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FIG. 3. Size selection by acetone treatment. (a} Product 1, (b} product 3, and
{c) product 5.

pendent steric and van der Waals forces support our interpre-
tation and sugpest that the size sorting process would have
taken place due to reversible coagulation at the secondary
minimum.

B. Magnetization measurements

Figure 4(a} shows the zero field cooling (ZFC) and field
cooling (FC) magnetization measurements, normalized to the
magnetization at room temperature, on the magnetite
samples obtained after size selection. The measurements
were carried out in the temperature range from 300 to 5K
and an applied field of 100 G. The results confirm the effec-
tiveness of our methed for nanosize size sorting. A blocking
temperature 7, , considered as the temperature at the peak of
the ZFC magnetization, which decreases with particle size is
observed. The T, for samples with average particle diameter
of 9,7.2, 5.9, and 4.5 nm were 60, 30, 17, and 7 K, respec-
tively. The observed trend was expected from the anisotropy
energy of Fe;Oy that is a function of the volume of the
particles. In tum, the value of magnetization at ZFC at the
lowest temperature, 5 K, was close to zero for the biggest
particles that would suggest that most of them are blocked.
However, this was not the case for the suspension with the
smaller sizes, which indicates that a significant fraction of
the particles was still superparamagnetic even at 5 K. This
behavior also explains the difference in the coercivity at tem-
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FIG. 4. ZFC and FC measurements (a) and comresponding hysteresis loops
at 5 K, (b}, for magnetite particles of various diameters, D.

peratures below T, for powders of different average sizes,
Fig. 4(b); at 5 K the coercivity was 235, 157, and 56 Qe for
9, 7.2, and 4.5 am particles, respectively.
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The dimeric Cz oxides were synthesized from C70/C7O mixed powder by hydrothermal treatment at 373 K
for 12 h in aqueous NaQH solution. In this treatment, nucleophilic OH™ ions are abundant and nucleophilic
addition reactions were considered to synthesize dimeric fullerene oxides. The yield was estimated as ca.
2—3% summing up each isomer and also produced polyoxides, it is lower than that of Ci»O. Three isomers
of C14,0 were isolated using High Performance Liquid Chromatography (HPLC) and characterized with UV —
vis, FT-IR, and '*C NMR and other methods. The results of these methods show a close similarity between
Cis00 and C 200 and support that our Cj4Q samples exhibit the structure of conventional furan-bridged
dimers. On the basis of the results of *C NMR and PM3 calculations, structure assignments for each sample

were attempted.

1. Introduction

Fullerene oxides are one of the simplest fullerene derivatives
and they indicate interesting reaction behavior during synthesis
of dimeric species. The synthesis of the dimeric fullerene oxides
such as Cj200 was stimulated by the discovery of the odd-
numbered clusters C 9 in mass spectra of C50' ™ and Taylor’s
proposed mechanism for the generation of Cijo via thermal
decarbonylation of Cg0Q and addition of the resultant Csq to
Ceo? In fact, C 300 has also been synthesized with a mixture
of Cee/CepO%~" and Gromov et al. reported the production and
characterization of C|1s synthesized from Cj30 in large
quantities.! We also succeeded in the synthesis and isolation of
dimeric fullerene oxides such as Cj2Q and three isomers of
C360.? However, in the earlier reports, the synthesis of Cj400
using the Cyy oxides was not accomplished.’ The reason for
this was attributed to weak bonding between Cy and the oxygen
of C10. Nevertheless, the presence of dimeric Czo oxides in
the MALDI-TOF mass spectra of Cy0O suggested the possibility
of existence of Ci1Q.!" We believe that CrO could be
synthesized in large quantities and may lead to the synthesis of
Ci3s. The less symmetrical Cro is expected to yield less
symmetrical dimers that have complicated structures but have
interesting properties. In this work, we report the synthesis of
dimeric Cyp oxides in large quantities using hydrothermal
rreatment of C1/C30 mixed powder in high pH water®!? In
the hydrothermal treatment, nucleophilic OH™ ions are abundant
and nucleophilic addition reaction stimulated the synthesis of

* To whom correspondence should be addressed.

dimeric fullerene oxides as in Ci20.'% At first, OH™ ion attacks
CO and yields intermediate C7yOHO™. Then C7OHO™ reacts
with neighboring Czg to form (Ca0OHO—Cy0)~. After electron
transfers within {CzgOHO—Cyp)™, finally Cys00 is formed
releasing OH~ ion. Detailed formation mechanism of dimeric
fullerene oxides in hydrothermal treatment is described in ref
9. Hydrothermal treatment can also synthesize water-soluble
fullerenes that are believed to be poly-hydroxylated fullerenes,
in the case that highly oxidized fullerenes are used as starting
material. In this experiment too, water-soluble Cy might be
synthesized; however, the solution containing the species was
removed at the stage of hydrothermal treatment and was not
considered for further analysis. Detailed information about the
synthesis of water-soluble fullerenes is described elsewhere.?
Furthermore, we succeeded in isolating three isomers of €300
that were characterized and investigated with several spectro-
scopic methods.

2. Experiment

2—1. Synthesis and Isolation of Dimeric Cqy Oxides.

The fullerene Cyg used in this experiment was extracted and
isolated from the fullerene soot synthesized by the arc discharge
method using a Soxhlet extractor and HPLC with a Buckyprep
column (with a diameter of 20 mm and a length of 250 mm,
Nakarai Tesque Co. LTD, Japan) for separation. The purity of
the starting material Czy was higher than 99%. Then, Cq was
oxidized by dissolving in toluene and bubbling with ozone. Cyy/
Cx0Q powder was produced by pouring the C3/C7C toluene
solution into methanol. Later, dimeric Cy oxides were synthe-

10.1021/jp0139989 CCC: $22.00 © 2002 American Chemical Society
Published on Web 04/05/2002
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Figure I. HPLC charts of toluene solution of (a) starting Cso, (b) Cro
after ozone bubbling, and (¢} C2/C70 mixture after hydrothermal
treatment (Cosmosil Buckyprep column, toluene elution, 330 nm
detection).

sized through nucleophilic addition reaction by heating the
powder at 373 K for 12 hours in an aqueous NaCH solution of
pH 13 or higher. After HPLC analysis with a Buckyprep column
{diameter of 4.5 mm and a length of 250 mm) and mass analysis,
the product was dissolved in toluene, and a rough separation of
dimeric Cyg oxides from Cy/Cq00 and the isolation of three
isomers of Cy500 were carried out.

2—2. Characterization.

