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Abstract

Amphiphilic superparamagnetic iron oxide nanoparticles (pFe,O;) were synthesized by

site-exchanging hydrophobic 3Fe,0; nanoparticles soluble in only hydrocarbon solvent such as toluene and

hexane with the use of [2-(2-methoxy-ethoxy)-ethoxy]-acetic acid (MEEAA) as exchanging ligands.

The

reaction conditions were examined with the different time and feeding ratio of MEEAA, leading to the
formation of both oil- and water-based magnetic suspensions of »Fe,0; capped with MEEAA. By
optimizing the experimental conditions, the amphiphilic spherical particles with size of 5.7 nm were routinely

generated in large quantities.

UV-vis and FT-IR spectral measurements indicated that the carboxylic end

groups of MEEAA were chemically anchored onto the surfaces of »Fe,0; nanoparticles to form stable
monolayer coatings. This novel material due to the oligoether mantle around the particle surfaces could
function as stable ferrofluids available for various kinds of solution media.
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Introduction

Superparamagnetic iron oxide nanoparticles
(#Fey05) have been intensively studied as the most
promising candidates for many important technological
applications [1] such as refrigeration system [2], color

imaging [3], bioprocessing [4], catalysis, drug targeting

[5] due to their unique electromagnetic, tribological, and
thermomechanical properties. Preparation of magnetic
nanopaiticles continues to attract a great deal of
attention. A variety of chemical and physical
preparative methods has been explored to generate
nano-sized magnetic fluids with monodisperse size and
shape, using thermal decomposition [6], laser pyrolysis
[7], reduction of metal salts [8], and electrochemical
technique [9]. For instance, one of the recent successes
for the synthesis of »<Fe,O; nanoparticles has been
carried out by two steps: thermal decomposition of iron
pentacarbony! (Fe(CO)s) in the presence of oleic acid as
the stabilizer and oxidation of the formed iron particles
with trimethylamine oxide [10].  Since these efforts are
conducted by organic ligands with hydrocarbon chains,
the nanoparticles obtained are dispersed into most of
non-polar organic solvents. The typical technical
application, however, requires the magnetic
nanoparticles to be sufficiently stable and dispersible in
‘a varicty of media, especially, in alcohols or water.
Very little work has been done for synthesizing
hydrophilic nanoparticles because of the lack of
suspension stability. Multilayer coatings have been
developed to address the stability of aqueous
suspensions. These coating are achieved by
ligand-exchange reaction [11] or overcoating of the
particles with the other surfactants, polymers, or proteins
[12]. The drawbacks of these processes are that they
take several steps including syntheses of coating
molecules and still have difficulties in avoiding
formation of aggregation. Development  of
high-quality suspension in desired solvent system is still
challenge and center of rescarch interests in the field of
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Figure 1 Schematic drawing of site-exchange reaction
from oleic acid (OA) originally capping the surface to
[2-(2-methoxy-ethoxy)-ethoxy]-acetic acid (MEEAA).

nanoparticle syntheses.

Here we report a versatile and simple method of
site-exchange of particle surface to yield stable
suspensions of monodispersed j~Fe,O; nanoparticles
whose surfaces were protectively and functionally
coated with amphiphilic ligand,
[2-(2-methoxy-ethoxy)-cthoxy]-acetic acid (MEEAA,
Fig. 1). Since this ligand used throughout this study is
commercial available, any other treatment is not
necessary to examine the surface modification. The
resulting site-exchanged particles are easily dissolved
into both conventional organic solvents like toluene,
chloroform and polar solvents like alcohols and water,
allowing the production of amphiphilic magnetic
nanoparticle suspensions. The unique properties in
conjunction with uniform and ultrafine size of
superparamagnetic Fe,0; nanoparticles could make
them valuable for many technological and other
applications.

Experimental
Chemicals: All chemicals were of reagent grade and
used without further purification.

[2-(2-Methoxy-ethoxy)-ethoxyl-acetic acid (MEEAA)
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was purchased from Aldrich.

