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The growth of cobalt, iron, and platinum and their alloy nanoparticles was investigated with oleic acid
and trioctylphosphine oxide as ligands. Both the ligand type and concentration are important in determining
the final product of the reactions. With a high concentration of oleic acid, thermal decomposition of
dicobalt octacarbonyl and iron pentacarbonyl precursors yields only molecular cluster complex species
with oxidized metal centers. However, reduction of platinum acetylacetonate under identical conditions
yields nanometer-sized particles. In the presence of a high concentration of trioctylphosphine oxide, only
the cobalt system was observed to form a clustemplex species, while both the iron and platinum
systems form nanometer-sized particles. This oxidation process, which forms cluster complexes, provides
a digestive ripening mechanism that competes with the Ostwald ripening process, thus affecting the particle
size and composition of both the pure metal and alloy nanoparticles.

Introduction FeCaPti_«,'* nanoparticles have been developed that can
provide crystalline particles with controllable morphology

Transition-metal nanoparticles have attracted great atten- d ize distribution. Th f1h th
tion due to their unique size-dependent magnetic propertiesf"In harrow size distribution. The essence ot these syntheses

and potential applications in a diverse range of areas is the thermal decomposition of organometallic precursors
including catalysis, sensors, and drug deliveryin par- or reduction of metal salts in the presence of several long-
ticular, chemically synthesized transition-metal alloy nano- f:l_ha'_n zﬁmdt, amine, ph;)?phmde, or photsphmle k())deedILgatr;]ds.
particles, such as FePt and CoPt, have been studied exten-ya'cla y’f Wo typ(;es 0 trl]ganl Sy olnebs ror&gy oun | 0 de_

sively because of their high magnetocrystalline anisotropy metal surface and another loosely bound, aré employed in

and chemical stability. These unique properties make themord.er tp .adjust th? growth rgte of .the ngnoparticles vyhile
possible candidates for the next generation of magnetic maintaining the size monodispersity during the reaction.

storage media and high-performance permanent maghets. Although these syntheses hav_e begn SIUdleq extenswely by
To realize these potentials it is extremely important to many groups, there are sill lingering questions regarding

develop synthetic methods that yield monodispersed mag-.thet role o|f: ﬂ;? chemlcatl. I;gands t(r)wn par(tjlcle gr%\’.\’th' tFotrh
netic nanoparticles of tunable size, shape, and compogition. Instance, Fert hanoparticies synthesized according 1o the

L )

Over the past few years several successful soIution—phas&%mce(fjure otle_velo_ped by Sﬂ:m (e)t?ty%ca_lly d.o not gr(r)]w .

syntheses for Cb Fe? CoPt,, 01 FePt 12 and eyond certain sizes, as the Ostwald ripening mechanism
would predict. The only way to tune the final particle size
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the overall number of nucleation sit€sFor metal alloy
magnetic nanoparticles the ability to control the particle
composition is also very important because binary alloys
typically form a continuous range of solid solutions with both
stoichiometric and nonstoichiometric compositiéhShe
crystal structure, electronic structure, and magnetic properties
depend not only on the particle size and shape but also on
the relative ratio of the alloying componenfs!® It was
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found that the molar ratio of Fe (or Co) to Pt in the final metal-to-ligand molar ratio maintained at 1:2.5. The metal precur-
alloy nanoparticle is much less than the same molar ratio in sors were introduced with the reaction temperature set af@p0
the precursor reagents. This was attributed to high volatility followed by reflux heating at the boiling point of the solvent
of the carbonyl precursof8:® However, it is difficult to mixture. The reflux heating time for all reactions is kept at 30 min

; less specified otherwise. To investigate the ligand interaction with
explain the fact that nearly one-half of the Fe or Co precursor 4" . .
is lost in these syntheses through this argument. Co, 1.58 mmol of CgCO) was dissolved in 2 mL of anhydrous

. . . . 1,2-dichlorobenzene and then rapidly injected into a solution of 20
To address these issues, the ligametal interactions, mL of octyl ether containing either 7.9 mmol of TOPO or OA.

especially during the initial nucleation stage, have to be under-1,o refluxing temperature is 26 due to the large volume of
stood further. We recently demonstrated that the presencqoyw boiling point 1,2-dichlorobenzene and oleic acid. To study the
of excess oleic acid (OA) ligand during the organometallic ligand interactions with Fe, 1.48 mmol of Fe(GQyas rapidly
synthesis of magnetic cobalt nanoparticles results in particleinjected into the solution of 20 mL of octyl ether containing either
growth inhibition and disintegration of large nanoparticles 3.7 mmol of TOPO or OA at 100C, followed by reflux heating