Matrix-Assisted Laser Desorption/Ionization Time-Of-Flight
(MALDI-TOF) mass spectra of each sample were measured with
a pulsed N; laser (337 nm) using 9-nitroanthracene as a matrix
(REFLEX 11l model of Bruker Co. Ltd., Germany). Absorption
spectra were measured using a UV—vis spectrophotometer
(U-3300 of HITACH! Co. Ltd.). Infrared absorption (IR) spectra
were obtained from powder sample embedded in KBr pellets
using FT-200 (HORIBA Co.) with resolution of 4 cm™!. Raman
spectra were obtained by dropping the sample dissolved in
ODCB solutions on brass target and evaporating the solvent.
The spectrometer was of type T64000 (Dilor-Jobin Yvon-Spex
Co.) with 2 514.5-nm wavelength Ar ion laser (Leonix Co.).
Finally, ’C NMR spectra were obtained at 125.76 MHz with
Cryoprobe DRX500 FT-NMR spectrometer of Bruker. For the
measurement, 0.4 mL of saturated solutions (ODCB-d4) of
C1300 isomers were prepared in 2 5-mm NMR tube with ca. 16
mM Cr(acac); for paramagnetic relaxation enhancement. Al-
though these samples were not enhanced with 3C, we succeeded
in acquiring good spectra with Bruker Cryoprobe. Normal
acquisition, resolution enhanced, and spin—echo spectra were
used for the identification of the peaks.

3. Results

3—1. Synthesis and Isolation.

Figure I a and b show the HPLC charts of Cp and C2o/C74Q,
(n > 2) synthesized by ozone bubbling, respectively. New peaks
were recorded showing the existence of Cyg oxides. Ci400 was
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Figure 2. HPLC chart and MALDI-TOF mass spectrum {9-nitroan-
thracene was used as a matrix) of roughly separated dimeric Cr oxides.
Relative intensities between monomeric species and dimeric species
are different between HPLC chart and mass spectrum. This is caused
by fragmentation of C4C in mass spectrometer. HPLC chart shows
more reliable data for quantitative analysis.

synthesized using the obtained C7/C7O, as the starting material.
Figure t¢ shows the HPLC chart of the substance resulting from
hydrothermal treatment. Though the intensities were small, new
peaks with long retention time were recorded. The intensities
of these new peaks were very low and close to the detectable
limit of our HPLC apparatus. Therefore, under the hypothesis
that these peaks originate from dimeric Cyy oxides and their
isomers. this region was roughly separated from C/C7O,
monomer species using HPLC. Then, the sample was evaporated
and analyzed using HPLC and MALDI-TOF-MS (Figure 2).
C1400 has been predicted to have seven isomers by Fowler et
al. (Figure 3),' and the HPLC analysis showed several peaks
suggesting the presence of isomers. On the other hand, not only
the presence of Ci400 but also Ci50a or higher oxides were
inferred from the MS analysis of the sample. From these
experimental results and the theoretical prediction, this region
was believed to include many isomers and polyoxides of C 4,0,
for example, C2002. To examine these polyoxides, we attempted
to synthesize Cy400 from material free of C70; prepared using
HPLC. Nevertheless, the resulting substance did not show any
difference, suggesting nonparticipation of C70; in the reaction.
We believe that this was due to the low stability of C700,. With
the thermal energy acquired during the experiment, Cz(2 could
casily dissociate to CyO or Cyo by releasing oxygen atom. The
yield of dimeric Cy oxides was estimated as ca. 2—3% summing
up the peak area represented by each isomer and polyoxides in
the HPLC profile. We believe that the low yield and long
retention time prevented the discovery of C 530 in the earlier
studies.'?

Figure 4i shows HPLC charts of isolated isomers of C4,0
marked with A—C in Figure 2. In this figure, HPLC charts of
Cr100(A) and (B) do not show any difference except for their
respective retention times. On the other hand, the peak of Cap
was recorded only in the chart of C40(C). To remove this
peak, we repeated HPLC separation for C390(C); however,
complete removal of the same was impossible. From the above
results, we believe that C4O{C) is an unstable isomer in
comparison to A or B. Then, C4,0(C) was believed to have
dissociated in the process of HPLC separation or during
evaporation after HPLC.

Figure 4ii shows MALDI-TOF mass spectra of isolated
isomers of C300. Similar to the HPLC result, there was no
remarkable difference between mass spectra of Cjap0(A)
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Figure 3. Seven isomers of C4Q with their individual symmetry.
dEm means relative energy in kJ mol™! cafculated with the MNDO
model by Fowler et al., and the reliable *C NMR patterns of intensities
are shown. As for the numbering of carbon atoms in Cx [C(1)—0—
C(1), C(2)~C(2), etc.], refer to Figure 10.
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Figure 4. HPLC charts and MALDI-TOF mass spectra of isolated
isomers of Cia00.

and(B); however, mass spectrum of Ci0O(C) showed less
intense mass peak of C7)Q and more interise mass peaks of poly-
oxides of C70 and C 400 in comparison to that of Cyi00{A)
and (B). From these results, we conclude that the oxygen atom
in C14oC) easily dissociates and attaches to an adjacent
molecule compared to C400(A} and (B).

3-2. Electronic Absorption.

The UV—vis absorptien spectra of each of the isomers of
C 200 were similar to that of Cyo, but the bands are broadened
and shifted. These differences may result from the less sym-
metrical structure of C100. The onset seemed to be at slightly
longer wavelength compared to Csa. In Ci40.'> the HOMO—
LUMO gap has been ascertained both theoretically and experi-
mentally to be smaller than Cyy. CjayO could also be expected
:0 have smaller HOMO-LUMOQ gap compared to Cyy. Typical
:endencies were also observed in the spectra of other dimeric
fullerene oxides such as Cy2y0 and Cj30.
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Figure 5. UV—vis absorption spectra of isolated isomers of Cia0O
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Figure 6. FT-IR absorption spectra of isolated isomers of CiaO (upper
three spectra} and Cyo {bottom).

3-3. Vibrational Spectroscopy.

