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a  b  s  t  r  a  c  t

Water-dispersible  2  nm  FePt  ultrasmall  nanocrystals  coated  by  a biocompatible  triblock  copolymer,
poly(ethylene  glycol)-block-poly(propylene  glycol)-block-poly(ethylene  glycol)  (PEO-PPO-PEO)  were
directly synthesized  in  a single-step  nanoemulsion  process.  The  FTIR  investigation  proves  the  PEO-PPO-
PEO  molecules  on the surface  of  the  resulting  nanocrystals,  which  render  the  nanocrystals  hydrophilic
for  aqueous  dispersion  without  using  conventional  ligand  exchange  and  offer  proper  protection  of  the
eywords:
anostructures
agnetic materials

hemical synthesis
olymers

nanocrystals  from  oxidation.  The  structural  and  morphological  analysis  reveals  both  single-crystallinity
and  high  crystallinity  of  the  nanocrystals  in  the  face-centered  cubic  phase,  with  an  excellent  monosize  dis-
tribution of  1.95  ±  0.18  nm  in  diameter.  Moreover,  the polymer-capped  nanocrystals  possess  well-defined
magnetic  behavior  and  the aqueous  dispersion–collection  process  of  the  nanocrystals  was  demonstrated
for  application  readiness  of  such  ultrasmall  nanocrystals  in aqueous  media.
urfaces

. Introduction

The iron–platinum (FePt) binary metallic alloy nanostructures,
wing to the extraordinary high magnetocrystalline anisotropy
onstant in the bulk phase (Ku = 7 × 107 erg cm−3) and other
xcellent physicochemical properties of the material, have been
nvestigated for various applications, including high-density mag-
etic memory storage media, biomedical imaging and sensing,
agnetic separations, and catalysis [1–13]. In the research, diverse
ethods have been proposed to synthesize FePt nanoparticles, for
hich toxic precursors were often employed [11–24].  Of great

nterest is the preparation of exceptionally small FePt nanoparti-
les, particularly near the critical dimension of ∼2 nm in diameter.
urrently obtained in a superparamagnetic state under the ambient
ondition, such nanoparticles could be made pertinent in exploring
otential high density magnetic recording media through proper
anoengineering and for biomedical uses in which the physico-
hemical and pharmacokinetic properties are affected sensitively
y the particle size. For a miniature particle size, however, sponta-
eous oxidation and finite-size effects could turn out to be a serious

ssue challenging the perspective applications of FePt nanoparti-

les, demanding extra protection to avoid deterioriation of their
agnetic properties [25–27].  Presently, proper surface tailoring is

xercised to provide an attractive and effective approach for the
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protection functioning. In addition, a biofriendly, functionalizable
surface is actively sought for biomedical purposes, usually acquired
through a second step of surface modification [28,29]. The solution
to the issues raised above has generated encouraging success, but
a more effective, easy tactic is greatly appreciated and continues to
be pursued.

We have focused on preparing a variety of nanoparti-
cles by means of nanoemulsion methodologies, particularly
using polymer surfactants including poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) (PEO-PPO-
PEO) and poly(vinylpyrrolidone) (PVP) [30–33].  The PEO-PPO-PEO
triblock copolymer and related polymer families have many
extraordinary merits such as aqueous solubility, non-charging,
non-toxicity, and are frequently used in a number of fields
[30–32,34–37]. In the nanoemulsion processes, the PEO-PPO-PEO
molecules principally participate in the reactions as a surfactant
and form a thin coating on the resultant nanoparticles to stabi-
lize and protect them from oxidation [30–32].  On the basis of
our precedent research that has produced long-term stable, highly
crystalline, monosized AuFe and Fe3O4/Au core–shell nanoparticles
applying the PEO-PPO-PEO surfactant for biomedical applications
[30–32], we  report in this work the direct synthesis and char-
acterization of water-dispersible ultrasmall FePt nanocrystals by
one-step nonaqueous nanoemulsion assisted by PEO-PPO-PEO,

but without using ligand exchange for aqueous dispersion of
the nanocrystals. Meanwhile, non-toxic precursors were used in
the process, instead of toxic iron carbonyl (Fe(CO)5). The FePt
nanocrystals as synthesized were analyzed by Fourier transform

dx.doi.org/10.1016/j.matchemphys.2011.12.001
http://www.sciencedirect.com/science/journal/02540584
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Fig. 1. FTIR spectra of (a) the pure PEO-PPO-PEO molecules and (b) the PEO-PPO-
H. Liu et al. / Materials Chemis

nfrared spectroscopy (FTIR), transmission electron microscopy
TEM) including high resolution imaging (HRTEM), powder X-ray
iffraction (XRD), vibrating sample magnetometry (VSM)/Physical
roperty Measurement System (PPMS) and UV–visible spec-
roscopy (UV–vis).

