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Two types of superparamagnetic nanoparticles, namely magnetite (Fe3O4) and iron-platinum (FePt), with their surface modified
by oleic acid and oleyleamine were synthesized using the the polyol process and dispersed in n-hexane. Vibrating-sample
magnetometry (VSM) was used to characterize the FePt and the magnetic susceptibility of the Fe3O4 was measured as a function
of magnetic field and frequency at room temperature. Synchrotron, small-angle, X-ray scattering (SAXS) patterns revealed the
polydispersity of the magnetic nanoparticles with average radii below 5 nm. As confirmed by transmission electron microscopy
(TEM) images and dynamic light scattering (DLS), the Fe3O4 nanoparticles had a larger average size. The DLS measurement
gave larger radii than those obtained from the SAXS because of the effect of aggregates and surfactants.
Keywords: magnetic fluid, magnetite, iron-platinum, synchrotron radiation, SAXS
Dve vrsti superparamagnetnih nanodelcev, magnetit (Fe3O4) in `elezo-platina (FePt), s povr{ino, modificirano z oleinsko kislino
in oleinaminom, sta bili sintetizirani s polyolnim postopkom in dispergirani v n-heksanu. Vibracijska magnetometrija vzorcev
(VSM) je bila uporabljena za karakterizacijo FePt in magnetna ob~utljivost Fe3O4 je bila izmerjena pri sobni temperaturi kot
funkcija magnetnega polja in frekvence. Sinhrotronsko malokotno sipanje rentgenskih `arkov (SAXS) je odkrilo polidisperznost
magnetnih nanodelcev s povpre~nim premerom, manj{im od 5 nm. Kot so potrdili posnetki s transmisijsko elektronsko
mikroskopijo (TEM) in dinami~nim sipanjem svetlobe (DLS), imajo nanodelci Fe3O4 ve~jo povpre~no velikost. Meritve DLS so
pokazale ve~je premere delcev kot meritve SAXS zaradi u~inka zdru`evanja delcev in tenzidov.
Klju~ne besede: magnetna teko~ina, magnetit, `elezo-platina, sinhrotronsko sevanje, SAXS