Figure 6 shows FT-IR spectra of isolated isomers of CaQ.
Each isomer showed peaks similar to that of Csu; however, they
were shifted and split. This is caused by the reduced symmetry
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Figure 8. Raman spectra obtained by Ar ion laser excitation at 514.5
nm from isolated isomers of C,400 (upper three spectra) and Con
(bottom).

and perhaps the interaction between the two Cyg cages. The most
remarkable difference between the isomers of C 440 and Cyg is
the existence of peaks in the range from 1000 to 1150 em™".
Peaks in this range were considered to represent C—Q—C
vibration of dimeric fullerene oxide and were alsa observed in
the IR spectra of C 3200 and C,300.3**® This result suggested
that C400(A), (B), and (C) have the structure of conventional
dimeric fullerene oxides, which are furan-bridged. The theoreti-
cal IR spectrum for €400 isomer 2 calculated with Hyperchem
is shown in Figure 7 and exhibits a good agreement with
experimental spectrum. In this theoretical spectrum, there are
roughly three groups of lines: groups at around 600, 1100, and
1400 cm~'. The grovp at 1100 cm™! basically corresponds to
C—0—C stretching modes of the furan connection between the
Cg balls. The others are C—C modes within the Cy units. The
group at around 600 cm™! corresponds to radial motions, and
the one at around 1100 cm™! corresponds t¢ the motions on
the Cop surface. This calculation should also support the furan-
bridged structure of Cj 30 samples. Furthermore, the peak
profile of C5O{B) in this C—O—C range seemed different from
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Figure 9. 12576 MHz “C NMR spectrum of C0O(A) in o-
dichlorobenzene-d4 with Cr{acac); for paramagnetic relaxation en-
hancement. This sample was not enriched in '*C. This spectrum was
obtained with normal acquisition without 1H decoupling. Repetition
time was 3 s and experimental time was 24 h. Peak assignment was
done by comparing this spectrum and spin—echo spectrum.

that of C40O(A) and (C). This should be related to different
C-0~C vibration modes in each isomer, caused by different
junctions between two Cy cages. This may be used for the
structure assignment of each isomer and will be discussed in
section 4— 1. In addition, split peaks of each isomer in the range
of small wavenumber (500—1000 cm™') were different from
each other. It is well known that IR spectra are related to the
structure or the symmetry of substance. Therefore, these
differences suggested that the structure of each sample was
different.

Figure 8 shows Raman spectra of isolated isomers of C)4,0.
Showing a similar trend with FT-IR, peaks of Cy4y0 isomers
in Raman spectra were shifted and split compared to that of
Cm. In each spectrum, there were slight differences in the
relative intensities of each peak, but not as large as observed in
FT-IR spectra. In dimeric fullerene species, it was reported that
new peaks related to intercage vibration modes'* ™" were
observed in the region around 100 em™'. Therefore, the existence
of peaks in this region could support the dimeric structure of
our samples. However, we could not obtain retiable data because
of bright lines of the Ar ion laser.

3—4. NMR Measurements,

The '*C NMR spectrum of CyaO{A) is shown in Figure 9,
and assigned resonances (37 peaks) are numbered and listed in
Table 1. This spectrum corresponded to a single isomer of
C1400. The presence of other dimeric species as impurities was
discarded because of the absence of any peaks in the sp3 region
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Figure 10. Structure of Cy with labeling to show the reaction site.
The numbering is used to define the longitude and the letters a, b, ¢,
etc. are used to define the latitude moving from west to ¢ast. Among
eight possible reaction sites (1—1a, 1-2,2-3, 3—3a, 3—4, 4—4j, 435,
and 5—>5a), the sites that have “formal double bond” are only 1 -2 and
3—3a. 1~2 is called “polar” and 3—3a is called “tropical”.

TABLE I: ¥C NMR Data for C;,qO(A) in ODCB-d4

no. ppm integral no. ppm integral
1 16232 4,00 20 147.03 4.04
2 154.4 3.92 21 146.06 432
3 151.71 388 22 146.03 4.76
4 151.47 412 23 145.16 396
5 151.25 1.92 24 144.14 4.56
6 150.94 4.60 25 143.92 4.68
7 150.91 388 26 143.83 4.68
8 150.91 444 27 143.67 4.68
9 150.29 392 28 142.25 184
10 149.9] 4.08 29 140.36 4.04
11 149.7 4.44 30 137.26 4.20
12 149.56 4.64 31 133.66 4.08
13 149.36 5.00 32 132.54 0.76
14 149.31 420 33 131.77 344
15 148.72 4.20 34 t31.61 240
16 147.78 384 35 131.26 1.52
17 147.57 2.52 36 94.36 1.60
18 147.46 5.68 37 70.07 1.88
19 147.4 4.84

of the spectrum except of the two peaks originated from
CraO(A). The numbers of NMR peaks for isomers | and 2
were predicted to be 37 by Fowler et al. (Figure 3).'* Therefore,
C1a0O(A) was considered to be either isomer | or 2. The only
difference between isomer 1 and 2 is the position of the oxygen
atom. In isomer 1 and 2, the oxygen atoms are attached to carbon
atom no. 1 and 2, respectively, as shown in Figure 10.
Figure 11 shows the C NMR spectrum of Ci40(B), and
139 NMR peaks are numbered and listed in Table 2. Large
solvent peaks are considered to hide one of 140 peaks, The peaks
of one major isomer and minor isomer(s) were found from the
spectrum. From the peak integrals, concentration of the minor

J. Phys. Chenm. B, Vol 106, No. 17, 2002 4387

TABLE 2: ©C NMR Data for C14O(B} in ODCB-d4

ppm | ppm H ppm I
162.90 | 148.21 1 144.26 1
161.96 1 148.15 1 144.23 1
157.46 | 147.80 1 144.06 1
155.65 1 147.74 3 143.96 1
154.84 1 147.61 1 14391 1
154.47 1 147.58 3 143.89 I
154.16 1 147.53 2 143.83 1
152.03 1 147.47 ] 143.74 1
152.01 1 147.42 i 143.35 1
151.85 1 14727 2 142.66 1
151.62 3 147.22 1 142.24 1
151.39 1 147.14 1 142.01 1
151.06 3 147.11 ] 141.82 1
150.96 1 146.92 ] 141.16 1
150.89 ! 146.83 I 140.66 1
150.75 l 146.78 1 140.31 1
150.69 1 146.67 1 137.20 1
150.36 1 146.52 1 137.13 1
150.20 2 146.38 1 133.86 1
150.10 1 146.33 1 133.66 i
150.02 | 14627 2 132.37 1
150.00 1 146.21 1 132.00 1
149.91 1 146.19 1 131.77 1
149.80 1 146.16 1 131.75 1
149.78 1 146.07 1 131.65 1
149.74 1 146.04 2 131.53 1
149.73 1 14593 1 13138 1
149.66 1 145.45 i 131.34 1
149.58 1 14544 1 131.15 1
149.50 i 145.27 1 130.94 I
149.45 3 145.18 1 £30.99 1
149.41 1 145.16 ] 130.14 1
149.36 1 144.94 ] 130.09 1
149.33 i 144.78 1 126.96 1
150,31 ! 144.69 2 125.83 1
149.28 1 144.53 1 94.79 1
149.23 1 144.48 1 90.59 1
148.88 1 144.44 1 72.95 1
148.82 3 144.38 1 67.99 1
148,58 1 144.36 1
148.34 1 145.29 1

isomer was estimated to be 10—15%, but it was impossibie to
count the number of peaks as most of them were hidden in the
major peaks. In the theoretical prediction by Fowler et al,
isomers that have 140 peaks were isomers 4 and 5. Similar to
isomer | and 2, the only difference between isomers 4 and 5
was the position of oxygen atom.