. Experimental

.1. Materials

The two precursors used for the nanoemulsion synthesis
f the PEO-PPO-PEO-coated FePt nanocrystals were platinum
cetylacetonate (Pt(acac)2, 99.99%) and iron (II) acetylaceto-
ate (Fe(acac)2, 99.95%). The PEO-PPO-PEO triblock copolymer
Mn = 5800) was utilized as the surfactant, with 1,2-hexadecanediol
C14H29CH(OH)CH2(OH), 90%) as the reducing agent. Other chemi-
als included octyl ether (C8H17OC8H17, 99%) and solvents such as
exane and ethanol. All materials were purchased from Aldrich and
ere used as received.

.2. Synthesis of polymer-coated FePt nanocrystals

The synthesis of the PEO-PPO-PEO-coated FePt ultrasmall
anocrystals with a nominal ratio of 1:1 was carried out as fol-

ows. In a typical experiment, 0.25 mmol  Fe(acac)2 in 10 ml  dioctyl
ther was mingled with 0.25 mmol  Pt(acac)2, the reduction agent
f 1,2-hexadecanediol (2.5 mmol) and the PEO-PPO-PEO surfactant
n a 250 ml  flask. Under vigorous stirring, the reaction mixture was
rst heated to 80 ◦C and homogenized at the temperature for 1 h,
hen rapidly raised to 280 ◦C and refluxed at the temperature for

 h to complete the reaction. Subsequently, ethanol was added to
he reacted mixture to precipitate the nanocrystals after cooling
own to room temperature. The resulting black product was  sep-
rated from the supernatant by centrifugation and washed with
he mixed solvents of ethanol/hexane (1:2) twice and re-dispersed
n hexane. For a comparative investigation, similar syntheses were
erformed using either Fe(acac)2 or Pt(acac)2 only to prepare the
orresponding nanocrystals.

.3. Characterization and analysis of polymer-coated FePt
anocrystals

The polymer coating on the nanocrystals was examined by FTIR.
n the measurement, the washed FePt nanocrystals and the pure
EO-PPO-PEO polymer were crushed with a pestle in an agate
ortar, separately. The individually crushed material was then
ixed with potassium bromide (IR spectroscopy grade, Merck,
ermany) in the proportion of ∼1:100. Subsequently, the mixture
as compressed into a 2 mm semi-transparent disk by applying a

orce of 10 tons for 2 min. The FTIR spectra were recorded in the
ange of 4000–400 cm−1 using an Avatar 360 FTIR spectrometer
Nicolet Company, USA). The morphology, particle size and size
istribution of the PEO-PPO-PEO-coated FePt ultrasmall nanocrys-
als were analyzed by TEM (JEM-100II and JEOL 2010F) including
RTEM, whereas the crystal structure of the nanocrystals was  stud-

ed by XRD (X’Pert Pro). In addition, magnetic measurements were
erformed on the dried samples by VSM (Lakeshore 7300) and

PMS (Quantum Design) to evaluate the magnetic properties of the
anocrystals over a broad range of temperature. The absorption
roperties of the samples were characterized by UV–vis (Hitachi
4100).
PEO-coated FePt nanocrystals. The �C–O and ıC–H bands are indicated.

