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Monodisperse magnetic nanoparticles: Effects of surfactants on the reaction
between iron acetylacetonate and platinum acetylacetonate
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Magnetic properties of monodisperse nanopatrticles for ultrahigh density recording and biomedical applications are sensitive to their shape
and size distributions. These attributes are, in turns, dictated by several parameters during the synthesis and heat treatments. In this work,
monodisperse FePt-based magnetic nanoparticles around 5 nm in diameter were synthesized by the reaction between iron acetylacetonate
(Fe(aca) and platinum acetylacetonate (Pt(aeddh benzyl ether. X-ray absorption near-edge structure (XANES) spectra agreed with
transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDS) that as-synthesized nanopatrticles were composed
of Pt-rich nuclei and iron oxides. Whereas their composition and size was not sensitive to the variation in the amount of surfactants (oleic
acid and oleylamine), the nanoparticles exhibited a larger variation in shape with the increase in each surfactant from 1.5 to 4.5 mmol. After
annealing in argon atmosphere at 86Cfor 1 hour, the nanoparticles tended to agglomerate. Higher amounts of surfactants surrounded the
nanoparticles apparently allowed more sintering because the decomposed carbon from the excess surfactants facilitated the reduction of iron
oxides. More Fe in the large annealed particles then resulted in ferromagnetic properties. By contrast, the ferromagnetic behavior and the
highest coercivity were obtained without such agglomeration in the case of annealed particles synthesized by using the minimum surfactants.
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1. Introduction to the high volatility of the Fe(CQ) which remains in the
vapour mixture during the synthesis. Yu et al. showed that

Many potential applications of monodisperse magnetiGhe synthesis by using Fe(CQled to particle composition
nanoparticles including biomedical diagnostics and therapyariation from 21 to 70 at.% Fe [4].

high performance permanent magnets and ultrahigh density
magnetic recording media have been suggested [1,2]. FePt Alternatively, the co-reduction of less toxic iron(lll)
nanoparticles with face-centered tetragonal (fct) phase aracetylacetonate (Fe(acag) or iron(ll) acetylacetonate
currently under investigations owing to their good chem-(Fe(acac)) with Pt(acac) has been employed [5-13]. The
ical stability and high magnetocrystalline anisotropy [3]. particles synthesized from this modified polyol process are
Self-assembly of these ferromagnetic FePt nanoparticles isgenerally smaller than those obtained by using Fe(CPar-
promising candidate for manufacturing the magnetic bit patticles as small as 2 nm in diameter can be produced [10].
terned media for future hard disk drives. However, a syntheti¢-urthermore, Nakaya et al. successfully synthesized the
procedure to obtain desirable morphology, proper composinanoparticles of about 5-6 nm in diameter by using excess
tion and preferred easy axis is still not conclusive. Furthersurfactants in an absence of conventional ether solvents [8].
more, the need of high temperature annealing to transformlthough the FePt nanoparticles with a narrow size distribu-
particles to the fct phase usually leads to particle agglomeraion have been synthesized by using Fe(agabe morphol-
tion. ogy and composition of the particles have not been effectively
The synthesis of FePt nanoparticles commonly involvesontrolled. According to the heterocoagulation mechanism
the thermal decomposition of iron pentacarbonyl (Fe($3O) recently proposed by Beck Jet al. [12], the FePt nanopar-
and the reduction of platinum(ll) acetylacetonate (Pt(agac) ticles are formed by the reduction of iron species on the sur-
by polyalcohol in ether solvent. The particles are stabilizedace of Pt nuclei. This involved the CO-spillover process and
by surfactants€.g. oleic acid and oleylamine) [3]. Many the Fe atoms at the surface were diffused into the particle by
synthetic conditions such as the concentration of surfactantfieating at high temperature. Taken this model into account,
heating rate, and type of solvent must be carefully adjustesve have synthesized monodisperse nanopatrticles by using an
to achieve high quality nanoparticles. It is well known thatexcess amount of Fe(acaa@nd surfactants. The effect of
Fe(COj) is very toxic, volatile and highly flammable. More- the surfactants on the morphology of the nanoparticles before
over, the composition control of the particles is difficult due and after heat treatments can then be studied.
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2. Experimental to remove large precipitates. Large precipitates were dis-
carded and the black dispersion was mixed with more ethanol
In a modified polyol process using standard Schlenk ling~ 40 mL) and then centrifuged to precipitate the particles.
technique in N atmosphere, 1.0 mmol Fe(acacand To purify the particles, the precipitate was redispersed in
0.5 mmol Pt(acag)were mixed in 20 mL benzyl ether with hexane, precipitated with extra ethanol, and isolated by cen-
the presence of oleic acid and oleylamine. Four sampletsifuging twice. The final precipitates were dispersed in hex-
designated as S1, S2, S3, and S4 were prepared by vargne 30 mL) with the presence of small amount of oleic
ing the amount of oleic acid and oleylamine as 1.5, 2.5acid (~0.05 mL) and oleylamine~0.05 mL), followed by
3.5 and 4.5 mmol respectively. Each mixture was heategurging with N, to remove Q. The dispersion was stored
to reflux at 300C for 3 hours before cooled down to room in glass bottles in a refrigerator at@. Morphology of the
temperature under f\blanket. Ethanol (40 mL) was added samples was examined by transmission electron microscopy
to the reaction flask then the black product was centrifugedTEM) at an accelerating voltage of 200 kV and the parti-
(5000 rpm, 15 min) to separate the particles. The brown suele composition was determined by energy dispersive X-ray
pernatant was discarded and the precipitates were dispersegectroscopy (EDS). Magnetic properties were measured by
in 30 mL hexane. Small amount of ethanse! 6 mL) was  Vvibrating sample magnetometry (VSM). Before the measure-
added to the dispersion and the dispersion was centrifugesent, the colloids were dropped on silicon substrates and the