1 INTRODUCTION
Magnetic fluids are a special class of materials that
possess the advantages of a liquid state of the carrier and
a magnetic state of the nanoparticles.1 Either ferromagnetic or superparamagnetic nanoparticles can be stabilized
without agglomeration and sedimentation in a liquid by
surfactant molecules, such as oleic acid and oleyleamine.2 In addition to an increase in the magnetization
in response to an applied magnetic field, the singledomain, superparamagnetic particles are able to generate
heat in an alternating magnetic field. Moreover, some
product properties, such as magnetoviscosity, are exclusively observed in a magnetic fluid.1 As a result,
magnetic fluids are increasingly implemented in engineering and biomedical applications. Magnetite (Fe3O4)
nanoparticles in either water or oil are commercially
available. In addition to the conventional uses, such
magnetic fluids are the subjects of research and development as drug-delivery, hyperthermia and MRI-contrast
agents.3,4 On the other hand, iron-platinum (FePt) is
investigated as a material for ultra-high-density recording.5 The as-synthesized FePt nanoparticles in the
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superparamagnetic state are commonly stored in the
form of a magnetic fluid.
The magnetic properties of Fe3O4 and FePt nanoparticles can be characterized in the forms of colloidal
particles or dried particles on solid substrate using either
a susceptometer or a magnetometer. Since their magnetic
properties are highly dependent on the shape and size
distribution, several techniques have been employed to
characterize such nanoparticles. Transmission electron
microscopy (TEM) provides images, but the qualitative
analysis is based on sampling. Dynamic light scattering
(DLS) gives an overall size distribution, but the size of
the aggregate is usually measured instead of the
individual particles.6 Small-angle, X-ray scattering
(SAXS) using a synchrotron source offers an alternative
characterization of the shape and the size distribution. In
addition to common uses in the case of organic
nanostructures, the technique can also characterize
magnetic nanoparticles, including ferrites7,8, maghemite9,
Fe3O4 6,10,11 and FePt.12–14
In this work, Fe3O4 and FePt nanoparticles synthesized using the polyol process and dispersed in hexane
were characterized by synchrotron SAXS. The results
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were used to complement those from DLS, TEM and
magnetic measurements.
2 EXPERIMENTAL
The polyol processes adapted from Sun et al.15 were
carried out under standard airless Schlenk line techniques in a nitrogen (N2) atmosphere. For the Fe3O4
nanoparticles, a mixture of 2.0 mmol of Fe(acac)3
(99.99 %), 10 mmol of 1,2 hexadecandiol (90 %),
6 mmol of oleic acid (90 %) and 6 mmol of oleyleamine
(70 %) was added to a 100-mL Schlenk flask containing
20 mL of benzyl ether (99 %). The solution was heated
and dwelled at 200 °C for 2 h and then allowed to reflux
at 300 OC for 30 min. In the synthesis of FePt, 1.0 mmol
of Fe(acac)3 and 0.5 mmol of Pt(acac)2 (97 %) were
poured into a flask, and then 20 mL of ethylene glycol
was added. The mixture was moderately stirred, purged
with N2 for 15 min at room temperature before
increasing the temperature to 120 °C. After the addition
of 5 mmol of oleic acid and 5 mmol of oleyleamine, the
solution was heated to 205 °C and then allowed to reflux
for 2 h.
After the heating source was removed, the solution
was allowed to cool down to room temperature under N2.
The product was precipitated by adding ethanol and
separated by centrifugation. The precipitate was
dispersed in n-hexane. Extra ethanol was added in this
dispersion and the dispersion was centrifuged again for
purification. After washing the particles in ethanol for
three or more times, they were dispersed in n-hexane
with the presence of a small amount (»0.05 mL) of oleic
acid and oleyleamine, followed by purging with N2 to
remove the oxygen and then stored in glass bottles at
0–4 °C.
The morphology of the nanoparticles was inspected
by TEM. The samples were prepared by depositing a few
drops of the final hexane dispersion on a carbon-coated
grid, acting as a substrate. Magnetization as a function of
the applied magnetic field for the FePt nanoparticles was
measured by vibrating-sample magnetometry (VSM). To
characterize the magnetic properties of the Fe3O4
nanoparticles, the mass susceptibility of the magnetic
fluid in a capsule was measured as function of the static
(dc) magnetic field, as well as alternating (ac) magnetic
field and its frequency using a susceptometer at room
temperature.
The SAXS measurements were performed at BL2.2
of the Synchrotron Light Research Institute, Thailand.
The X-ray wavelength was set to 0.155 nm. A CCD
detector (Mar SX165) was used to record the 2D
scattering patterns. The sample-detector distance of
1587.46 mm, set for the experiments, was calibrated by
measuring the scattering of silver behenate powder. For
the measurements, each magnetic fluid was injected into
a sample cell with aluminum foil windows. The background subtraction was carried out by subtracting the
370

sample scattering patterns from that of n-hexane. The
absorptions of X-rays by the sample and the n-hexane
were taking into account in the background-subtraction
process by measuring the transmitted beam intensity,
with reference to that of an empty cell, using a photodiode located in front of the beamstop. The scattering
profiles for the FePt and Fe3O4 nanoparticles were then
obtained by circularly averaging the background-subtracted patterns.
3 RESULTS AND DISCUSSION
The variation of the complex magnetic susceptibility
of the Fe3O4 fluid with the frequency follows the trend
previously shown by Fannin et al.16–18 The response of
the superparamagnetic fluid to an alternating magnetic
field can be modeled and experimentally fitted. In
Figure 1a, the real part is decreased gradually from 1.6
× 10–6 m3/kg at 100 Hz to 1.4 × 10–6 m3/kg at 600 Hz. It
has a linear decrease with the log of the frequency from
800 Hz to 4 000 Hz before dropping to the saturation
around 4.0 × 10–7 m3/kg at 6 000 Hz. The imaginary part
is modest and remains constant over a wider frequency
range from 100 to 1000 Hz. The peak in the literature16–18
centered around 1500–2 000 Hz is not clearly observed.
At a fixed frequency, the susceptibility does not have