3. Results and discussion

The PEO-PPO-PEO-coated FePt ultrasmall nanocrystals with
a nominal ratio of 1:1 were obtained by simultaneous thermal
reduction of Fe(acac)2 and Pt(acac)2 by 1,2-hexadecanediol in the
nano-micelles (nanoreactors) formed by the PEO-PPO-PEO macro-
molecules. The covering of the polymer molecules on the surface of
the FePt nanocrystals was  comparatively examined by FTIR on both
the purified nanocrystals and the pure polymer itself [31]. Fig. 1
shows the FTIR spectrum of the FePt nanocrystals after purifica-
tion against that of the same PEO-PPO-PEO molecules used in the
nanoemulsion. In Fig. 1a, the pure PEO-PPO-PEO molecules show
one strong characteristic band at the position of ∼1120.5 cm−1

for the C–O–C stretching vibration of the ether bonding and one
sharp characteristic band for the C–H bending vibration at the
position of ∼1587.2 cm−1 [31,34].  In contrast, the position of the
C–O–C stretching vibration, as shown in Fig. 1b, changes slightly to
∼1114.7 cm−1 in the FTIR spectrum of the FePt nanocrystals, but the
absorption intensity diminishes tremendously. In the meantime,
the original characteristic C–H bending band shifts to the position of
1569.8 cm−1 with a shoulder at 1629.6 cm−1 in the FePt nanocrys-
tals. Considerably different from the pure PEO-PPO-PEO molecules
to the PEO-PPO-PEO-coated FePt nanocrystals, the shifting in the
band positions and the change in the band shapes of the C–O–C
stretching and C–H bending bands may  engage the coordination of
the oxygen atoms in the main chains with the Pt metallic atoms and
as a result of straining of the bonds on the small surface of high cur-
vature [38,39].  Since the redundant PEO-PPO-PEO molecules were
removed by the purification procedure, the observation in Fig. 1
explicitly highlights the coating of the PEO-PPO-PEO molecules
onto the surface of the FePt nanocrystals, which are further con-
solidated by the other relevant absorption bands in the spectra. As
demonstrated below, the hydrophilic surface of the FePt nanocrys-
tals owing to the PEO-PPO-PEO-capping enables an easy transfer
of the nanocrystals to an aqueous medium without more surface
decoration or a secondary ligand exchange, leading to readiness
for biomedical applications which generally require proceeding in
an aqueous medium. Conversely, a second step of surface modifi-
cation is commonly involved for similar nanoparticles to become
water dispersible from other routes such as using oleic acid and/or

oleylamine as the capping agent, as a consequence of formation of
the hydrophobic surface [28,29].
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Fig. 2. Bright-field TEM image of the FePt nanocrystal assembly. Inset: particle size
histogram and its Gaussian fit.

Fig. 3. HRTEM image of the PEO-PPO-PEO-capped FePt ultrasmall nanocrystal
assembly.

Fig. 4. HRTEM analysis of two representative single-crystalline PEO-PPO-PEO-capped FePt ultrasmall nanocrystals. (a and b) Lattice image and its FFT transform with the
indexing of the projected atomic columns in the roughly rounded nanocrystal. The spacings of 2.24 Å and 1.94 Å correspond to the fcc FePt (1 1 1) and (2 0 0) reflections. (c
and  d) Lattice image and its FFT transform with the labelling of the projected atomic columns in the elongated nanocrystal. The spacing of 2.24 Å corresponds to the fcc FePt
(1  1 1) reflection.



H. Liu et al. / Materials Chemistry and Physics 132 (2012) 716– 721 719

Fig. 5. XRD analyses of relevant nanocrystals prepared the same way. (a) Pattern
of  the ultrasmall FePt nanocrystals. Bar diagram for JCPDS of fcc FePt. (b) Pattern
o
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Fig. 6. Magnetic properties of the polymer-coated FePt ultrasmall nanocrystals. (a)
f  Fe3O4 nanocrystals from Fe(acac)2. (2 2 1) is an anomalous Fe3O4 reflection. Bar
iagram for Fe3O4 JCPDS. (c) Pattern of Pt nanocrystals from Pt(acac)2.

Fig. 2 shows the morphology and particle sizes of the PEO-
PO-PEO-coated FePt nanocrystals recorded by TEM. Obviuosly,
he nanocrystals are extremely small and almost uniform, reveal-
ng the behavior of self-assembling. The particle size distribution
f the nanocrystals, as shown in the inset, is statistically mono-
ized obeying a Gaussian fit and gives an average particle size of
.95 ± 0.18 nm in diameter, indicating an excellent monodispersity
f ∼9%. Referring to the crystallographic parameter obtained from
he lattice images and the diffraction analysis in the next sections,
he nanocrystals have an averaged dimension equivalent to five
nit cells, which is critically small but still reveal well-behaved
agnetic properties as justified later [2,27].  Thus, the present

anoemulsion method efficiently affords an alternative process to
repare 2 nm FePt nanocrystals protected by the biocompatible
olymer molecules.