in favor of molecular cluster complexé&sThese results show  at 286°C for 30 min. In the case of the reduction of the platinum
that a simple picture of surface ligands acting merely as Precursor, 0.7 mmol of Pt(acacand 2.1 mmol of 1,2-hexade-
passivating agents to prevent particle agglomeration is notcanediol were dissolved into 20 mL of octyl ether together with
adequate in these reactions. Instead, surface ligands play &:7> Mmol of TOPO or OA and reflux heated at 285 for 30
much more active role in controlling the particle growth o _ o _
kinetics, which ultimately affects the particle size, shape, and N @ similar approach, the bimetallic irenand cobalt platinum
composition. In this paper, we extend our previous work to nanoparticles were prepared bas.ed ona sl!ghtly modified synthesis
investigate the effects of two commonly used ligands, name- 9€Veloped by Sun et &.In a typical experiment, Pt(acad0.7

ly, OA and trioctylphosphine oxide (TOPO), on the decompo- mmol, 0.2750 g), 1,2-hexadecanediol (2.1 mmol, 0.5430 g), and
Y ' phosp ’ TOPO (3.7 mmol, 1.4310 g) or OA (3.7 mmol, 1.17 mL) were
Smon of iron a_nd cobalt carbonyl precursors and_on_ th_e - dissolved in 20 mL of octyl ether and heated to 1W Then,
duction of platinum acetylacetonate in order to gain insights re(coy (1.48 mmol, 20QL) or Co,(CO) (0.74 mmol, 0.2530 g

on how the specific liganemetal interactions affect the nuc-  dissolved in 2 mL of anhydrous 1,2-dichlorobenzene) was rapidly
leation and growth of pure transition metals and their alloy injected into the reaction mixture, and the resulting mixture was
nanoparticles. We focus our study on the scenario in which heated to reflux at 286C for 30 min. The mixture was cooled to
the ligand concentration is much higher than the metal pre- room temperature, and the nanoparticles were precipitated with the
cursor so that the effect of the ligand is amplified and be- addition of 2 mL of anhydrous toluene followed by 20 mL of

comes a dominant factor in determining the reaction pathway. anhydrous methanol. Following centrifugation, the isolated nano-
particles were redispersed in anhydrous toluene (20 mL) and

reprecipitated with anhydrous methanol (20 mL). This washing and
centrifugation step was repeated once more, and the precipitated

Chemicals and Materials. Iron pentacarbonyl, Fe(C®) nanoparticle powder was dried under vacuum for further analysis.
(99.99+%), platinum acetylacetonate, Pt(aca¢d7%), oleic acid Elemental analyses of the isolated nanoparticles were conducted
(OA, 99+%), trioctylphosphine oxide (TOPO, 99%), 1,2-hexade- at Galbraith Laboratory, Inc.

canediol (tech. 90%), octyl ether (99%), anhydrous methanol  Transmission Electron Microscopy. TEM studies were con-
(99.8%), anhydrous toluene (99%), and anhydrous 1,2-dichloroben-qycted on the as-prepared nanoparticles using a Philips CM30 at a
zene (99%) were purchased from Aldrich and used as received.p00 kv acceleration voltage. A typical sample was prepared by
Dicobalt octacarbonyl (G4CO)s) precursor (stabilized in-15% depositing a droplet of a diluted colloid solution of the nanoparticles
hexane) was obtained from Alfa Aesar, and hexane was removedonto a holy carbon grid and allowing the solvent to evaporate. High-
through evaporation inside a glove box that had less than 1 ppm resolution TEM studies were performed on a JEOL 4000EX with
oxygen and moisture. The transmission electron microscopy (TEM) 3 400 kV acceleration voltage.

grids with supported holy carbon film were purchased from Electron Magnetic Measurements. The magnetic properties of the

Microscopy Sciences. . . . . .
Synthesis All syntheses and postreaction processing were carried nanoparticles were investigated using a Quantum Design MPMS-
y y P p 9 5S superconducting quantum interference device (SQUID) mag-

