily
available precursors for the syntheses of single and complex
metal oxides. Apparently, studies and characterization of
our samples are currently in progress with the ability to
extend this experimental procedure to a wider range of binary
transition metal oxides.

3.7 Preparation of Hydrophilic Fe;0, M°NPs for Biomed-
ical Applications. For biomedical endpoints, we attempted
extraction of the NPs from their organic dispersions into their
aqueous phase using a ligand-exchange process [33]. Owing
to its biocompatibility, biodegradability, and protective prop-
erties, poly-N-vinyl-pyrrolidone-grafted iron oxide NPs have
been shown to be very useful for cellular uptake, imaging,
and delivery [34]. Herein, we replaced the OA-stabilized
Fe,O, M>NPs with PVP (Figure 9(a)), based on a modified
procedure of a recently reported work [35], using the weak
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tetrabutylammonium tetrafluoroborate (TBA*BF,") binder
as the primary phase-transfer agent. A two-step phase trans-
fer was accomplished by shaking a biphasic mixture of OA-
stabilized M°NPs in TBA+BF4, followed by PVP treatment
in aqueous solution. Direct PVP exchange in the absence
of TBA"BF,” resulted in very little exchange, justifying the
necessity of TBA'BF,” treatment, in parallel with earlier
observations [35]. Figure 9(b) shows TEM image of the
PVP-stabilized Fe;O, M’NPs before and after OA exchange,
showing negligible change to the NP features, indicating the
stability during the ligand-exchange process. DLS for the
PVPylated Fe;O, M’NPs as water suspension depicted a
hydrodynamic radius Dy = 56 + 5.05nm (see Figures S3).
FTIR and TGA further confirmed the stripping of the OA
coating and its exchange with the PVP polymer (see Figures
S4 and S5). FTIR spectra showed that the intensity of the
characteristic vibrational modes ascribed to OA molecules
dramatically decreased after PVPylation, with a shift in the
vibrational band from 1517 to 1660 cm™" belonging to C=0
group of PVP. Moreover, TGA showed a ~50% weight loss
of the PVP-coated M?NPs, with an initial weight loss up
to 385°C due to the desorption of the residual physically
adsorbed OA layer. The weight loss from 385 to 700°C is due
to PVP polymers and their subsequent degradation releasing
CO, gas. Thus, it is believed that the iron oxide complex
via either coordination bond formation through its carbonyl
group or weak covalent interaction with PVP, as has been
suggested before [36].

4. Conclusions

In summary, we embarked on a simple, practical, scalable,
and economical synthetic methodology to prepare different
sized fatty acid-stabilized M’NPs of ferrites in water phase
without the routine of using high-boiling point solvents and
elevated temperatures. Nontoxic and inexpensive reactants
such as metal salts were employed. No heating up to 200-
300°C was performed. M’ NPs were produced with noticeable
stability, high magnetizations, narrow size distributions, and
tailor-made versatility. Different sizes and morphologies of
M?NPs were prepared by varying the experimental parame-
ters, mainly the fatty acid and alkylamine. Moreover, the pres-
ence of alkylamine additive was found to be a key in order to
produce ultra-small and monodisperse M?NPs. Preliminary
results showed that our procedure could offer the possibility
of a generalized approach to the production of doped ferrite
nanocrystals. Upon coating with water-soluble polymers,
the small-sized particles become biologically relevant, with
great promise for theranostic applications as imaging and
magnetically targeted drug delivery vehicles.
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