The crystal structure and microstructural details of the ultra-
mall PEO-PPO-PEO capped FePt nanocrystals were elucidated by
oth HRTEM imaging and XRD analysis. Fig. 3 gives an overview of
he nanocrystals across a large area, demonstrating the highly crys-
alline nature of the nanocrystals as evidenced by the omnipresence
f the distinct lattices from the projection of the atomic columns.
he FePt nanocrystals are obviously oriented randomly, consis-
ent with the outcome of the selected-area electron diffraction
SAED) which shows a powder pattern as a result of the super-
mposed diffractions of the disoriented nanocrystals. Fig. 4 zooms

n on two representative FePt nanocrystals, exploiting the fine con-
truction of the corresponding atomic arrangement. Evidently, the
ringe lattices of Fig. 4a in two-dimension run almost uniformly
ver the entire nanocrystal, indicative of the single-crystallinity or
Hysteresis curves obtained at 4 K and room temperature, separately. (b) Temper-
ature dependence of the magnetization for the field cooled and zero field cooled
under a magnetic field of 100 Oe.

monocrystallinity of the nanocrystal. In the image indexed are the
representative lattice spacings of 2.24 Å and 1.94 Å, correspond-
ing to the (1 1 1) and (2 0 0) reflections of the FePt face-centered
cubic (fcc) phase. The result agrees with the observation of the XRD
diffraction as addressed in the next section. As shown in Fig. 4b,
the single-crystallinity of the individual nanocrystal is confirmed
yet again by the relevant fast Fourier transform (FFT) of the lattice
image. Relative to the roughly round shape of the nanocrystal in
Fig. 4a, Fig. 4c gives an example of the nanocrystals rarely visible
in the elongated form. As labelled in the image, the lattice spacing
of 2.24 Å is in match to the (1 1 1) reflection of the FePt fcc phase,
which is furthermore supported by its FFT transform in Fig. 4d. In
sum, it is remarkable to have attained the high crystallinity and
outstanding monocrystallinity in the ultrasmall FePt nanocrystals.

The crystal structure of the ultrasmall FePt nanocrystals is well
represented by the XRD pattern, as shown in Fig. 5a. The diffraction
peaks positioning at 40.38◦, 46.80◦ and 68.36◦ are properly indexed
to the (1 1 1), (2 0 0) and (2 2 0) planes of fcc FePt, with the crystal-
lographic parameter of 3.877 Å (JCPDS no. 29-0717; bar diagram in
the figure). Based on the full width at half maximum (FWHM) of the

FePt (1 1 1) peak and applying the Scherrer equation, moreover, the
average particle size of the nanocrystals is estimated to be ∼2.1 nm,
supposed that the peak broadening in the XRD pattern is primarily
due to the finite-size of the nanoparticles [40]. The appraisal may
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Fig. 7. Photoimages of aqueous dispersion and magnetic manipulation of the
polymer-coated FePt ultrasmall nanocrystals. (a) Black, homogeneous dispersion
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Thiele, M.F. Doerner, IEEE Trans. Magn. 36 (2000) 10–15.
f  the nanocrystals in DD water. (b) Clear, transparent solution of the nanocrystals
fter magnetic separation.

ationally afford supportive evidence with respect to the statistical
ounting of the TEM analysis above. For a comparison study, simi-
ar experiments were conducted using either Fe(acac)2 or Pt(acac)2
lone to synthesize the corresponding nanoparticles, and their XRD
iffraction patterns were recorded in Fig. 5b and c, respectively. It

s clear that the pattern of the nanocrystals from Fe(acac)2 matches
he inverse spinel structure of magnetite (JCPDS no. 19-0629; bar
iagram in the figure) and that of the nanocrystals from Pt(acac)2
as an fcc structure of 3.854 Å which is smaller than the value of
.923 Å of cubic Pt in bulk (JCPDS no. 04-0802). The phenomena
resent additional convincing corroboration for the formation of
he cubic FePt nanocrystals from the simultaneous reduction of
e(acac)2 and Pt(acac)2. We  remark that as there is no evidence
f oxidation in terms of the XRD pattern of Fig. 5a, the ultrasmall
ePt nanocrystals are well protected by the polymer capping.