Unfortunately, the S/N ratio of *C NMR spectrum of
C1200(C) was not high enough to count the number of peaks.
This was due Lo low stability of CsO(C), which precipitated
in a few hours at the concentration necessary for NMR
measurements. Nevertheless, we found that C1490(C) has at least
60 NMR peaks.

sp3
| L
95.0 90.0 85.0 800 75.0 " ppm
oDCe
1,2y (3.6) (4.5)
5p2 Cs0 u
1] 1 L AL ].I].l
160.0 155.0 150.0 145.0 140.0 1350 130.0 ppm

Figure 11, 125.76 MHz "C NMR spectrum of C140O(B) in o-dichlorobenzene-d4 with Cr(acac); for paramagnetic relaxation enhancement. Also,
this sample was not enriched in 13C. Repetition time was 3 s and experimental time was 56 h. Large peak at 143.29 ppm is attributed to Cg as

contaminant.
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4. Discussion

4-1. Structure of Cy40.

Theory predicts that Cy.400 should have seven isomers (Figure
3). The formal double bonds in Cso are limited to its capping
region and are classified into “polar” double bonds and
“tropical” double bonds named in ref 14. The former radiates
from the pentagon of the 5-fold axis, and the latfer links the
circuit of five pentagons. From the combination of these two
formal double bonds. the alternative direction of Cyg and the
position of the oxygen atom, seven isomers are possible.

From the NMR measurements, it was clear that CaO(A}
should have the structure of isomer 1 or 2, Since isomer 1 and
2 have the same Cz,. symmetry, it was difficult to distinguish
one from the other even with Raman or IR spectra as much as
NMR spectra. According to the MNDO calculation by Fowler
et al., isomer 2 has a more favorable structure (see Figure 3,
dEm (isomer 1) = 0.8, dEm (isomer 2) = 0.0). Energetically,
the difference between them is marginal and it is risky to
determine the structure only from theoretical calculations.
Further, the theoretical calculation cannot explain the reason
for the synthesis of only one of the isomers 1 or 2 {or 4 or 5)
in large quantity. By the way, Lebedkin et al.!® has already
succeeded in the synthesis, isolation, and structural detenmination
of dimeric Cro, that is, C\a9- They also considered two structures
from the result of NMR measurements. Nevertheless, they
succeeded in the structural determination from the well-known
structure of Cyg crystal. In our case, structural determination
was very difficult as there is no structural information on Cao/
C10, mixed crystals available.

Here, we propose the possible structural assignment based
on the position of the oxygen atom in Cj400. As a matter of
fact. C2O is needed for the synthesis of C1400. Only two types
of C70 can be synthesized with almost equal yield.2"2* One
of them is of (1,2) type and the other is of (3,3a) type (see
Figure 10). According to several theoretical calculations, 323
the most stable isomer of Cy,O is {5,5a) type, though the reason
is unclear. The (1,2 and (3,3a) type isomers are produced during
synthesis. For the synthesis of C 400, one of two C—0 bonds
in C740 should be broken. But in the case of (3,3a) type, these
two bonds are symmetrical and equivalent to each other. Thus,
the selectivity of the breaking bond does not affect the
subsequent structure of Cy400. On the other hand, the (1,2) type
also has two C—0O bonds; however, they are not equivalent. In
our semiempirical PM3 calculations using €8 MOPAC software
equipped in CS ChemBats3D Pro, the bond lengths do not show
a clear difference (0.1424 nm for C(1)—O bond and 0.1425 nm
for C(2)~0 bond). However, the Mulliken charges are different,
0.08485e for C(1) and 0.07571e for C(2). Also in other
calculation methods such as AM1 and MNDQO, the charge of
C(1) is higher than that of C{2) though the absclute values are
different from the PM3 method. In the synthesis of dimeric
fullerene oxides through hydrothermal treatment, the formation
of dimeric fullerene oxides has been proposed through the
nucleophilic addition reaction. As it is well known, nucleophile
(in our case, OH™ jons} attacks preferentially the positively
charged portion of the molecule in the above reaction. Therefore,
we believe that OH™ ion tends to aftack the C(1) atom, which
has higher charge, and to break the C(1)—O bond rather than
the C(2)—0 bond. Taking this into account, we propose that
C,1c0( A) contains the shructure of isomer 2.

Also for Cp400(B), two structures were considered from NMR
measurements. Complete structural assignment was impossible
for the same reason as in Ci3p0(A). Nevertheless, we suppose
that the structure of C 40Q(B) corresponds to isomer 4 for the
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reason mentioned above. However, this assignment does net
match with the energetic calculation by Fowler et al.'¥ The
energetic difference between isomer 4 (dEm = 3.9) and isomer
5 (dEm = 3.5} is marginal. Isomer 4 and 5 could be formed
from (3.3a) type C0O that has symmetrical C—O bonds.
Therefore, on the basis of simple calculation, the ratio of yields
between isomers 4 and 5 should be 3:1. This calculation is under
the hypothesis that equal amounts of (1,2) type C70 and (3.3a;
type Cy0 are included in the starting material, (1,2} type C1O
yields isomer 4 only, and (3,3a) type C#0 yields both isomer
4 and 5 in equal efficiency. In this study, only the species
marked with A, B, and C in Figure 2 were isolated and
investigated. 1t thus appears that isomer 5 was not found;
however, we believe that it should exist in the sample after
hydrothermal treatment.