I(i)#:,\ Itne ?Qn?rggz ?ﬁz(ﬁgﬁifnﬁg tnegdsktiggaszgtlzyecs:)t;(oinld Srgglﬁ?knetometer with magnetic fields of up to 5 T. For all the stable
q . ) : ) ONYLPreCUT™ o lloidal solutions the samples were first mixed with didodecyldi-
sors decompose with the evolution of carbon monoxide. This is a . .
. . . methylammonium bromide (DDAB) and the solvent was subse-
toxic gas that must be efficiently vented.) The concentration of metal : s
precursors used in our synthesis is dictated by their solubility in quently removed to Obta'f‘ a powder sample: Addltlon. of DDAB
the solvent. The concentration of cobalt and platinum used in the helps to separate the particles so the magnetic properties measured
; ) S . platinum . are close to the properties of intrinsic isolated particles. In the case
following synthesis is close to its upper solubility limit. The iron i - . - .
7 . : . when the as-prepared sample precipitates immediately, magnetic
concentration is selected to be twice the platinum concentration. S .
: . . . measurements were done on the precipitated powder directly after
For all experiments involving only a single metal precursor, the being washed and dried. Annealing of the alloy sample was done
relative concentration of the reagents was kept consistent with theusing a powder sample. and subsequent magnetic measurements
: Aol Ph were done on the annealed powder. The temperature-dependent
8% gtzmmgr’eréf#ﬁ;sa - 'szo%sé 'é?ttgggﬁzijjozlﬁc&ﬂzz' magnetization curves were measured after cooling the sample to 2
(18) Ulmeanu, M.; Antoniak, C.; Wiedwald, U.; Farle, M.; Frait, z.; Sun, K either in a zero magnetic field (zero-field-cooled, i.e., ZFC) or
S. Phys. Re. B 2004,69, 054417-054423. in a 100 Oe magnetic field (field-cooled, i.e., FC). The magnetic

19 zsggi%ffgggf’?'zfé'z'? Weller, D.; Murray, C.IBEE. Trans. Magn. susceptibility was subsequently measured in an applied field of 100

(20) Samia, A. C. S.; Hyzer, K.; Schlueter, J. A Qin, C.-J.; Jiang, J. S.; O€ as the sample warms up. For superparamagnetic nanoparticles,
Bader, S. D.; Lin, X.-M.J. Am. Chem. SoQ005 127, 4126-4127. ZFC and FC curves typically diverge below a characteristic

Experimental Section
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Figure 1. ESI-MS spectrum of CoOA cluster complexes in octyl ether
(with a fragmentation voltage of 200 V) and methanol as carrier solvent.
The mass of the peaks correspond to (a) [Ce(@)sH3302)3] ", (b) [Co-

(1 2(C13H3302)30]+, (c) [Co(l)y(CigH3302)3CO + 2H]+, (d) [Co(l)-
(C13H3302)3C)CO + 2H]+, and (e) [CO(|§(C18H3302)3 + H]+. The inset
shows the entire mass range from 0 to 2250.

Figure 2. ESI-MS spectrum of FeOA cluster solution (with 250 V
fragmentation voltages) with methanol as carrier solvent. Two main groups
of ions detected are KA); (m/'z at 955-985) and FeOA clustersi(z at
337—-367). The main panel shows the zoomed inr(B&)s; region, with
mass of each ion corresponding to (a) [Fe(ThsH3302)3] ", (b) [Fe(ll)-
(C18H3302)30]™, and (c) [Fe(I)(C1gH3302)3CO + 2H]*. The inset shows
the entire mass range from 0 to 1200.

temperature (blocking temperatufig), which depend on both the

magnetic anisotropy and the average size of the parfitles.
Powder X-ray Diffractometry. X-ray diffraction (XRD) data

were collected using a Rigaku X-ray powder diffractometer, which

nated with three OA ligand molecules. The metal centers
are oxidized with+1 and+2 valence states. Previous studies
indicated that the first observed black coloration is due to
utilizes Ko radiation from a Cu target. the initial formation of Co nanoparticles, which were digested
Mass Spectrometry.Electrospray ionization mass spectrometry into @ Co-OA cluster complex upon continuous heating of
(ESI-MS) measurements were conducted using an Agilent 1100 the reaction mixture at high temperatdfeFormation of
LC/MSD mass spectrometer equipped with an ESI ion source. The cluster complexes with OA ligand is not limited to Co.
mass spectra were collected through flow injection under different Thermal decomposition of Fe(C&ynd reflux heating under
fragmentation voltages (700 V) using either methanol or ethanol  the condition of high concentration of OA yielded a clear
as carrier solvent. yellow solution after 30 min. ESI-MS studies also revealed
Fourier Transform Infrared Spectroscopy (FTIR). FTIR the presence of similar cluster species in the solution with
spe_ctra were collected using a Bruker_ Vertex 70 spectrometer yp o main component corresponding to FeOA ang(®A)s
equ'pped with @ mercury cadmium telluride (MCT) detector and a clusters (Figure 2). In both cases, clusters containing carbonyl
Pike ATR accessory. L . o
groups are also present, indicating partial decomposition of
the original precursor under these experimental conditions.
Reduction of Pt(acagith 1,2-hexadecanediol under the
Ligand Effects on Transition-Metal Nanoparticles. With same condition did not result in cluster formation. Instead,
a high concentration of ligand, a variety of reaction products a solid precipitate was observed. Electron microscopy studies
are formed during the thermal decomposition and reduction revealed that the precipitate consists of aggregates of Pt
of the different organometallic precursors. The nature of the nanoparticles (inset in Figure 3a). Both the XRD (Figure
species formed indicates the different binding strengths 3a) and selected area electron diffraction (SAED) indicate a
between the ligands (OA, TOPO) and metals (Fe, Co, Pt). face-centered-cubic (fcc) phase, the same as for bulk Pt.
Case for Oleic AcidUpon injection of Ce(CQO)g into the Using the Scherer equation to analyze the width of X-ray
octyl ether solution containing OA at 10, the reaction diffraction peaks, an average size of 14 nm is estimated,
mixture quickly turned black but eventually transformed to which is consistent with the direct analysis from the TEM
a clear violet-blue solution after reflux heating. TEM analysis micrograph. Subsequent solvent washing steps were con-
showed no nanometer-sized particles in this solution. ESI- ducted to remove free OA ligands from the precipitated Pt
MS studies were conducted at different fragmentation nanoparticles. FTIR measurements on the dried powder
voltages to analyze the components of this violet solution. sample (Figure 3b) indicated that the remaining ligand
Figure 1 is a mass spectrum obtained at 200 V fragmentationmolecules bound to the Pt surface exist in oleate form, which
voltage using methanol as a carrier solvent. Similar to the induce strong asymmetriccoo™ peaks at 1594 and 1559

