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A B S T R A C T

In this study we report on successful production of two samples (BR15 and BR16) comprising magnetite
(Fe3O4) nanoparticles (~10 nm) surface-functionalized via hydrolysis and condensation of alkoxysilane agents,
namely 3-aminopropyl-trimethoxisilane (APTS) and N-propyl-trimethoxisilane (NPTS). The as-produced
samples were characterized using transmission electron microscopy (TEM), x-ray diffraction (XRD), magne-
tization measurements (5 K and 300 K hysteresis cycles and zero field-cooled/field-cooled measurements), and
Mössbauer spectroscopy (77 and 297 K). The Mössbauer data supported the model picture of a core-shell
magnetite-based system. This material system shows shell properties influenced by the surface-coating design,
either APTS-coated (BR15) or APTS+NPTS-coated (sample BR16). Analyses of the Mössbauer spectra indicates
that the APTS-coated sample presents Fe(III)-rich core and Fe(II)-rich shell with strong hyperfine field;
whereas, the APTS+NPTS-coated sample leads to a mixture of two main nanostructures, one essentially surface-
terminated with APTS whereas the other surface-terminated with NPTS, both presenting weak hyperfine fields
compared with the single surface-coated sample. Magnetization measurements support the core-shell picture
built from the analyses of the Mössbauer data. Our findings emphasize the capability of the Mössbauer
spectroscopy in assessing subtle differences in surface-functionalized iron-based core-shell nanostructures.

1. Introduction

Nowadays magnetic nanoparticles (MNPs) are essential building
blocks in nanotechnology, supporting a wide variety of industrial and
biomedical applications [1]. As far as the biomedical applications are
concerned superparamagnetism is unique while allowing remote
manipulation (under gradient of magnetic field) and heating (under
alternate magnetic field) of nanomaterials [2]. Besides, magnetic
nanomaterials, such as magnetic nanoparticles and molecular magnets,
are very much interesting from the basic point of view [3]. Surface
functionalization of magnetic iron oxide nanoparticles using bioactive
moieties supports different technologies, such as magnetic drug
delivering, magnetohyperthermia and contrast agent for magnetic
resonance imaging [4,5]. In recent years, surface functionalization of
metal-oxide magnetic nanoparticles has been receiving much attention
with major impact while developing new nanobiocompatible products
[6–8]. For human imaging purpose, superparamagnetic iron oxide

(SPIO) particles need to be biocompatible while providing a safe route
of elimination [9]. Also, SPIO particles, like cubic ferrites, can be
surface functionalized and therefore tailored to bind to a wide variety of
drugs, proteins, enzymes, antibodies, and cell targets [10].

On the other hand, SPIO particles show very interesting basic
phenomena such as quantum confinement of carriers and magnetic
quantum tunneling effect [11,12]. These phenomena are connected
with quantum size effect and superparamagnetic behavior, which
support surface charge modulation from negative to positive (thus
allowing surface functionalization with different moieties) and external
manipulation (magnetic pliers) using gradients of magnetic field.
Besides, single nanoparticles core-shell structures, with a reactive
molecular shell (RMS) around the metal-oxide core, provide extra
opportunity for surface functionalization of the core magnetic nano-
particle [13]. In searching for RMS candidates, we have finding those
that can offer reactive amino groups facing outside the shell, which may
provide important breakthroughs as far as the biological and medical
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applications are concerned. In this regard hydrolysis and condensation
of alkoxysilane agents onto metal-oxide surfaces represent an excellent
approach.

Hence, comprehensive characterization of the magnetic behavior of
the end nanostructure is of major interest. This can be addressed by
several and well-established experimental techniques, such as the
superconducting quantum interference device magnetometry and
Mössbauer spectroscopy. In this study, we reported on the successful
preparation and magnetic characterization of surface amino-modulated
nanosized magnetite particles. Discussion of the Mössbauer data
revealed new insights regarding the effect of surface coating species
in the iron oxide-based core's properties and will be supported by
transmission electron microscopy (TEM) data, x-ray diffraction (XRD)
patterns, and magnetometry.