In our experiments, according to the XRD analysis and consol-
dated by TEM, the product of the synthesis results in the FePt
anocrystals which are structurally a single, uniform phase. The
omposition is FePt, as a result of the starting precursor ratio of
e(acac)2 to Pt(acac)2 in 1:1, and further corroborated by the TEM-
DX (energy dispersive X-ray analysis) characterization performed
n the PEO-PPO-PEO-coated FePt nanocrystals showing the simul-
aneous presence of both Fe and Pt in the nanoparticle and thus
ffering direct evidence for the formation of the alloy nanostruc-
ure. Consequently, the findings above exclude the possibility of
eparate Pt and Fe or Fe3O4 nanoparticles in the FePt preparation
nd supports the nanostructuring of the FePt nanocrystals. The
utcome is in consistence with other investigations, such as the
agnetic analysis as conducted in the following sections.
Furthermore, the magnetic properties of the polymer-coated

ePt ultrasmall nanocrystals were studied by VSM and/or PPMS.
s shown in Fig. 6a, the hysteresis curves acquired clearly show

hat the nanocrystals are paramagnetic and/or superparamag-
etic at 300 K and become ferromagnetic at 4 K, with a significant

nhancement in magnetization as the temperature is lowered.
ubsequently, the temperature dependence of the polymer-coated
ePt ultrasmall nanocrystals was recorded in an applied magnetic
d Physics 132 (2012) 716– 721

field of 100 Oe in two modes, viz. field cooling (FC) and zero field
cooling (ZFC) in the temperature range of 4–400 K (Fig. 6b). As
shown in the plots, the nanocrystals manifest the typical super-
paramagnetic behavior of magnetic nanoparticles, that is, the FC
magnetization increases with decreasing temperature, whereas the
ZFC magnetization shows different behavior in that it increases ini-
tially, reaches a maximum at 18 K (freezing temperature) and then
decreases as the sample is further cooled. In contrast, the nanocrys-
tals have a blocking temperature (TB) estimated to be ∼300 K. As
usual, the ZFC curve gives a lower value in magnetization than the
FC one.

As mentioned above, the ultrasmall FePt nanocrystals could be
readily transferred to an aqueous medium without more surface
modification or ligand exchange (Fig. 7). Under the influence of an
external magnetic field, the nanocrystals experience a change from
a black, homogeneous dispersion in double-distilled (DD) water
(Fig. 7a) to a clear, transparent solution, with all nanocrystals col-
lected by the magnetic disc (Fig. 7b). The collected nanocrystals can
be simply and reversibly dispersed by shaking-up after removing
the magnetic field [30,31]. We  state that the UV–vis measurements
reveal no characteristic absorption band in the visible range for the
FePt ultrasmall nanocrystals.

4. Conclusions

We  have directly prepared the 2 nm FePt ultrasmall nanocrys-
tals coated by the PEO-PPO-PEO triblock copolymer through the
one-pot nanoemulsion synthesis in a single step. The polymer coat-
ing renders the nanocrystals hydrophilic, which could be readily
transferred into an aqueous medium, and offers proper protection
of the nanocrystals from oxidation. The structural and morpholog-
ical analysis reveals both single-crystallinity and high crystallinity
of the nanocrystals in the fcc phase, with an excellent mono-
size distribution of 1.95 ± 0.18 nm in diameter. Moreover, the
polymer-capped nanocrystals show well-defined magnetic behav-
ior, whereas the aqueous dispersion–collection process of the
magnetically separable nanocrystals was  demonstrated for appli-
cation readiness of the ultrasmall nanocrystals in an aqueous
medium. Such ultrasmall FePt nanocrystals could be interesting in
potential high density magnetic recording media and biomedical
uses for which the physicochemical and pharmacokinetic proper-
ties are affected sensitively by the particle size.
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