Unfortunately, the 3C NMR spectrum of Cy4yO(C) could not
be obtained with high S/N ratio. Therefore, perfect structural
determination of C;400(C) was impossible. However, we can
propose the structure by interpreting FT-IR spectra. In the
C—0-C vibration region, CisO(A) and (C) have similar
profiles with three major peaks and three minor peaks, but
C49O(B) was different and free of minor peaks. These differ-
ences were considered because of the difference in the junction
hetween two Cyy cages. In Cr0O(A), namely, isomer 2 (or 1),
the junction can be described as (1,2)/(1,2) [or (2.1)4{2.1)]. On
the other hand, in C40(B) (isomer 4 or 5), the junction can
be described as (1,2)/(3,3a) or (2.1¥/(3,3a). Therefore, the split
of peaks in Cy4O(A) and (C) in the C—O—C vibration region
could be attributed to the junction at the (1,2) site in Cyp. These
types of junction have relatively higher symmetry. Among all
seven isomers, the ones that have the above junction were
isomers 1, 2, and 3. The number of NMR peaks for both isomer
1 and 2 is 37. As mentioned above, at least 60 NMR peaks
were found in the spectrum of Cy400(C). This suggests that
Ci400(C) could not have the structure of isomer | or 2. From
this elimination method, we believe that Cj4O(C) has the
structure of isomer 3. This unstable isomer was predicted to be
relatively stable in the theoretical calculation by Fowler et al. ™
Unfortunately, we cannot provide a clear interpretation for this
discrepancy, but the predictions of Fowler et al. for various
dimeric fullerene oxide species were usually confirmed by
experiment.

In summary, the C NMR measurements provides firm
evidence that (1) C1400(A) corresponds to the structure of isomer
1 or 2 and {2) Ci40O(B) corresponds to the structure of isomer
4 or 5. On the other hand, from PM3 calculation for Mulliken
charge distribution and from FT-IR measurements, we con-
cluded that C140Q(A) and (B) correspond to the structure of
isomers 2 and 4, respectively. Furthermore, C140Q{C) has the
structure of isomer 3.

4-2. Alternative Method for the Synthesis of C40.

In this paper, we used the hydrothermal treatment for the
synthesis of dimeric fullerene oxides. However, several other
methods have been already reported for the synthesis of dimeric
fullerene oxides.*? Among them, we attempted Lebedkin’'s
method where Ceo/CinO mixed powder is heated to 473 K in
an Ar atmosphere.* At first, the C3/CyO, starting material was
heated to 473 K under similar experimental condition as in the
case of Cy0. From the resulting substance, HPLC and mass
peaks of Ci40O were observed. However, a large part of
substance was insoluble in both toluene and o-dichlorobenzene.
Mass analysis suggested the substance to be polymeric Cyp
oxides, and the reaction temperature of 473 K was considered
10 be too high for Cy species. From the analysis of the products
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synthesized at various temperatures, the optimum temperature
for the synthesis of Cy49O was considered to be 423 K. Though
the yield of C)4;0 synthesized under this condition was slightly
higher than the hydrothermal method, the yield of inscluble
species was comparatively high. Cy is not so an abundant
fullerene as Cgo and also, the efficient conversion of polymeric
fullerene oxide species to its monomer is not known to date.
Therefore, we believe that our hydrothermal treatment is the
most suitable method for the synthesis of Ci40 from the
viewpoint of recycling unreacted Cy.

5. Summary

We have shown that Cy4:0 could be synthesized in large
quantity by the hydrothermal method which was used for the
synthesis of C;200. From summing the area of newly observed
HPLC peaks, the yield was estimated to be 2—3%. Cy4,0 can
also be synthesized with Lebedkin's heating method. However,
in this method, besides C 400, insoluble polymeric species were
also synthesized in large quantities. From the viewpaint of
recycling unreacted Cjg, the hydrothermal treatment was
preferred over the heating method. HPLC charts and mass
spectra showed the existence of polyoxides and the isomers of
Ct40O as predicted by Fowler et al. Three isomers were isolated
by HPLC and investigated by MALDI-TOF-MS, UV —Vis, FT-
IR, and Raman. These results showed the simiilarity between
Ca50 and Cy2y0 and support that our C 440 samples have the
structure of conventional furan-bridged dimer,

BC NMR measurements showed that the structure of
C1a0O(A) was the one of isomer ] or 2 and that the structure of
C14500(B) was the one of isomer 4 or 5. Complete assignments
of structures were impossible; however, we suppose that the
structure of Cj400(A) and (B) should be assigned to isomer 2
and 4, respectively, from Mulliken charge calculation. For
C1400(C). we suppose it to have the structure of isomer 3 from
the elimination method.
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Direct synthesis of fct-FePt nanoparticles was achieved by reducing platinum and iron acetylacetonates in tetraethylene glycol
(TEG) at 300°C. The particle diameter was between 5 and 10nm. The X-ray diffraction profile of the as-prepared FePt
particles exhibited the superlattice reflections (001) and (110}, which signified the tetragonality. The Hy of 31 kOe measured at
room temperature (RT) from hysteresis loss analysis confirmed the presence of FePt particles with fractionally ordered fct
structure which posses substantially high anisotropy. However, the RT coercivity was only 370 Oe due to strong magneltostatic

interaction of the particles. [{DOI: 10.1143/JJAP.42.L350]
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Considerable interest is being shown towards the chemical
synthesis of self-assembled, monodispersed and chemically
ordered L1, FePt and CoPt nanoparticles for the new
generation ultra density magnetic storage.'™ The ordered
L1y phase of these systems posses high magnetocrystalline
anisotropy (K,) and allows the use of thermally stable
particles with 4-5nm in diameter™ as the basic unit for
recording. The as-synthesized particles are reported to be
superparamagnetic, chemically disordered and fec in struc-
ture."” To obtain the L1y structure, the particles need to
underge annealing at temperature as high as 580°C.
However, annealing leads to the coalescence of nano
particles and restricts high-density recording. Therefore,
both from fabrication and grain growth perspective, it is
important to lower the phase transition temperature (T,).
Reasonable success has been achieved by adding a third
element (e.g. Cu, Sn, Pb, Sb, Ag and Bi) that lower the T,
through surface segregation.®” However, the reduction of T,
by above means has been limited and lowering below 400°C
still remains a challenge. In nanoparticles, surface energy
that constitutes large part of the total free energy can be a
significant factor in structure determination. In addition to
thermodynamic effects, reaction kinetics can be strongly size
dependent. Furthermore, the activation barriers to phase
transformations are relatively low in these very small
particles.®’ This phenomenon gives rise to complex coupled
growth-phase transformation behavior. For example, the
bulk cobalt is known to have fcc phase at temperatures as
high as 421.5°C. Authors in synthesizing cobalt metal
particles using the chemical route, namely modified polyol
process,””'? obtained the following: the particles chemically
svnthesized at temperatures as low as 195°C were found to
posses fce structure at micron size levels. When the reaction
kinetics was enhanced, the particle size was reduced to
stbmicron and even to few tens of nanometer. Along with
size reduction, the crystal structure also changed from fec at
micron size range, coexistence of fec and hep in the
svbmicron size range and to epsilon and hep cobalt at
nanometer size range.”’ The size reduction is a consequence
of fast reaction kinetics and so the formation of unstable
phases. Hence, we believed that during synthesis, the
nznoparticles seem to undergo the formation of unstable
phases and depending on the reaction kinelics, different

particle sizes and crystal structures can be realized. On the
other hand, if the reaction rate is slow, the formation of most
stable phase is realized.