Results and Discussions

sample prepared in dichlorobenzéfthe major components

cmtand a symmetrizcoo peak 1407 cmt, respectively.

detected are a group of ions with mass centered at 990 DaUnlike the case when OA molecules are chemically absorbed

The isotope pattern indicates that they &fecharged species
with mass corresponding to clusters of ,Gw Co; coordi-

on the surface of Co nanoparticRsa doublet for the
asymmetricvcoo peaks is clearly resolved. This shows OA

(21) Cullity, B. D. Introduction to Magnetic MaterialsAddison-Wesley:
London, 1972.

(22) Suslick, K. S.; Fang, M.; Hyeon, T. Am Chem. Socl996 118
11960-11961.
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Figure 3. a) XRD pattern of the Pt nanoparticles obtained in the presence
of excess OA. The inset is a TEM image of the precipitated nanoparticles.
b) FTIR spectra of Pt nanoparticle powder after precipitation and a solvent
wash. Absorption peak (a) at 2955 cthis due to G-H stretching in terminal
CHs. Peaks at (b) 2916 and (c) 2849 chare due to asymmetric and
symmetric stretching of the methylene group. Strong asymmegiie
peaks at (d) 1594 and (e) 1559 chand a symmetrizcoo™ peak at (h)
1407 cnrlindicate oleate formation on platinum surfaces. Peaks at (f) 1466
cm~1 and (g) 1437 cm! are due to GH bending in methylene groups.
Peak at (i) 1107 cmt could be due to a €H wagging mode.

molecules are chemically adsorbed on the Pt nanoparticle
with two configurations, either as a bridging bidentate form
or a form more close to monodent&té?

A set of controlled experiments were also conducted
wherein decomposition of GECO) and Fe(CQ)was carried

out in the presence of 1,2-hexadecanediol and excess OA
Interestingly, the same reducing agent that is capable of

reducing Pt(acag)did not promote Co or Fe nanoparticle
formation, and the metalOA cluster complex persisted. This
demonstrates the high chemical stability of the-@A and
Fe—OA cluster complexes.

Case for Trioctylphosphine Oxid&he same reactions
were carried out using TOPO as ligand instead of OA.
Thermal decomposition of GECO)s in octyl ether solution
with a high concentration of TOPO formed a blue-colored
Co—TOPO complex solution. ESI-MS spectra of this solu-

(23) Wu, N.; Fu, L.; Su, M.; Aslam, M.; Wong, K. C.; Dravid, V. Rano
Lett. 2004 4, 383—386.
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Figure 4. ESI-MS spectrum of cobatTOPO complex in octyl ether (with

a fragmentation voltage of 200 V) using methanol as carrier solvent. The
mass of the main peaks correspond to (a) [(TOPO)Co(0)Co(I{IcCQp)
[(TOPOXCo(I)]?, (c) [(TOPO)Co(0)Co(1)(CON] ™, (d) [(TOPO}Co(ll)-

CIl*, (e) [((TOPO)YCo(0)Co(1)(COY*, (f) [(TOPOXLCo(0)Co(l)(CON ™,

and (g) [(TOPO)Co(II)CI]*. The appearance of chlorine ions in (d) and
(g) are likely due to the 1,2-dicholorobenzene solvent used to dissolve the
cobalt precursor.

tion revealed the presence of Co clusters with a much wider
mass distribution, as shown in Figure 4. The isotope pattern
indicated a mixture of both-1 and+2 charged species with
Co, Co, and Caq metal centers ligated to several TOPO
molecules and residual carbonyl groups.