Synthesis  of amphiphilic  yFe,0; nanoparticles:
»Fe,05 nanoparticles coated with oleic acid (OA) were
synthesized by thermal decomposition of Fe(CO)s,
according to the method developed by Hyeon et al. [10]
The resulting nanoparticles easily formed aggregations
by adding ethanol and, successively, were separated
from the solution by centrifugation. The collected
aggregates were redispersed in chloroform. This cycle
of separation and redispersion was repeated several
times to remove the free OA, producing the purified
OA-capped nanoparticle (Fe,0;@0A) suspension.
For site-exchange reaction, MEEAA chloroform
solution was added to the chloroform suspension.
Details of the reaction conditions were listed in Table 1.
7Fe,0;@OA nanoparticles of 15 mg and 5 mg were
used for preparation of 5 mL chloroform suspensions in
Run 1~8 and Run 9~15, respectively. The reaction
mixture was sonicated at 50 °C for up to 24 hss.
Small amount of black precipitate was obtained as
unreacted nanoparticles upon adding excess ethanol and
centrifuging. After removal of the black precipitates,
the resulting supernatant generated aggregation of pure
#Fe,03@MEEAA nanoparticle in diethyl ether. The
collected »Fe,O;@MEEAA was redispersed in ethanol.
Characterization:  Surface coverage of MEEAA was
estimated in the following manner, After removing the
excess amount of MEEAA with diethyl ether, 3.8 mg of
#Fe,0;@MEEAA nanoparticles was decomposed with
HCIL. The Fe** was removed as iron sulfide by adding
Na,S under basic condition. The filtrate was
neutralized and then completely evaporated to analyze
the amount of MEEAA in the residue by 'H-NMR with
dioxane as internal standard. The surface coverage was
calculated by assuming 25 A? of an occupied area of
MEEAA on the particle surface [13].  Particle
morphology was studied by transmission electron
microscopy (TEM), employing a HITACH-7100 with an
acceleration voltage of 100 kV. For TEM sample,
small potion of nanoparticle suspensions was placed
directly onto the carbon-coated copper grids. The
Fourier transform infrared (FT-IR) spectra were
recorded by JASCO FT/IR 660 plus spectrometer using
KBr pellets. The stabilitics of particle suspensions
were evaluated by monitoring the characteristic
absorption of the suspension with a SHIMADZU
MPC-3100 UV-vis spectrometer.
preparations, #Fe,0;@O0A and pFe,0;@MEEAA
nanoparticles precipitated by cthanol and diethyl ether,
respectively, were redispersed in toluene, ethanol, and
water to evaluate the suspension stabilities.

Result and Discussion

Highly monodispersed 3Fe,O; nanoparticles were
synthesized by Hyeon method using OA as stabilizer.
The XRD profile cannot actually discern between
magnetite (Fe;04) and »Fe,0; (both magnetic oxides
have a spinel-type structure), the nature of the ion oxide
particles in the final sample was, therefore, analyzed by
temperature-dependent Mossbauer spectroscopy.  The
spectrum displayed full magnetic hyperfine structure and
the formation of maghemite particles (3<Fe,03) was
advocated with the characteristic properties such as the
values of hyperfine fields and the zero quadrupole

As the sample

Table 1 Experimental conditions and amount of
sedimentations of unreacted nanoparticles after site-
exchange reaction.

Time  MEEAA MEEAA/O  Aaggreation*?

3
R ®™ g A [me]
1 0 03 6.7 12 (80 %)
2 0.5 03 6.7 15 (100 %)
3 1 03 67 14 (93 %)
4 2 03 67 15 (100 %)
5 4 03 6.7 11(73 %)
6 8 03 6.7 10 (67 %0}
7 12 0.3 6.7 6 (40 %)
8 24 03 6.7 3(20%)
9 24 0 0 5 (100 %)
10 24 0.03 2 4 (80 %)
11 24 0.06 4 3 (60 %)
12 24 0.2 10 2 (40 %)
13 24 03 20 2 (40 %)
14 24 0.6 40 1(20%)
15 24 12 80 2 (40 %)

(1) #Fe,0;@O0A manoparticles of 15 mg and 5 mg were used in Run
1~8 and Run 9~15, respectively, for preparing 5 mL of suspentions.
(2) Amount of sedimented aggregates in ethanol consisting of
unreacted nanoparticle. Parenthesis shows yield of aggregates
obtained by total weight of nanoparticles in initial stage.
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Figure 2 TEM images of (A) »-Fe,O;@O0A nanoparticles
and (B) »Fe,O;@MEEAA nanoparticles obtained after
site-exchange reaction and their particle size distributions.

splitting.