In the case of FePt synthesis by using polyol process, Fe
as well as Pt ions has to be co-reduced. On the contrary to
Co case, the reduction of Fe alone is considered difficult in
polyol.'? However, as observed in the case of Co particle
synthesis, Pt ions not only reduced to Pt metal, but also
induced and accelerated the reduction of associated metal
jons.®’ Similar phenomena can be expected in the case of Fe
ions, and could lead to the formation of FePt alloy particles
using the polyol process alone rather than a combination of
processes.”” The FePt particles synthesized via chemical
route are reported to be superparamagnetic and chemically
disordered fcc structure. The ordered fet structure is the
stable phase and the chemically disordered fcc structure of
as-synthesized particles is thought to be a consequence of
the fast reaction kinetics. Therefore, it is believed that direct
synthesis of chemically ordered fct structure is possible
through finer control of the reaction kinetics.

The synthesis experiments were carried out using Fe and
Pt acetylacetonates. The standard synthesis procedure is as
follows: First, specified amounts of Fe and Pt salts were
dissolved in 100m! of glycol. Then, the solution was
transferred to a vessel with reflux attachment and placed in
an oil-bath and heated at a constant rate under gentle
mechanical stirring. Typically, the suspension was refluxed
at 195°C for three and a half hours to obtain FePt particles.

The particle morphology, composition, structure, and
phase transition temperature (7} of as-prepared FePt
particles were analyzed using high-resolution transmission
electron microscopy (HRTEM-Hitachi HF 2000), energy
dispersive X-ray spectroscopy (TEM-EDX), X-ray diffrac-
tion (XRD) (Rigaku-Cu-K, radiation), and differential
scanning calonimetry (DSC) (Rigaku DSC 8270) in N,
atmosphere from 50 to 700°C at a heating rate of 20 K/min,
respectively. The magnetization (M,) and coercivity (H.) of
unoriented assemblies of the nanoparticles were measured
using magnetic property measurement system superconduct-
ing quantum interference devices (MPMS SQUID) with
maximum zapplied field of 5T. The rotational hysteresis loss
was measured at room temperture (RT) by using a highly
sensitive torque magnetometer (Tamakawa, Japan) with
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magnetic field up to 25 kOe.

Depending on Fe and Pt acetylacetonate molar ratio,
particles diameter of about 4 nm and the composition of Fe
ranging between 40 and 60at% was obtained. Furthermore,
the XRD pattern revealed thar the as-synthesized particles
were of chemically disordered fce structure and the average
grain size was 3—4nm in diameter. However, by manipulat-
ing the reaction parameters such as, types of polyel, reaction
temperature and metal ion concentration (Polyol/Pt mole
ratio), on the premises that slow kinetics of the reaction
would give ordered FePt particles, we succeeded in
synthesizing partially ordered ferromagnetic FePt particles
with low T2. Especially the T, of FePt particles was found to
be very sensitive to the metal ion concentration (polyol/Pt
mole ratio). Under the optimum experimental condition in
EG, the T, was reduced to about 300°C.

Attempting the synthesis of fct-FePt particles directly,
experiments were carried out in TEG whose boiling point
(327°C) is higher than the T, of the particles synthesized in
EG. The T, of the FePt particles synthesized at 260°C was
around 280°C and suggested the possibility of structural
transformation during synthesis at temperatures above
280°C in TEG. XRD patterns of as-synthesized FePt
particles in TEG at 260°C [sample (a}] and 300°C [sample
(b)] are shown in Fig. 1. The presence of diffraction peaks
comresponding to the superlattice reflections (001} and (110)
in the XRD profile of sample (b) confirmed the tetragonality.
The particle diameter varied between 5 and 10 nm depending
on the reaction termperature and time and the particle
synthesized at 300°C is given in Fig. 2,

To confirm the presence of the ordered fct phase, the
intrinsic magnitude of uniaxial magnetic anisotropy field H
of the above sample was evaluated using rotational hyster-
esis loss anaysis method, which is reliable and well
established to determine the Hy of hard-disk media.'®
Figure 3 shows the rotational hysteresis loss W; plotted as a
function of applied magnetic field A for samples (a) and (b).
Here, Hy, was defined as the magnetic field obtained by
extrapolating the linear part of W, curve at high fields to
W, = 0. H; for the sample (a) was only 3.7kOe. However,
the sample (b) that was synthesized in TEG at 300°C showed
a value of 31kOe. Although the H, of a perfectly ordered
L1, FePt is reported to be as high as 116kOe,” the result
confirmed the presence of FePt particles with fractionally

Intensity (A.U)
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Fig. 1. X-ray diffraction patterns of as-synthesized FePt particles in TEG
at (a) 260°C and (b) 300°C.

Fig. 2. The TEM micrograph of FePt particles synthesized at 300°C in
TEG.
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Fig. 3. The rotational hysteresis loss W, plotted as a function of applied
magnetic field A for samples synthesized in TEG at (a) 260°C and (b)
300 C.

ordered fct structure which posses substantially high
anisotropy.

The magnetic hysteresis loops of samples (a) and (b) are
shown in Fig. 4. Though the saturation magnetization was
found to be as high as 40emu/g, the coercivity at room
temperature of the powder synthesized at 300°C was merely
370 Oe, in spite of the presence of fct phase. This was
believed due to strong magnetostatic interaction between
particles. The M plot of sample (b) showed a negative
maximum suggesting magnetostatic interaction between
particles. Considering the fact that the degree of magneto-
static interaction is proportional to the cube of the inverse of
grain size, and the grain size of the FePt samples were very
small, the magnetostatic interaction is suggested to be very
strong.

Furthermore, from the above magnetic measurements, K,
of sample (b) was evaluated to be 1.45 x 107 erg/cc. Thus,
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Fig. 4. Hysteresis loops of as-synthesized FePt particles in TEG at (a)
260-C and (b} 300°C. '

assuming the particle to be 7.5nm in diameter, the KV/T
will be around 80. This infers that the low coercivity is not
due to superparamagnetism, but due to strong particle
interaction. This is supported by the fact that the coercivity
of the particle at 10K was only about 1.7kQe. Thus, the
particles have to be dispersed for the application of the same
in magnetic recording. The work is in progress to achieve
the same. A detailed report on the synthesis technique and
the magnetic properties of particles prepared under different
synthesis conditions will be reported elsewhere.