FIGURE 1. TEM images of as-synthesized nanopatrticles using (S1) 1.5, (S2) 2.5, (S3) 3.5, and (S4) 4.5 mmol of each surfactant.

Rev. Mex. Fis59 (2013) 224228



226 K. CHOKPRASOMBAT, C. SIRISATHITKUL, P. HARDING, S. CHANDARAK, AND R. YIMNIRUN

solvent was allowed to evaporate at room temperature. Istate of the particle formation but could not be reduced and
order to examine the magnetic properties after annealing, mcorporated into the Pt nuclei.
separated batch of dried colloid on silicon substrates was an- The compositions of samples S1-S4 measured by EDS
nealed in a tube furnace in Ar atmosphere at®@5fbr 1 hour  are compared in Table I. The atomic percentage of Fe is much
with a heating ratex 10°C/min. The phase after this an- lower than that of Pt. Furthermore, slightly above 20% O is
nealing was characterized by X-ray diffractometry (XRD). also found in all samples. These evidences support the no-
X-ray absorption spectroscopy (XAS) was obtained usingion that the as-synthesized particles are mainly composed
synchrotron radiation at BL-8, Synchrotron Light Researchof Pt-rich nanoparticles and iron oxides either as a separated
Institute, Thailand. The X-ray absorption near-edge strucphase or a shell around a Pt-rich core. A large fraction Fe
ture (XANES) measurements of Fe K-edge and RBtedge are apparently removed by the centrifugation of large iron
were performed in the fluorescence mode with the electroxide precipitates which explains a much lower Fe:Pt ra-
energy of 1.2 GeV and the electron current between 80 mAio than their initial molar ratio. The particle composition
and 140 mA. did not have a large variation with the change in surfactant
concentration. By contrast, Sedt al. founded that the in-

. i crease in an amount of oleylamine reduced the Pt fraction
3. Results and discussion obtained from the reaction between iron(ll) chloride tetrahy-
. . . . drate (FeG)-4H,0) and Pt(acag)with superhydride and 1,2
TEM mTageS of e_ls-syntr.\esa_ed napopartlcles USING,exadecanediol as reducing agents [14]. The heterocoagu-
Fe(acag).Pt(acac) ratio of 2:1 with varying amounts of lation mechanism suggests that the reduction process occurs
egch surfactant as 1'5.’ 25,35 aqd 4.5 mmol are shown B the surface of Pt-rich nanoparticles. The surface area of
.F'g'. 1. The na_nopa_rtlcles of varying shapes_ around 5 MMhe nanoparticles which is dependent on the surfactant con-
in size are obtained in all samples. In a previous report b3(:entration should then regulate an efficiency of the reduction

Nandwanzet al. [1.0]’ the pe}rtlcle size obtalned. frqm USING hrocess. However, because samples S1-S4 are not substan-
Fe(COj) as a starting material was increased with mc:reasmg!;3

surfactant concentrations. By contrast, the size of particle
around 2 nm did not vary with the surfactant concentration
and heating rate when Fe(CQWas replaced by Fe(acgc)