2. Experimental section

Iron (II) and iron (III) chlorides (Aldrich 98%), 3-aminopropyl-
triethoxisilane (Aldrich 97%), N-propyl-triethoxisilane (Aldrich 97%)
and ethanol absolute (Panreac) were used as received. Distilled water
was used throughout all preparation procedures. Surface functionalized
magnetite nanoparticles were preparing using a two-step protocol, as
shortly described herein. Firstly, nanosized magnetite (Fe3O4) had
been synthesizing by a new sonoprecipitation method developed by
Marques et al. [14]. Secondly, surface functionalized magnetite-based
samples, labeled BR15 and BR16, had been preparing via hydrolysis
and condensation of two organosilane agents, namely 3-aminopropyl-
triethoxisilane (APTS) and N-propyl-triethoxisilane (NPTS), schemati-
cally represented in Fig. 1. The as-synthesized magnetite nanoparticle
was silylating using the silane-based coupling agents in aqueous-
alcohol solution. Two aqueous-alcohol solutions containing the si-
lane-based agents were preparing by adding 0.3 mL of APTS (for
sample BR15) or 0.15 mL of APTS plus 0.15 mL of NPTS (for sample
BR16) into 10 mL of 95% ethanol-5% water solution. The native
magnetite nanoparticle were adding to the APTS or APTS and NPTS
solutions and the resultant solution was refluxing at 85 °C for 2 h. The
as-produced samples (BR15 and BR16) were washing several times
with ethanol.

For the absolute determination of the amine density on the
nanoparticles surface of samples prepared in this work the methodol-
ogy proposed by Moon J.H. et al. [15–17] was used. The methodology
consists of the reaction between an aldehyde and amine groups on the
surface of NP forming imines. Imines are unstable in aqueous medium
and are readily hydrolyzed to form the aldehyde and the amine again.
Thus, the colorimetric determination of the aldehydes released after
the hydrolysis of the imines allows the indirect determination of the
concentration of amines on the surface of the NPs.

The shape and size of the surface functionalized magnetite nano-
particles were examining by a Philips CM 120 transmission electron

microscope (TEM) operating at 120 kV. Briefly, dried samples of the
as-produced nanoparticles were dispersing in isopropyl alcohol and
cast onto amorphous carbon-coated copper grids for imaging. The
crystalline structure of the samples was investigating by x-ray diffrac-
tion (XRD) using a Philips powder diffractometer PW 3040/60
operating with Cu-Kα radiation. X-ray fluorescence spectroscopy
measurements had been carrying out using a Shimadzu spectrometer
EDX-72. The relative amount of Fe and Si were determining to be
respectively 97% and 3% (sample BR16) and 80% and 20% (sample
BR15). 57Fe Mössbauer spectra were recording at 77 and 297 K using a
conventional constant acceleration transmission spectrometer with a
57Co(Rh) source and a bath cryostat. The recorded spectra had been
fitting using the MOSSWIN program whereas α-Fe foil had been using
for calibration. Values of the isomer shift (IS) had quoted with respect
to α-Fe at room temperature. DC magnetic measurements were
carrying out using a MPMS3 (Quantum Design, Inc)
Superconducting Quantum Interference Device (SQUID) magnet-
ometer. Applied magnetic field varied from 0 up to ± 70 kOe whereas
the sample temperature scanned in the temperature range from 5 to
300 K.

3. Results and discussion

Typical TEM micrographs (see Fig. 2) of sample BR15 (BR16)
revealed spherically shaped magnetite nanoparticle. Those images had
been using to count 340 and 210 nanoparticles for samples BR15 and
BR16, respectively, in order to mount the histograms showed in Fig. 2.
The histograms have been modeling using the lognormal distribution
function [18]. The fit of data provides the average diameter (DTEM) of
9.9 (10.5) nm for sample BR15 (BR16) and diameter dispersion (σTEM)
of 0.23 (0.22) for sample BR15 (BR16). The XRD data (see Fig. 3) of
samples BR15 and BR16 presented broad x-ray diffraction peaks,
characteristic of nanoparticulated materials. The Bragg peak positions
identified in both samples (BR15 and BR16) are in accordance with the
standard values of the magnetite phase (JCPDS card No. 19–0629).
The (3 1 1) XRD peak (see Fig. 3) of both samples (BR15 and BR16)
have been using to estimate the crystallite size (DXRD) employing the
Scherrer's approximation (see data in Table 1). Diameter values
estimated from the XRD data (DXRD) are in good agreement with
those obtained from the TEM image analyses (DTEM). The larger values
find for DTEM (9.9 and 10.5 nm) while compared to DXRD (7.9 nm) is
likely due to the lack of good crystallinity at the surface layer, as already
reported in the literature [19]. Table 1 also collected the values we find
for the lattice parameter (a) and the (3 1 1) interplanar spacing (d311)
of samples BR15 and BR16, which are in good agreement with the
standard values reported for magnetite.