We conclude that the control of the reaction kinetics
results in the reduction of T, in FePt particles. Platinum ion
concentration in the polyol was found to be one of the

parameters that retarded the reaction kinetics of the reduc-
tion process very effectively. The FePt particles prepared
under optimum condition were 5-10nm in diameter with
considerable fraction of fct phase with an anisotropy field of
31kQOe at RT. The direct synthesis of fct-FePt particles
would revive the interest and efforts towards achieving high
recording densities and in excess of 1 Tb/in? will be realized
in the near future.
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The possibility for direct synthesis of fct-FePt nanoparticles of the order of 3—4 nm in diameter
through the coreduction of iron and platinum ions in a polyol has been explored. We have succeeded
in the synthesis of face-centered cubic structured 3-4 nm diameter FePt particles whose
composition was very close to FegPts, The Fe:Pt ratio was influenced little by the molar ratios of
Fe and Pt acetylacetonate dissolved in ethylene glycol. However, depending on the polyol/Pt ratio,
the as-prepared samples were either superparamagnetic or ferromagnetic. The transition temperature
(T, and magnetic properties of the as-prepared FePt were very sensitive to the reaction conditions,
and the T, varied between 593 and 893 K and the particles were ferromagnetic. The as-prepared
FePt under the optimum condition had a T, as low as 593 K and A, as high as 1.11 kQe at an applied
field of | T at room temperature. Furthermore, when the as-prepared FePt nanoparticles with 7,
around 593 K were annealed at 673 K in H,/N. atmosphere for an hour they transformed to the
ordered fct (L 1,) structure with coercivity as high as 4.2 kOe at 300 K. This confirmed the lowering
of T, by the manipulation of the reaction condition alone. © 2003 American Institute of Physics.
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. INTRODUCTION

For high-density recording in thin film, magnetic grains
must be small, uniform in size, and isolated to reduce media
noise. Thus, only material that possesses large uniaxial an-
isotropy (K ) can resist thermal fluctuations. For this, chemi-
cally ordered FePt with L1, structure that possesses one of
the highest K, (about 10? erg/cm?), moderate magnetic mo-
ment and good corrosion resistance has been considered.
This opens up the possibility of storing one data bit in a
single tiny 3—4 nm diameter magnetic grain, and this has
been already demonstrated.! However, the as-prepared FePt
particles were superparamagnetic and have the face-centered
cubic (fce) structure, These particles have to be annealed at
temperatures as high as 853 K to make the platinum and iron
atoms transform into the face-centered tetragonal (fct) struc-
ture and retain magnetic orientation to be useful for record-
ing. This annealing step has been found to promote the sin-
tering of the ultra fine particles and hinder their performance
as high-density recording material. This has prompted re-
searchers to look for ways to reduce T, of FePt from disor-
dered to ordered state. Researchers have suggested the addi-
tion of a third element {e.g., Cu, Sn, Pb, Sb, and Bi) to lower
the T, through surface seggregation.™ In this article, we re-
port the synthesis of foc-FePt nanoparticles of the order of
3-4 nm in diameter by using the polyol process. Also, we
discuss the possibility for direct synthesis of fct-FePt par-
ticles by controlling the reaction kinetics of the chemical
Process.

*Electronic mail: jeya(@nid.earth.tohoku.ac.jp
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Il. EXPERIMENT
A. Synthesis of FePt particles

The synthesis experiments were carried out using Fe
acetylacetonate and Pt complexes without any further purifi-
cation. The standard synthesis procedure is as follows: First,
specified amounts of Fe and Pt salts were dissolved in 100
ml of ethylene glycol. Then, the solution was transferred to a
vessel with reflux attachment and placed in an oil-bath and
heated at a constant rate under gentle mechanical stirting.
During this stage, generaily, the pale yellow colored solution
turned colorless and finally black suggesting the formation of
FePt particles. Typically, the suspension was refluxed at 4683
K for three and one half hours.

B. Characterization

The phases produced in as-prepared FePt particles were
analyzed using x-ray diffraction (XRD) (Rigaku—Cu K« ra-
diaion). The morphology of the particles was examined by
direct observation via high-resolution transmission electron
microscopy (HRTEM-Hitachi HF 2000). The composition of
the as-prepared FePt nanoparticles was determined by energy
dispersive x-ray spectroscopy. The specific magnetization
(M,) and coercivity () of unoriented assemblies of the
prepared powders were measured at room temperature (RT)
in a maximum applied field of 15 T using a vibrating sample
magnetometer (VSM  Tamakawa model TM-VSMI1230-
HHHS). The phase transition temperatures of the particles
were determined using a differential scanning cal-
orimetry {DSC) (Rigaku DSC-8270) in a N, atmosphere,

1. RESULTS AND DISCUSSION

The polyol process has been used for the synthesis of
different types of metal particles with diameters of the order

© 2003 Arnerican Institute of Physics
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(a)

FIG. 1. The (a} TEM micrograph and (b} electron diffraction of the FeP1
particles synthesized in ethylene glycol.

of micron to submicron.* The authors have been working on
transition-metal particles and succeeded in the synthesis of
Co and Ni particles with diameters as small as a few tens of
nanometers.” Furthermore, in the case of Co particles, a
method was formulated to synthesize different crystal struc-
tures by controlling the reaction kinetics of the reduction
reaction in polyol.® As a result, it was confirmed that by
increasing the reaction kinetics, unstable crystal structures
such as e-Co and hcp-Co were formed. As opposed to the Co
case, the reduction of Fe is considered impossible in polyol.
However, as observed in the case of Co particle synthesis, Pt
ions not only reduce to Pt metal, but also induce and accel-
erates the reduction of associated metal ions.® Similar phe-
nomena can be expected in the case of Fe ions, and could
lead to the formation of FePt alloy particles using the polyol
process alone rather than a combination of processes.! It
should be noted that the selection of the Pt complex is an-
other important factor in the synthesis of Pt-based alloys.
The synthesis of FePt was attempted with various Pt com-
plexes. A Pt complex with a labile ligand such as hexachlo-
roplatinate does not form FePt. However, when Pt acetylac-
etonate was reduced in the presence of Fe acetylacetonate in
ethylene glycol, FePt particles were formed. It is believed
that the kinetics of Pt reduction reaction plays a vital role in
the synthesis of FePt. FePt alloys are known to form fcc
solid solution over almost the whole concentration range.
Around the equiatomic composition, annealing at compara-
tively low temperatures induces a transition from fece to fot.
Irrespective of Fe and Pt acetylacetonate molar ratio dis-
solved in ethylene glycol the composition of Fe ranged be-
tween 40 and 50 at. % with particle diameter about 3—-4 nm
as shown in Fig. 1{(a). The electron diffraction pattern of the
FePt particles is shown in Fig. 1{b}. Furthermore, the XRD
pattern revealed that the as-synthesized particles are of
chemically disordered fce structure and the average grain
size was found to be 5 nm. The authors believe that the
disordered structure is a consequence of fast kinetics of the
reaction during synthesis. The present experimental condi-
tions are favorable to induce a reduction reaction rate fast
enough to cause atomic disorder in the crystal structure. If
this can be controlled, the possibility of obtaining an ordered
structure becomes higher. Based on these premises, the
polyol/Fe ratio was decreased as a means to retard the reduc-
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FIG. 2. Relation between Pt concentration and transformation temperature
(7,) of FePt particles synthesized in ethylene glycol.