In that case, such small particles were likely originated from
quick nucleations and precursor depletions at the early state
of the reaction. With a domination of the nucleation rate over
the growth rate, the particles of size around 2 nm were then
obtained [10]. The particles synthesized in our experiments
are larger, probably due to the presence of excess surfactant g
at the room temperature (in [10], the surfactants were addec £
at 120C). The nucleation rate is decreased leading to the
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larger particles. Whereas the particle size is not sensitive to ———- s3

the change in surfactants from 1.5 to 4.5 mmol, the particles K ‘ . , . B
tend to exhibit a larger variation in shape when the amount 2100 2110 2120 2130 2140 2150 2160 2170 2180 2190
of surfactants is increased. Interestingly, a few spheroid (a) Photon Energy (eV)

nanoparticles around 10 nm in diameter are also observed ir
the TEM images as exemplified by the inset of S2 in Fig. 1.
Because of the double amount of Fe(agaed, these larger
particles are likely iron oxides which are formed in the early

3
TaBLE |. Composition of as-synthesized nanoparticles measured g
by EDS. 3
N
Amount of the Atomic Percentage = Fe foil
Sample surfactants (mmol) Percentage e /2 (S Fe,0,
Oleic S
acid Oleylamine Fe Pt ) - 2?,
S1 15 15 15.35 61.57 23.08 7090 71‘00 71I1O 71‘20 71I30 71|40 71|50 71|60 71|70 71I80 71I90 7200
S2 2.5 25 20.11 5819 21.70 (b) Photon Energy (V)
S3 3.5 3.5 1547 6123 2331  FiguRrE 2. XANES spectra of as-synthesized nanoparticles (sam-
S4 4.5 45 1853 57.61 23.86 ples S1-S4); (a) Pt Medge and (b) Fe K-edge.
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4 FIGURE 4. X-ray diffraction patterns of nanoparticles synthesized
Magnetic Field (Oe) by using (S1) 1.5, (S2) 2.5, (S3) 3.5, and (S4) 4.5 mmol of each

S2 .
(0_81 surfactant after the annealing at 68Dfor 1 hour.

87 All nanoparticles after the annealing exhibit ferromag-
04 // netic properties as shown by hysteresis loops in Fig. 3. How-
ever, these ferromagnetic behaviors are primarily related to
the particles agglomerations as shown by the TEM images
in the insets of S2, S3, S4 in Fig. 3. The sintering of
nanoparticles expectedly occurs during the heat treatment at
high temperature. In samples S2-S4, the iron oxides are re-

1
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Magnetic Field (Oe) duced by C that decomposed from a large amount of surfac-

&) tant molecules [15]. The Fe atoms then diffuse into the par-

t:-{* 5 | ticles at high temperature leading to ferromagnetic Fe-rich

g \y‘%“g ” / precipitates much larger than 10 nm. The coercivity, deter-

i [Eee // mined from the x-intercept of the hysteresis loops, tends to

T | g increase with the increase in surfactants in the synthesis. In-

§ ojoo 80 000 4000 oo ¢/ 2000 4000 G000 G000 10900 terestingly, the agglomeration does not occur in the case of

: M the lowest surfactant concentration (sample S1). In the inset
15 of S1 in Fig. 3, only spheroid iron oxide nanoparticles with

2 size of around 10 nm are increased in number. It follows that

Magnetic Field (Oe)

ok the size of FePt and iron oxide nanoparticles above the su-

_ _ _ _ perparamagnetic limit brings about the enhanced coercivity
FIGURE 3. Magnetic hysteresis loops and TEM images (insets) of 5 high as 1600 Oe. The XRD pattern of this sample also ex-

nanoparticles synthesized by using (S1) 1.5, (S2) 2.5, (S3) 3.5, ang}ipt s|ight differences around iron oxide peaks from the rest
(S4) 4.5 mmol of each surfactant after the annealing at 656r 1 in Fig. 4

hour.

tially different in size, the effect of surfactant concentration4, Conclusions
on the composition is not marked.

The Pt Ms-edge and Fe K-edge XANES spectra of the Monodisperse magnetic nanoparticles synthesized by the
as-synthesized nanoparticles in are compared to Pt and Feodified polyol process without any reducing agents com-
standards in Fig. 2. The profile of the PtMdge in Fig. 2(a) prise Pt-rich nuclei and iron oxides. The amount of oleic
is similar to that of the Pt foil which is an indication of Pt acid and oleylamine used as surfactants do not significantly
in a metal form. However, the XANES spectra of the Fe K-affect composition and size of the nanoparticles. However,
edge in Fig. 2(b) are entirely different from that of the Fethe nanoparticles have a larger variation in shape when the
metal standard but closed to that of hematitd=g,O3). The  surfactants are increased. Furthermore, excess surfactants
results support the EDS measurements that every sample caspparently promote the agglomeration of iron oxide and Pt-
tains mainly Pt metals and iron oxides with small amount ofrich particles during the heat treatment. Nevertheless, the
Fe metals. nanoparticles can be transformed to the ferromagnetic phase
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