Figure 1: Susceptibility of Fe3O4 in hexane as a function of: a)
frequency and b) ac magnetic field at 7 kHz
Slika 1: Ob~utljivost Fe3O4 v heksanu kot funkcija: a) frekvence in b)
izmeni~nega magnetnega polja pri 7 kHz
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Figure 2: Magnetization of FePt as a function of applied magnetic
field measured by VSM
Slika 2: Magnetizacija FePt kot funkcija uporabljenega magnetnega
polja, izmerjena z VSM

significant variations in response to the changes in the dc
magnetic field between –1 kA/m and 1 kA/m and the ac
magnetic field up to 56 kA/m. There is an exception in
Figure 1b: the sudden increase in the real susceptibility
from 2.75 × 10–7 to 3.5 × 10–7 m3/kg occurs by increasing
the ac field from 12 kA/m to 16 kA/m. Similar behavior
was previously observed in the case of maghemite.17, 18
According to the magnetization curve in Figure 2, the
FePt fluid also exhibits superparamagnetic behavior with
saturation from 180 kA/m.

Figure 4: Measured SAXS profiles from FePt- (squares) and Fe3O4(triangles) nanoparticles. The black and grey solid lines are the unified
exponential power-law fits for FePt and Fe3O4, respectively, with the
contributions from the Guinier and power-law terms. The q–3 line is
shown to indicate –3 slope obtained from the fit.
Slika 4: Izmerjen SAXS-profil iz FePt- (kvadratki) in Fe3O4- (trikotniki) nanodelcev. ^rna in siva linija sta prilagojeni eksponentnemu
zakonu za FePt in Fe3O4, zdru`eni s prispevkom zakonitosti Guinierja
in izrazi zakona mo~i. Prikazana je linija q–3, ki ka`e naklon –3,
dobljen iz prileganja.

TEM images of the as-synthesized particles are
compared in Figure 3. The morphology of the Fe3O4
nanoparticles can be described as spheroid with a rough
surface. The size distribution around 5 nm in radius and
some aggregates are observed. The FePt nanoparticles in
Figure 3b are less concentrated and generally smaller
than the Fe3O4. The DLS size distribution curves of
surfactant-coated Fe3O4 and FePt have their peaks
centered at approximately 7.96 nm and 4.28 nm in
radius, respectively.
The measured SAXS intensity profiles for FePt and
Fe3O4 are shown in Figure 4. The intensity profiles are
plotted as a function of the scattering vector q, given by
⎛q⎞
q = 4π sin⎜ ⎟
⎝ l⎠

Figure 3: TEM images of: a) Fe3O4 and b) FePt nanoparticles on substrates
Slika 3: TEM-posnetek: a) Fe3O4- in b) FePt-nanodelcev na podlagi
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(1)

where q denotes half the scattering angle and l is the
X-ray wavelength. The measured SAXS intensity
profiles from both the FePt and Fe3O4 nanoparticles
appear to have a certain slope in the high q region and
then a transition to an exponential-like profile at small
q. Considering the characteristics of the SAXS intensity
profile of homogeneous spheres, the appearance of the
measured intensity indicates that the q-range of the
measurement may contain parts of the Guinier and the
fractal regimes, as well as the transition between the two
regimes.19
In order to analyze the particle size and size
distribution, the unified exponential-power law model of
Beaucage20 was used to fit the measured data, where the
scattering intensity is given by:
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SD = m w( w −1)

(5)

2

where w= exp(w ). Following Beaucage et al.,26 the
two parameters m and s of the lognormal distribution
can be explicitly given in terms of the ratio B/G and the
radius of gyration Rg of the SAXS intensity profile. This
enables one to extract the particle size and the distribution information from the fit of the unified model of
Beaucage, Eq.(2), to the measured SAXS intensity
profile. The parameters m and s are given by:26
m=
Figure 5: Lognormal size distributions for FePt (black solid line) and
Fe3O4 (grey solid line) obtained from the unified exponential
power-law fit. The positions of the mode, median and mean radii are
also shown for each distribution by dotted, dashed and dot-dashed
lines, respectively.
Slika 5: Normalna logaritemska razporeditev velikosti FePt (~rna
linija) in Fe3O4 (siva linija), dobljena iz poenotene eksponentne
odvisnosti. Prikazane so tudi pozicije vrste srednje in najve~je velikosti delcev za vsako razvrstitev s pik~asto, ~rtkano in pik~asto-~rtkano linijo.