A more distinctive difference between TOPO and OA
occurs in the thermal decomposition of Fe(GQ)hereas
Fe clusters form with OA ligand, no complex formation
occurs when TOPO is used. Instead, the reaction mixture
remains black even after the solution is refluxed for more
than 1 h. Electron microscopy studies confirmed the presence
of dispersed nanoparticles in the reaction product with
particle sizes ranging from 2 to 10 nm (Figure 5a). High-
resolution TEM analysis shows that all particles are crystal-
line (inset of Figure 5a). Powder X-ray diffraction on a
sample exposed to air shows diffraction peaks closer§ofe

Sphase (Figure 5b).

Reduction of Pt(acag)with 1,2-hexadecanediol in the
presence of TOPO ligands leads to particle precipitation,
similar to the case for the OA ligand. Electron microscopy
studies reveal that the precipitate consists of aggregates of
Pt nanoparticles with an fcc structure (Figure 6). Using the
Scherer equation, an average size of 11 nm was estimated
from the XRD peaks. The TOPO ligand, however, does not
bind strongly to the Pt surface, as indicated by FTIR
measurement of the sample after being washed. No IR signal
corresponding to the remaining TOPO molecules on the
nanoparticle surface was detected.

Ligand Effects on Alloy Nanoparticles.Because various
transition metals react differently with OA and TOPO
ligands, which is evident from the above experiments, the
same effects could ultimately influence formation of FePt
and CoPt alloy particles. In the following sections we
examine the consequences of using OA or TOPO as ligand
in the alloy nanopatrticle synthesis.
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nanoparticle sample using inductively coupled plasma atomic
emission spectroscopy (ICP-AES) shows an Fe:Pt molar ratio
of 1:1.2, which is much lower than the corresponding molar
ratio in the organometallic precursors. XRD analysis reveals
that the as-prepared samples adopt an fcc structure, which
can be converted to the chemically ordered face-centered-
tetragonal (fct) phase upon annealing the sample at'650

for 2 h under an inert atmosphere (Figure 7c). Magnetic
measurements using a SQUID magnetometer show that the
as-prepared 5 nm FePt nanoparticles are superparamagnetic
with a blocking temperature of 33 K (Figure 7d). This low
blocking temperature is consistent with the low magneto-
crystalline anisotropy of the fcc structure and the small
particle size. Following the annealing step, the nanoparticles
were converted to the fct phase with a higher anisotropy with
some degree of particle sintering, both of which led to a
311 large increase in blocking temperature (Figure 7d).

80+ In comparison, use of TOPO as ligand resulted in
formation of a bimodal size distribution of FePt particles,
60 which consists of both 2 and 14 nm nanoparticles (Figure
8a). High-resolution TEM studies show that both of these
particles are crystalline (Figure 8b). Chemical analysis of
the TOPO-capped sample yields an Fe:Pt molar ratio of 1:0.6,
which is much closer to the initial ratio of 2:1 in the
precursors. The XRD pattern of the as-prepared sample
. . i exhibits broad diffraction peaks due to a large population of
20 40 60 80 100 2 nm sized particles. The ZFC susceptibility curve of the
20 as-prepared sample shows a series of kinks in the temperature

Figure 5. (a) TEM image of the iron nanoparticles with sizes ranging from i ;
2 to 10 nm obtained by thermal decomposition of-fearbonyl in the range of 36-100 K (Flgure 8d)' After annealmg the sample

presence of excess TOPO. The inset shows a high-resolution TEM image@t 550 °C for 2-h under an inert atmosphere, a more
of a 5 nmnanoparticle. (b) XRD pattern obtained from the TOPO-capped pronounced fct phase becomes evident in the diffraction

nanopatrticles are iron oxide nanoparticles with lattice spacing close@a.Fe pattern (Figure 8C). As a result. the blocking temperature of
the annealed sample exceeds room temperature (Figure 8d).
This is due to the increase of anisotropy from fcc to fct phase
as well as the particle volume increase due to sintering.

Cobalt-Platinum NanoparticlesSimilar to the case of
FePt, monodispersed spherical CoPt nanoparticles are ob-
tained using OA as ligand. The average particle diameter is
2 nm, which is much smaller than that of the OA-ligated
FePt nanoparticles (Figure 9a). High-resolution TEM studies
show that the particles are also crystalline (Figure 9b).
200 Chemical analysis yields a Co:Pt molar ratio of 1:1.5, which

| - is also much smaller than the 2:1 molar ratio in the precursor
|| 220 | reagents. XRD analysis reveals that the as-prepared sample
BN 1 I _r\ l has an fcc structure, which can be converted to the chemically

1 1 f f ||| = ordered fct phase upon annealing the sample at°Csfor

0 e , JIU L3 i . L——JI UL 2 h under an inert atmosphere (Figure 9¢). SQUID measure-
20 40 60 80 ments show that the as-prepared 2 nm CoPt nanopatrticles

o are superparamagnetic with a blocking temperature of 4.5

Figure 6. XRD pattern of the Pt nanoparticles obtained in the presence of K (Figure 9d). After being annealed, the nanoparticles sinter

excess TOPO. The inset is a TEM image of the precipitated nanoparticles. . . L.
and are converted to the high-anisotropy fct phase, which is