The amino group density for samples BR15 and BR16 was
18.47 mMol/mg and 31.5 mMol/mg of sample, respectively. The
inversely proportional dependence of the amine groups density on

Fig. 1. (a) Chemical structure of APTS alkoxysilane and (b) Chemical structure of NPTS alkoxysilane.
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the samples surface functionalized with APTS-NPTS can be explained
in terms of the hydrolysis rate difference of the APTS and NPTS. In
addition to the hydrolysis rate of the alkoxysilanes, the oscillatory
mechanism of APTS adsorption on iron oxide surfaces must be
considered. In 1990, H. Linde [20] suggested a dynamic model for
the interaction of APTS with silica surfaces. The author postulated that
the terminal amine group of the APTS molecule initially formed a salt
with the hydroxyl groups on the surface and subsequently this
orientation is reversed and the silane groups at the other end of the
molecule will bound to the surface via siloxane bonds. In 1996, I.
George et al. [21], demonstrated this mechanism through XPS (X-ray

Fig. 2. TEM micrographs and corresponding particle size histograms of samples (a) BR15 and (b) BR16.

Fig. 3. X-ray diffraction patterns of samples BR15 and BR16.

Table 1
Lattice parameter (a), distance between 311 planes (d311), and crystallite diameter
(DXRD).

Sample a (Å) d311 (Å) DXRD (nm)

BR15 8.34 2.51 7.9
BR16 8.35 2.52 7.9
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photoelectron spectroscopy) analysis of the interface of APTS / silica
films exposed to the ambient atmosphere and at different tempera-
tures. On the other hand, studies of the adsorption of NPTS on iron
oxide surfaces indicated that, unlike the APTS result, the oscillatory
mechanism is not observed [22]. In contrast, the adsorption profile of
NPTS in iron oxide exhibited behavior related to the Langmuir
adsorption isotherm [23], indicating that the NPTS is adsorbed
individually on the surface of the iron oxide until all the sites are
occupied, saturating the surface. Thus, based on the observations and
results of other similar systems investigated and reported in the
literature, the mechanism of hydrolysis of the APTS-NPTS mixture
can be inferred through a competitive adsorption model between APTS
and NPTS before condensation. The hypothesis for increasing the
amine density on the surface of the NP should consider the larger
surface area of the NP functionalized with the APTS-NPTS mixture,
due to the presence of a layer of NPTS covering the NP before the APTS
condense on it.

Low-temperature (77 K) Mössbauer spectra of samples BR15 and
BR16 (see upper panel in Figs. 4 and 5) are well resolved using three
sextets (black solid lines); two of them describing iron ions in
tetrahedral (A) and octahedral (B) sites in the core magnetite nano-

particle. The third component however, showing the weakest hyperfine
field (Bhf) and the broadest linewidth (Γ), has been assigning to iron
ions located in defective sites, likely at the nanoparticle surface of the
magnetite core where the density of defects (such as vacancies) is
enhanced and the iron ions present a reduced coordination number
due to the lack of translational symmetry. At room temperature
(297 K), the Mössbauer spectra of samples BR15 and BR16 (see lower
panel in Figs. 4 and 5) were curve-fitted using a doublet and a
distribution of sextets, which represents a distribution of hyperfine
fields and indicates the occurrence of magnetic collapse due to thermal
relaxation of the particle's magnetic moment. The distributions of
hyperfine fields obtained from the fittings of the room temperature
Mössbauer spectra (samples BR15 and BR16) were also showed in
Figs. 4 and 5. The room temperature Mössbauer doublet, with different
values of isomer shift (IS) and quadrupole splitting (QS) for samples
BR15 and BR16, represents the already relaxed particles and is
included in the central part of the spectra [24]. Mössbauer parameters
obtained from the fittings were collecting in Table 2.