Since the pFe,0;@O0A nanoparticle surface was
hydrophobic, the suspensions in hydrocarbon solvent
was only stably prepared, indicating formation of
sedimented aggregates in polar solvents.  Various
experimental conditions were adopted to examine
site-exchange reactions of #Fe,Os;@OA nanoparticle
surfaces, using MEEAA amphiphilic ligand (Table 1).
The MEEAA chloroform solutions were added to the
as-prepared chloroform suspensions with different molar
ratios of MEEAA to OA ([MEEAAJ/[OA]) and then the
mixed chloroform solutions were sonicated for up to 24
hrs. The exchange reaction of OA originally capping
the nanoparticle surface with MEEAA as the second
ligand was supposed as shown in Figure 1. After the
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Figure 3 (A) Stabilities of Fe,;O:@MEEAA nanoparticle
suspensions prepared at the different reaction condition of
[MEEAAJ/[OA] as insets indicates. (B) Change of optical
absorbance at 480 nm as a function of time, evaluating the
stabilities of the »Fe;0;@0A and »Fe,O:@MEEAA
suspensions in the different solvents.

purification  with  centrifuging/dispersion  cycle,
solubilities of the resulting nanoparticles against ethanol
were estimated by weight of aggregates sedimented
upon adding ethanol. A series of oligoethers can be
generally dissolved into most of solvent, regardless of
hydrophobic or hydrophilic characters, so that
oligoether-based molecule has been called as amphiphile.
As an evidence of this character, in our present
experiments, the highly stable suspensions were still
observed in chloroform during the site-exchange
treatments.  Therefore, the amount of aggregates
insoluble in ecthanol represented directly that of
unreacted particles, which was able to evaluate the
efficiency of the site-exchange reaction as a function of
the reaction time and [MEEAAJ/[OA]. Under the
condition of [MEEAAV[OA] = 6.7, the yield of
aggregates consisting of unreacted nanoparticles was
decreased from 100 % to 20 % as a function of the
reaction time up to 24 hrs. Further sonications did not
influence on the amount of aggregates, so that the
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Figure 4  FT-IR spectra of () free OA, (b) Fe,0:@0A
nanoparticles, (¢) free MEEAA, and (d) »Fe;O;@MEEAA
nanoparticles, taken from their KBr pellets.

reaction was completed for 24 hrs. The effect of
[MEEAAY/[OA] on the yield as well as quality of the
suspension was performed at the different conditions:
[IMEEAAY[OA] = 0, 2, 4, 10, 20, 40, 80. High
conversion of the site-exchange was demonstrated in
above 10 of [MEEAA]/[OA]. The amount of MEEAA
released by HCI decomposition in 3.8 mg of
7Fe,0s@MEEAA was 0.37 x 107 mol, indicating 67 %
of surface coverage. No peak corresponding to OA
was detected. Figure 2 shows TEM images and size
distributions of »Fe,O; nanoparticles before and after
the site-exchange. The pFe,O;@OA particles had
spherical shape with diameter of 5.6 nm. This
structural feature was completely preserved after
exchanging the ligands from OA to MEEAA. The
monodisperse 3Fe,O;@MEEAA nanoparticles of 5.7
nm diameter were arranged into two-dimensional
hexagonal closed packed structure, indicating the
uniformity of the spherical particle size.

All of the samples showed dark red-brown color
as characteristics in »Fe,0; suspensions. The
snapshots of samples dispersed in ethanol depicted high
quality of the suspensions and also the reaction
efficiency at the different reaction conditions of
IMEEAAV/[OA] (Fig. 3A). The dried powders of
#Fe,0;@MEEAA nanoparticles were redispersed in

Table 2 Assignment of selected absorption bands of OA and MEEAA and the corresponding y-Fe,Os nanoparticles.

group vibrations assignment symbol Oleic acid  Fe,Os@oleic acid  MEEAA Fe,03@MEEAA

methyl antisymmetric stretching v(CH;) 2956 2952 2990 2986
symmetric stretching vy(CHs) 2872 2868 2889 2881
scissoring/bending S(CH;) 1465 1456 1455 1453

methylene antisymmetric stretching v(CHy) 2925 2922 2928 2922
symmetric stretching v{CH;) 2854 2852 2832 2826
scissoring/bending 8(CH,) 1465 1456 1455 1454
rocking YCH,) 723 overlapped 674 overlapped