Iron—Platinum NanoparticlesSimultaneous thermal de-  reflected in a large increase in the blocking temperature to
composition of Fe(CQ@)and reduction of Pt(acacyields above 270K (Figure 9d).
highly monodispersed, spherical FePt nanoparticles with an  However, using TOPO as ligand in the CoPt synthesis
average diameter of 5 nm (Figure 7a) after reflux heating yields micrometer-sized aggregates, (Figure 10a), which
with excess OA molecules for 30 min. High-resolution TEM consist of 2 nm sized CoPt nanopatrticles (Figure 10b). These
studies show that the particles are single crystals (Figure 7b).aggregates immediately precipitated after reaction. The
Similar to an earlier report, prolonged heating does not supernatant had a blue color, indicating a large amount of
increase the particle siZzéChemical analysis of the washed Co—TOPO cluster formation. Chemical analysis of the
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Figure 7. Monodispersed 5 nm FePt nanoparticles formed in the presence of excess OA ligand: (a) low-resolution TEM image, (b) high-resolution TEM
image, (c) XRD patterns of the OA-capped FePt nanoparticles showing the fcc phase for the as-prepared sample and the fct phase for the annealed sample,
(d) ZFC (open symbols) and FC (filled symbols) magnetic susceptibility curves of the as-prepared (triangles) and annealed (circles) samples.

TOPO-capped sample yields a Co:Pt molar ratio of 1:0.8, tion of the metal carbonyl, especially at high temperature.
which is still less than the ratio of 2:1 in the initial precursor. This is confirmed by the immediate color change to black
The as-prepared sample exhibits broad X-ray diffraction upon injection of the metal carbonyl (i.e., an indication of
peaks (Figure 10c), which are attributed to the predominant large clusters or nanosize particle formation). The oxidation
population of 2 nm sized nanoparticles. After annealing the process that follows is controlled by the concentration of
nanoparticle sample at 750C for 2 h under an inert  OA ligand. A high concentration of OA ligand favors
atmosphere, the nanoparticles sinter and X-ray diffraction complete breakdown of the metal core and subsequent
shows a predominant fct phase with trace amounts of formation of cluster complex species (Figures 1 and 2). This
nonstoichiometric CoPt phase (Figure 10c). Due to the process may occur at defect sites or at corner and edge sites
clustering of the 2 nm CoPt nanoparticles, the ZHC of the metal nuclei. Furthermore, it is interesting to note that
susceptibility curves obtained from the as-prepared samplethe Fe-OA and Co-OA clusters species exhibit a similar
also exhibit a blocking temperature that is above room structure, which consists of two or three metal centers ligated
temperature (Figure 10d). This is in sharp contrast with the to two or three OA molecules. These observations imply a
OA-ligated CoPt particles, which have a similar particle size. preference for unique metal cluster sizes and ligand coor-

The above experimental results show the growth of dination. At a low concentration of OA there are simply not
transition-metal and alloy particles is controlled by two enough OA molecules to coordinate with all the metal atoms
competing processes: nucleation and growth of zerovalentif they all exist in small cluster form. Thus, only part of the
metallic cores and a digestive mechanism to form metal Fe and Co are oxidized and dissolved in the solution as
cluster complexes via the ligand molecules. Both of these carboxylate clusters, and the remaining metals exist in a
processes are affected by the type of ligands, metal elementserovalent state that continuously grows into large zerovalent
involved, and concentration of the ligand present in the metallic nanoparticle¥22 Some OA molecules attached to
reaction mixture. This leads to the complex particle growth the surface of nanoparticles and form covalent bonds with
pathways that are evident in these experiments. the metaP32¢ A similar mechanism exists in the Au

The binding of OA to Co and Fe is covalent in nature, dodecanethiol system which limits the nanoparticle size in
forming carboxylate with a metal oxidation state-bf and
+2. However, this oxidation process is slower than metal
core nucleation and growth induced by thermal decomposi-