Differences observed in the Mössbauer data (see Table 2), particu-
larly in regard to the weakest hyperfine field component at 77 K (Bhf and IS
values), which has been ascribing to the shell magnetite nanoparticle,
indicate major differences in the surface coating of both samples (BR15 and
BR16). Additionally, the hyperfine field distributions obtained from the
room temperature Mössbauer spectra (see Figs. 4 and 5) are quite different
and may reflect the samples’ surface coating differences as well. Note that
the low temperature (77 K) Mössbauer parameters associated to the core
magnetite nanoparticle (the two strongest hyperfine field components)
show negligible differences for both samples. Therefore, the explanation for
the differences observed in the room temperature Mössbauer spectra is
associated to the shell magnetite nanoparticle and it is more likely
correlated with the use of just one surface coating species to produce
sample BR15 as opposed to two surface coating species while producing
sample BR16. Moreover, sample BR15 is supposed to present one main
nanostructure (Fe3O4@ATPS) whereas sample BR16 may present two
main nanostructures (Fe3O4@ATPS/NPTS and Fe3O4@NPTS/ATPS),
which are different because they are either dominantly terminated with
NPTS or ATPS. In the BR15 sample the free electron pair of the ATPS's
amino group likely coordinates to iron ions at the nanoparticle surface,
polarizing the shell magnetite nanoparticle and shifting the surface's
character towards Fe(II)-rich, thus revealing a higher isomer shift of
0.47 mm/s and 0.39 mm/s associated to the Mössbauer sextets at 77 K
and 297 K, respectively. Meanwhile, in the BR15 sample, the core
magnetite nanoparticle may transfer electrons outwards to the shell
magnetite nanoparticle, shifting the core's character towards Fe(III)-rich,
thus presenting a lower isomer shift of 0.41 mm/s at 297 K. On the other
hand, in the BR16 sample, the possibility of a double molecular coating
layer (ATPS plus NPTS) may produce a final sample composed of two main
nanostructures, as mentioned above (Fe3O4@ATPS/NPTS and Fe3O4@
NPTS/ATPS). It is reasonable to expect differences in IS values associated
to the Mössbauer sextets while examining the two nanostructures Fe3O4@
ATPS(inner-shell)/NPTS(outer-shell) and Fe3O4@NPTS(inner-shell)/
ATPS(outer-shell). However, the effective IS values associated to the
Mössbauer sextets of the end sample may change slightly, depending upon
the relative fraction of the two possible nanostructures, as observed in the
data presented in Table 2. Then, the reduction of the IS (0.41 mm/s and
0.37 mm/s) of sample BR16 (77 K and 297 K) with respect to the IS
(0.47 mm/s and 0.39 mm/s) of sample BR15 (77 K and 297 K) more likely
reflect the influence of the Fe3O4@NPTS(inner-shell)/ATPS(outer-shell)
nanostructure. The lower room temperature QS value associated to the
doublet of sample BR15 (1.02 mm/s) with respect to sample BR16
(1.43 mm/s) supports the model picture of a Fe(III)-richer core magnetite
nanoparticle for the sample BR15. Additionally, the broadening of the
Mössbauer linewidth (77 K) associated to the shell magnetite sextet from
sample BR15 (0.97 mm/s) to sample BR16 (1.01 mm/s) represents an
extra support to the model picture of the presence of two nanostructures,
more likely Fe3O4@ATPS(inner-shell)/NPTS(outer-shell) and Fe3O4@

Fig. 4. (a) 77 K Mössbauer spectra of sample BR15 and (b) Room-temperature
Mössbauer spectra of sample BR15 with the corresponding distribution of hyperfine
field on the right hand-side.