⎛ q 2 Rg2
I ( q) = G exp⎜⎜−
3
⎝

⎞ ⎛⎜⎡ ⎛ qRg
⎟⎟ + B ⎢ erf ⎜⎜
⎠ ⎜⎝⎣ ⎝ 6

3
⎞
⎞⎤
⎟⎟ ⎥ / q ⎟
⎟
⎠⎦
⎠

P

(2)

The prefactors G and B, the radius of gyration Rg and
the exponent P are fit parameters. This model, including
its more general form for multi-level structure,20 has
been successfully applied to describe systems with
multiple structures.21–23 The fitting was carried out with a
least-squares minimization procedure using the software
package SASfit.24 The fitted scattering-intensity curves
are shown in Figure 4, where contributions from the
Guinier and the power law terms in Eq. (2) are also
shown. The fitted exponent P = 3 was obtained for both
samples. This value is at the limit of the mass and
surface fractal and may indicate contributions from a
uniformly dense aggregate with a very rough surface.22
To investigate the particle size and size distribution, the
lognormal distribution of the particle size is assumed,
where the lognormal distribution function is given by:25
⎧ [ln( R / m )] 2 ⎫
1
⎬
f ( R) =
exp⎨
2s 2
Rs 2π
⎩
⎭

where R is the mean particle radius. The standard
deviation (SD) of the distribution is also related to the
two parameters, and is given by:
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ln( BRg4 / 162
. G)

(7)

12

Table 1: Fitted parameters for the SAXS intensity profile and
calculated mean particle radius and standard deviation compared with
the DLS results
Tabela 1: Prilagojeni parametri SAXS intenzitetnega profila in
izra~unan premer delca ter standardni odklon v primerjavi z
DLS-rezultati

SAXS

(3)

(4)

(6)

3exp(14s 2 )

The value ( BRg4 / 162
. G ) in Eq.(7) also serves as an
index of polydispersity, in which the value is 1 for a
monodisperse sphere.20 The lognormal distribution
functions for both types of nanoparticles are shown in
Figure 5. The relevant fitted parameters and calculated
mean particle radii and standard deviations of the size
distribution are shown in Table 1. The results give a
smaller particle size for FePt than for Fe3O4, which
agrees with the observation from the TEM images. The
high standard deviation and index of polydispersity
relative to the size of FePt can be described by the
heterocoagulation model of FePt formation in the
modified polyol process.27 The obtained sizes of both
types of particles are smaller than those obtained by
DLS, which is a trend previously observed in the
literature.6 The reason is not only due to the exclusion of
surfactants by the SAXS but also the effect of
aggregation in the case of DLS.

Sample

with m denoting the median and s is the shape parameter of the distribution. The mode, the value of R at
the maximum, for the lognormal distribution is
m exp(–s2). The mean particle radius R can be found
from the first moment of the distribution and is related
to the two parameters of the distribution by:
⎛s2 ⎞
R = m exp⎜ ⎟
⎝ 2 ⎠

s=

5Rg2

FePt
Fe3O4

BRg4/
(1.62G)
6.55
1.92

DLS

Rg/nm

R /nm

SD

Rpeak/nm

3.67
4.21

1.71
3.82

0.70
0.90

4.28
7.96

4 CONCLUSION
Synchrotron SAXS spectra revealed the polydispersity of superparamagnetic Fe3O4 and FePt nanoparticles
in n-hexane synthesized using the polyol process. FePt
nanoparticles had a smaller average size, which is in a
good agreement with DLS and TEM images. The radii
obtained from the DLS measurement tended to be larger
than those from SAXS because the aggregates and
surfactants were also taken into account.
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