(24) Nakamoto, KInfrared and Raman Spectra of inorganic and coordina-
tion compoundsJohn Wiley & Sons: New York, 1997.
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Figure 8. Bimodal distribution of FePt nanoparticles formed in the presence of excess TOPO ligand: (a) low-resolution TEM image, (b) high-resolution
TEM image, (c) XRD patterns of the TOPO-capped FePt nanoparticles showing the fcc phase for the as-prepared sample and fct phase for the annealed
sample, (d) ZFC (open symbols) and FC (filled symbols) magnetic susceptibility curves of the as-prepared (triangles) and annealed (ciraes) sample

the size range of 58 nm at low temperatures-L20°C)?"+28 duration of reflux tend to decrease the overall concentration
and leads to complete transformation to small thiolated of oleic acid in the reaction mixture eventually due to its
cluster complex at high temperatures300°C).2° Digestion low boiling point (194°C). This subsequently leads to metal
of metal cores into small cluster complexes under a high oxide nanoparticles formation. In our experimental setup the
concentration of ligand is a ripening process that is intrinsi- Fe—oleate cluster complex is able to sustain reflux heating
cally different from the Ostwald ripening process. For the at 286°C for more than 2 h. Upon continuous heating for
Ostwald ripening process to occur in a colloid the monomers 7 h, iron oxide particles of 12 nm (mainly in ¥y phase)
(atoms or small clusters) are energetically unfavorable to would form. On the other hand, coballeate cluster
exist as isolated species in solution and evolution of particle complex can sustain continuous heating at 265for 7 h
size is determined by the interfacial energy of the growing without color change, but cobalt oxide particles eventually
particles. In the digestive ripening process the cluster form after being heated for 14 h. This is consistent with the
complexes formed are energetically favored to exist in results published earlier that oxide particles form under high
solution due to strong binding between the metal center andtemperature X300 °C) decomposition of irornoleate and
ligand molecules and large solvation energy of the ligand cobalt-oleate, although the oleates are prepared through
molecules. slightly different procedures than our work hépé&!

We need to point out that even with a high OA ligand  Compared with Co and Fe, nucleation of metal cores is
concentration both higher reflux temperature and longer more favorable than oxidation to cluster complexes for the
Pt—OA system, although Ptoleate does form on the
(25) stahl, B.; Gajbhiye, N. S.; Wilde, G.; Kramer, D.; Ellrich, J.; Ghafari, ~growing nanoparticle surface, which is evident from the FTIR

M.; Hahn, H.; Gleiter, H., Weissiler, J.; Wurschum, R.; Schioss- qaa (Figure 3b). This observation is consistent with the

macher, PAdv. Mater. 2002 14, 24—27. 95
(26) Howard, L. E. M.; Nguyen, H. L.; Giblin, S. R.; Tanner, B. K.; Terry,  recent findings of Shevchenko et al., who reported that

I; Hughes, A. K.; Evans, J. S. . Am. Chem. So@005 127, 10140. = reduction of Pt(acag)in the presence of 1-adamantanecar-
(27) Lin, X. M.; Sorensen, C. M.; Klabunde, K. J. Nanoparticle Res. . - L

200Q 2, 157—164. boxylic acid ligand led to bulk Pt precipitatidh.The fact
(28) Prasad, B. L. V.; Stoeva, S. |.; Sorensen, C. M.; Klabunde, ®hdm.

Mater. 2003 15, 935-942. (30) Jana, N. R.; Chen, Y.; Peng, 8hem. Mater2004 16, 3931-3935.
(29) Jin, R. C.; Egusa, S.; Scherer, N.J-.Am. Chem. So2004 126, (31) Park, J.; An, K.; Hwang, Y.; Park, J.-G.; Noh, H.-J.; Kim, J.-Y.; Park,

9900-9901. J.-H.; Hwang, N.-M.; Hyeon, TNat. Mater.2004 3, 891—895.
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Figure 9. Monodispersed 2 nm CoPt nanoparticles formed in the presence of excess OA ligand: (a) low-resolution TEM image, (b) high-resolution TEM
image, (c) XRD patterns of the OA-capped CoPt nanoparticles showing the fcc phase for the as-prepared sample and the fct phase for the annealed sample,
(d) ZFC (open symbols) and FC (filled symbols) magnetic susceptibility curves of the as-prepared (triangles) and annealed (circles) samples.

that cluster complexes do not form for Pt is because it is particles surface, which mainly occurs at the Co and Fe sites,
much more difficult to oxidize than Fe and Co (oxidation begins to limit and eventually arrest the particle growth.
potential 0.28 V for Co, 0.44 V for Fe, andl1.20 V for Pt). Thus, for OA-ligated FePt and CoPt particles, growth of the
The binding strength of TOPO with the transition-metal particles tends to stop at a finite size (5 nm for FePt and 2
surface is weaker than with OA because the bond involves nm for CoPt). The Ostwald ripening process does not persist
sharing a lone pair of electrons on the oxygen atom. Thus, beyond this point. In order to generate alloy nanoparticles
metallic Fe and Pt core are able to grow in the environment with a Fe(Co):Pt molar ratio close to 1:1, the concentration
of excess TOPO (Figures 5 and 6) to form nanometer sizeof Fe and Co used in the precursor has to be higher than
particles. Only cobalt still forms clusters with TOPO (Figure that of Pt (in our case 2:1) because part of Co or Fe from
4). Even for the case of Co, the mass distribution of the the thermal decomposition are inevitably consumed in the
cluster complex is much broader and a significant amount formation of small cluster complexes in the solution. In most

of Co exists in the zero valence state in the clusters. cases, these small cluster complexes are removed during the
Simultaneous reduction and thermal decomposition of solvent washing steps. Thus, the Co and Fe content in the
metal precursor leads to alloy particle formati8rBoth final nanoparticles is typically much less than in the

the XRD data and the high-resolution TEM images of our precursors.