Fig. 5. (a) 77 K Mössbauer spectra of sample BR16 and (b) Room-temperature
Mössbauer spectra of sample BR16 with the corresponding distribution of hyperfine
field on the right hand-side.
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NPTS(inner-shell)/ATPS(outer-shell). Even more visibly, the hyperfine
field distributions assessed from the room temperature Mössbauer spectra
(see lower panel, right hand-side plots, Figs. 4 and 5) also supports our
model picture. Notice that the hyperfine field distribution associated to
sample BR15 shows three main features; one lower field distribution
correlated to the shell magnetite and two higher field distributions
correlated to the core magnetite (site-A and site-B). However, the hyperfine
field distribution associated to the BR16 sample shows a clear replica of the
three main features as compared to the hyperfine field distribution of
sample BR15, being more likely due to the presence of the two above-
mentioned nanostructures, namely Fe3O4@ATPS(inner-shell)/NPTS
(outer-shell) and Fe3O4@NPTS(inner-shell)/ATPS(outer-shell). In the
BR16 sample we can see one duplicated (replica) lower field distribution
assigned to the shell magnetite nanoparticle and two duplicated (replica)
higher field distributions assigned to the core magnetite nanoparticle (site-
A and site-B). Finally, the 77 K hyperfine field value of the shell magnetite
nanoparticle of BR15 sample (44.5 T) is slightly stronger than the hyperfine
field value of the shell magnetite nanoparticle of BR16 sample (43.7 T).
This is more likely due the influence of the free electron pair of the ATPS's
amino group, which increases the interaction between the surface mole-
cular coating and the magnetite shell layer, leading to the enhancement of
the exchange interaction within the nanoparticle shell layer. This finding
also supports our model picture for the presence and influence of the two
nanostructures in the BR16 sample as opposed to one single nanostructure
in the BR15 sample. Indeed, while compared to sample BR16 the higher
Si/Fe content ratio (0.25) found in sample BR15 indicates the strongest
interaction of the Si-based moiety (APTS) with the shell magnetite, likely
due to the presence of the amino group.

The magnetic measurements (in the range of ± 70 kOe) were carrying
out for both samples (BR15 and BR16) at low (5 K) and high (300 K)
temperatures. MagnetizationM versus magnetic field (H) curves recorded
at 300 K (see upper panel in Fig. 6) showed no hysteresis, which is
consistent with the superparamagnetic behavior of magnetite nanoparti-
cles with average diameter around 10 nm. However, at low temperature
(5 K), both samples showed hysteretic M vs H curves, meaning that both
samples are in the blocked state (see lower panel in Fig. 6). At 5 K,
coercive fields of 209 Oe and 198 Oe were determining for samples BR15
and BR16, respectively. Moreover, at 5 K the relative remanent magne-
tization (Mr/Ms) of 0.16 and 0.15 had been estimating for samples BR15
and BR16, respectively (see Table 3). These findings, namely higher
coercive field and higher relative remanent magnetization observed in
sample BR15, are in agreement with the picture of the nanoparticle's shell
layer built from the analyses of the Mössbauer data, i.e. the enhancement
of the exchange interaction within the nanoparticle's shell layer in sample
BR15 with respect to sample BR16, which is credited to the stronger
interaction of the ATPS's amino group and the nanoparticle's surface.
Another interesting feature is the value of the rateM vs H in the high field
region (above 40 kOe) of the M vs H curve. In the saturation region,
sample BR16 shows a rate of 8×10−5 emu/gOe, which is almost twice the
one determined for sample BR15. This means that a stronger magnetic
disorder sets in the nanoparticle's shell layer in sample BR16, which is

probably related to the presence of the double molecular coating layer
(ATPS plus NPTS), as opposed to the single molecular coating layer (ATPS
only) in sample BR15. This finding is in very good agreement with the
analysis carried out from the Mössbauer data, as supported by the lower
(higher) value of the hyperfine field (linewidth) associated to the sextet
assigned to the nanoparticle's shell layer in sample BR16 while compared
with the values obtained from sample BR15. The initial magnetization rate
of the curves at high temperatures, where the samples are expected to
show a superparamagnetic behavior, can be used to estimate the magnetic
size of the nanoparticles via the following relation [25]:

Table 2
Hyperfine parameters obtainded from samples BR15 and BR16. Estimated uncertainties are ± 0.02 mm/s and ± 0.1 T. Error of the spectral areas is estimated at a maximum of 5%.

Sextet Doublet

Sample T (K) IS (mm/s) QS (mm/s Bhf (T) Γ (mm/s) A (%) IS (mm/s) QS (mm/s) Γ (mm/s) A (%)

BR15 297 0.39 −0.13 76 0.41 1.02 0.5 14
77 0.45 −0.02 50.5 0.56 53 – – – –

0.40 −0.02 48.2 0.59 28 – – – –

0.47 0.06 44.5 0.97 19 – – – –

BR16 297 0.37 −0.12 – – 90 0.46 1.43 0.5 10
77 0.45 0.00 50.8 0.49 39 – – – –

0.41 −0.04 48.6 0.64 42 – – – –

0.41 −0.02 43.7 1.01 19 – – – –

Fig. 6. Magnetization vs magnetic field curves of samples BR15 and BR16 at (a) 300 K
and (b) 5 K.