carboxylic acid  C=O stretching v(C=0) 1711 1633, 1410 1744 1616, 1405
C-O-H in-plane bending 3(COH) 1411 - 1434 -
C-O stretching wC-0) 1285 1098 1247 1247, 1030
O-H scissoring/bending S(OH) 937 - 937 -

ether C-O-C antisymmetric stretching v,(C-0-C) - - 1121 1120
C-O-C symmetric strefching ~ v(C-0-C) - - 848 -
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both non-polar hydrocarbon solvents and polar solvents
without addition of any other surfactants.  The
stabilities of the j~Fe,0; nanoparticle suspensions in the
different kinds of solvents were evaluated before and
after the site-exchange by UV-vis absorption spectral
measurements (Fig. 3B). The time-dependent variation
of their characteristic optical absorbance at 480 nm was
monitored. When the suspensions become unstable,
the resulting particle aggregates precipitated and the
suspension was diluted to decrease absorbance at 480
nm. The absorbance of #Fe,0;@O0A ethanol
suspension was rapidly decreased within 2 hrs, while
that of toluene suspension kept constant. In contrast,
the overall trend of absorbance decrease as a function of
time was remarkably restrained in the case of
7Fe0;@MEEAA nanoparticles in all of toluene,
ethanol, and water for 2 weeks. Especially, the ethanol
suspension was stable over 5 months. 1t is worthwhile
mentioning that MEEAA can function as high
performance stabilizer of metal-oxide nanoparticle
surface to prepare their suspensions dispersed in both
non-polar and polar solvents.

Since there are large surface-to-volume atomic
ratio, high surface activity, and amount of dangling
bonds on nanoparticle surface, the atoms on the surface
are apt to adsorb jfons or molecules in solution. For
iron-oxide nanoparticles dispersed in solution of acetic
acid ended ligands, the bare atoms of Fe and O on the
particle surface can react with the ligand and form
chemical bonding, Fe-O-C(=0), as illustrated in Figure
1. The fact was proven by comparison of FT-IR
spectra of the nanoparticles before and after the
site-exchange reactions. The vibration modes
characterized the ligands chemically bonded to the
#Fe;0; nanoparticle surface (Fig. 4). The selected
band assignments of the nanoparticles are given in Table
2. The yFe,0;@O0A nanoparticles showed absorption
bands in three characteristic regions: (i) between 2800
and 3000 cm, associated with vibrations of the —CHj
and —-CH, groups in the aliphatic- chain, (ii) between
1600 and 1400 cm’, related to the presence of
coordinated ~COQ™ groups, and (iii) at 600 and 460 cm™,
indicative of a rigid »Fe,O; network. After the
site-exchange reaction, the bands in the above three
regions were essentially unchanged and new absorption
band appeared at 1120 ecm™, corresponding to stretching
vibration of ~COC- in the ether units of MEEAA. We
perceived a remarkable broadening of the aliphatic
absorption bands. The narrowing or broadening CH,
stretching bands are often used as an indicator for degree
of crystallinity of alkyl chain, i.c., immobilization of
alkyl chain gives narrow peak width. Therefore, poor
crystallinity of the oligoether chain present in
#Fe;Os@MEEAA  resulted in the broad absorption
bands, while the »Fe,0;@OA showed relatively sharp
absorption bands due to the highly packed structure of
aliphatic chains. ~ The results strongly suggest that the
site-exchange of carboxylic units in the parent OA by
those of the MEEAA was successfully conducted
through the present procedure.

Conclusion
Stable suspensions of oligoether-capped ultrafine
#Fe03  nanoparticles  (2Fe,O;@MEEAA)  with

diameter of 5.7 nm were prepared via site-exchange
reaction of hydrophobic nanoparticle surface soluble to
hydrocarbon solvents. The reaction was optimized
with the different conditions like reaction time and
feeding ratio of the exchanging ligand. The
»Fe,0s@MEEAA nanoparticle was dispersed in both
non-polar solvents such as toluene and chloroform and
polar solvents such as alcohols and water. The
nanoparticles in ethanol, especially, exhibited stable
suspensions with no insoluble aggregates over 5 months.
Surface modification of magnetic particles with other
ligands, bearing functional groups different from the
carboxylic group, will be the subject of a future work for
biological and industrial magnetic fluid materials. The
amphiphilic magnetic nanoparticles should be promising
candidates for the fabrication of more sophisticated
nanoscale structures.
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