;?)': daz:I(Ijo Cozrttiglzni?g?éggl?‘ Ir;drlt?cfll;es ];Sirt?ztlggéfenve“' Formation of CoPt in an environment with excess TOPO
yp P is similar to alloy particle formation with OA. The Co:Pt

;tructure or form P artlc!es that are phase separated. I:Orm"j"ratio in TOPO-ligated CoPt nanoparticles (1:0.8) is less than
tion of alloy particles in the environment of excess OA

o . . the same ratio in the precursors. Also, the supernatant
reflects the competition between formation of metallic alloy solution has a bluish color indicating that cluster formation
core and the tendency for Co or Fe to form cluster com- 9

: : : : - occurs simultaneously with particle growth. In contrast,
plex species during the same time (Figure 11). It is likely ; ) : .
when Fe and Co are alloyed with Pt they become less chemical analysis of the TOPO-ligated FePt nanopatrticles

susceptible to digestion. Ligand binding on the alloy nano- reveals a Fe:Pt molar r_atlo of 1:0.'6.’ .Wh'Ch is much clos_er_to
the corresponding ratio of the initial precursors. This is

(32) Zhou, S.; Varughese, B.; Eichhorn, B.; Jackson, G.: Mcilwrath, K. because Fe does not form a cluster complex with TOPO and
Angew. Chem., Int. ER005 44, 4539-4543. both Fe and Pt participate only in particle formation.
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Figure 10. Aggregates of 2 nm CoPt nanoparticles formed in the presence of excess TOPO ligand: (a) low-resolution TEM image, (b) high-resolution TEM
image, (c) XRD patterns of the TOPO-capped CoPt nanoparticles showing the fcc phase for the as-prepared sample and the fct phase for the agnealed sampl

(small arrows show diffraction peaks from a small amount of nonstoichiometric CoPt phase), (d) ZFC (open symbols) and FC (filled symbols) magnetic
susceptibility curves of the as-prepared (triangles) and annealed (circles) samples, respectively.

~—0
RN
()
f;, (@] ) particles form without visible sintering. A strong coupling
() between the 2 nm nanoparticles in these aggregates causes
/ the thermal-induced switching of magnetic moments to occur
° only at very high temperatures. This explains the fact that
/—J even the as-prepared sample has a blocking temperature
above room temperature (Figure 10d). This is in sharp
contrast with the magnetic switching behavior of the CoPt
OA sample with a similar particle size (Figure 9d).

Figure 11. Schematic diagram of clustecomplex formation in bimetallic
FePt nanoparticles synthesis. Because of the large amount of FeOA and

Fe,OA; cluster formation, the Fe:Pt molar ratio of the FePt nanoparticles . . .
is much lower than the same ratio in the precursors. In summary, we studied the effects of two different ligands

(OA and TOPO) on the thermal decomposition and reduction
For both the FeTOPO and CeTOPO systems small  of organometallic precursors of Co, Fe, and Pt. We find that
alloy particles (2 nm) form. However, the attractive interac- a strong binding of the ligand to the transition metals induces
tions between these particles are strong enough to induce
aggregation due to the short chain length of TOPO. In the (33) Zinke-Allmang, M.; Feldman, L. C.: van Saarloos, Whys. Re.
case of FePtTOPO there is a coalescence growth mode Lett. 1992 68, 2358-2361.

.\\/ which results in a bimodal distribution of particles (2 and
14 nm) (Figure 8§ The intermediate stage of finite clusters

@ Fe of the 2 nm particles is visible in electron micrographs

Q rt (Figure 9a). As a result, the ZFC magnetic susceptibility

curve for the as-prepared sample shows several kinks at 40,
60, and 100 K, indicative of collective switching of the

o \ clusters. In the case of CoPTOPO the ligand is more

0 strongly bound to the surface, which prevents the coalescence

process from occurring. Thus, only large aggregates of 2 nm

Conclusions
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cluster complex formation (CeOA, Fe—OA, and Co- ticles also tend to aggregate. The latter system apparently
TOPO), especially when a high concentration of ligand is has a coalescence growth mode that results in a bimodal size
used. This process occurs via oxidation of metal centers anddistribution.

provides a digestive ripening mechanism that competes with

Ostwald ripening during nanoparticles formation. This
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