Table 3
Magnetic parameters of samples BR15 and BR16.

Samples T (K) Ms (emu/g) Mr (emu/g) Mr/Ms Hc (Oe) dm (nm)

B15 300 66.0 2.7 0.04 ~0 4.08
5 76.7 12.6 0.16 209

B16 300 50.9 1.6 0.03 ~0 5.42
5 59.4 9.2 0.15 198

A.F.R. Rodriguez et al. Physica B 521 (2017) 141–147

145



⎡

⎣
⎢⎢

⎤

⎦
⎥⎥d

kT

πρM
=

18 ( )
,m

dM
dH H

S

=0
2

1
3

where dm is the magnetic diameter, k the Boltzmann constant, T the
temperature (300 K), dM/dH the slope at near zero-field for samples
BR15 (0.0645 emu/gOe) and BR16 (0.0901 emu/gOe), and ρ the density
of magnetite (5.18 g/cm3). The calculation leads to dm = 4.08 nm and dm
= 5.42 nm for samples BR15 and BR16, respectively. The values we find
for the magnetic diameters are smaller than the values calculated from the
TEM micrographs. This result strongly suggests the presence of a
magnetic disordered shell layer on the nanoparticle's surface as widely
reported in the literature [25,26]. Zero field-cooled (ZFC) and field-cooled
(FC) curves (see Fig. 7) show features consistent with thermal relaxation
of magnetic moments. The ZFC curves show a maximum at 187 K for the
sample BR15 and 219 K for the sample BR16. Assuming these values as
representatives of the average value of the blocking temperature it means
that the particle-particle interaction in the sample BR16 is stronger than
the particle-particle interaction taking place in the sample BR15. Once
more, the picture of the nanoparticle's shell layer built from the analyses
of the Mössbauer data helps to explain the apparent paradox. While in the
sample BR15 the amino group of the surface coating (ATPS) faces inward
binding to the nanoparticle's surface in the sample BR16 a fraction of the
nanoparticles presents the Fe3O4@ATPS(inner-shell)/NPTS(outer-shell)
structure. In the latter case, more likely the surface molecular layer
interface shares the common ethoxy groups (CH3-O-), leaving outwards
the propyl group (CH3-CH2-CH2-), which extends out of the nanoparticle's
surface as a tail-like structure. The tail-like structure in the surface of the
nanoparticles comprising the sample BR16 may favor inter-particle
interaction via van derWalls’ attraction more efficiently than the smoother
nanoparticle surface (dressed only with ethoxy groups) of the nanoparti-
cles comprising the sample BR16. Indeed, the stronger van der Walls
inter-particle attraction among nanoparticles in the sample BR16 favors
the magnetic dipole-dipole interaction more efficiently than in the case of
nanoparticles in the sample BR15, likely leading to differences in the
maximum observed in the ZFC curves, i.e. lower for sample BR15 (187 K)
in comparison with sample BR16 (219 K).

4. Conclusions

The synthesis of magnetite nanoparticles via sonoprecipitation was
successfully obtained. In addition, surface-functionalization of the as-
produced nanosized magnetite via hydrolysis and condensation of
alkoxysilane agents (3-aminopropyltrimethoxisilane and propyltri-
methoxisilane) was successfully demonstrated. Transmission electron
microscopy of the surface-functionalized nanoparticles revealed spheri-
cally-shaped magnetite with an average diameter in agreement with the
size estimated from x-ray diffraction data. Mössbauer data recorded at

77 K confirmed the magnetite phase at the core of the particle in both
samples BR15 and BR16; meanwhile, in the shell region of the core
magnetite, the influence of the type of surface molecular coating is
more effective than the number of coating layers. Mössbauer data
analyses revealed features consistent with unblocked particles and
effects related to the free electron pair of the ATPS's amino group,
which drives to differences in the hyperfine parameters between the
one surface-coating agent (sample BR15) and two surface-coating
agents (sample BR16). Magnetization data analysis indicated a strong
influence of the surface-coating on the magnetic properties of the as-
prepared materials. Once superparamagnetic iron oxide particles with
appropriate surface coating are widely used in numerous in vivo
applications, as for instance in MRI (magnetic resonance imaging)
contrast enhancement, the success of attaching alkoxysilane-coating
agents onto SPIO particles is potentially interesting for MRI contrast
agent and MPI technologies.
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