tion reaction. In other words, the concentration of Pt ions
was varied. The transition temperatures of the products were
determined by carrying out DSC studies from 50 to 973 K at
a heating rate of 20 K/min. The properties of FePt particles
such as 7, of the products were very sensitive to the
polyol/Fe ratio as shown in Fig. 2. Though a correlation be-
tween T, and ff, was observed, more experiments are needed
to confirm the same. However, at some optimum Pt ion con-
centration the T, was as low as 593 K, and the as-prepared
FePt nanoparticles were ferromagnetic with . of 1.11 kQe
in an applied ficld of 1 T. To confinn the reduction in T, , two
samples with T, of 657 and 825 K were annealed at 673 K
for three hours. The coercivity enhancement of the two
samples is shown in Fig. 3. The coercivity of the sample that
had the T, of 657 K increased from 153 to 1190 Oe, whereas
the sample with T, of 825 K increased from 106 to only 304
Oe in an applied field of 1 T. Figure 4 shows the hysteresis
loops of the sample with T, of 593 K for (a) as-prepared and
(b) annecaled at 673 K in H,/N, atmosphere for an hour. It
should be noted that annealing at temperatures as low as 673
K even without the addition of a third element transformed
the particles to the ordered fct (L1;) structure with coerciv-
ity as high as 4.2 kOe at RT. This confirmed the reduction in
T, between samples prepared at varying Pt ion concentra-

150 O as-prepared

B 673k, 3h

T, =657 K

T, =825K

FIG. 3. Enhancement of A, in FePt particles with different transition tem-
perature (T,) synthesized under varying Pt ion concentrations in ethylene
glycol.
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FIG. 4. The hysteresis loops of FePt with T, of 593 K for (a} as-prepared
and (b) annealed at 673 K in Hy /N, atmosphere for an hour.

tions and is considered due to atomically ordered islands
within the particle that triggers ordering even with less ther-
mal energy. Furthermore, by comparing the results in Figs. 3
and 4, it could be said that the atomically ordered fraction is
higher in particles with lower T,. It is believed that further
reduction in reaction kinetic will increase the ordered frac-
tion within the particle assembly and consequently lead to
direct synthesis of fct-FePt particles. Experiments aimed at

Jeyadevan ef al.

retarding the reaction kinetics through lowering the reaction
temperature, type of polyol, etc., are in progress.

1V. CONCLUSION

We conclude that controlling the reaction kinetics results
in a reduction of transition temperature. The FePt particles
prepared under optimum concentration were 3—4 nm in di-
ameter with T, of 593 K and A, of 1.11 kOe at RT. Pt ion
concentration in the polyol was found to be one of the pa-
rameters that retards the reaction kinetics of the reduction
process very effectively. Furthermore, it could be said that
regulating parameters such as reaction temperature and type
of polyol could pave the way for further reduction in trans-
formation temperature and consequently lead to direct syn-
thesis of fet-FePt.
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We report the synthesis and magnetic properties of CoPt nanoparticles by using the pelyol process.
Since the reduction potential of Pt is more positive than Co, Pt is easily reduced compared to Co.
Hence, CoPt nanoparticles were realized by coreducing cobalt and platinum acetylacetonate in the
presence of an appropriate amount of OH ions in trimethylene glycol. X-ray diffraction and
transmission electron microscopy studies showed that the as-synthesized CoPt nanoparticles had fec
structure and about 5 nm in diameter. Composition analysis reveals that the as-synthesized particles
are almost equiatomic CosyPts,. Magnetic characterization revealed that these nanoparticles are
ferromagnetic at room temperature, and that the magnetization and coercivity values were 8 emu/g
and 380 Oe, respectively. Differential scanning calorimetry studies showed that the ordering
temperature of the as-synthesized particles was only 550 °C (peak temperature}, against 825 °C of
the bulk. Annealing the CoPt nanoparticles above 550 °C induced ordering with enhanced magnetic
properties, © 2003 American Institute of Physics. [DOlL: 10.1063/1.1558259]

. INTRODUCTION

CoPt alloy is one of the candidates for high-density stor-
age media due to its high anisotropy (about 4
% 107 erg/cm?), good chemical stability, and corrosion resis-
tance. According to the phase diagram for bulk Co-Pt
allc:ys,I there are two atomic order—disorder transformation
regions, namely, the allotropic CoPt and CoPt;. Near equi-
atomic composition, it exhibits a disorder (Al phase)—-order
(L1, phase)} transformation below 825°C. The L1, phase
with an ordered fct structure is a hard magnetic phase with a
high magnetocrystalline anisotropy. Although most of the
syntheses to date have focused on thin films, synthesis of
nanoparticles by solution chemistry techniques is also gath-
ering momentum to produce Pt-based binary alloy nanopar-
ticles with controlled size and self-assembly.? However, the
solution chemistry technique cannot directly be applied to
synthesize CoPt nanoparticles. For example, the decomposi-
tion of Co;(CO), and reduction of Pt{acac); under condi-
tions similar to the synthesis of FePt has not yielded CoPt
nanoparticles.? On the other hand, the use of Co(CO);NO
instead of CO,(CO)g has been proved useful. However, this
process did not yield CoPt with high coercivity, even after
ennealing at 700°C.? Furthermore, in the reverse micelle
technique, strong reducing agents were used for synthesis of
CoPt particles.* However, the difficulty in handling metal
particles in aqueous media has prompied the search for alter-
native methods. Hence, we believe that a one-step process to
synthesize binary alloy nanoparticles in an organic medium
would be ideal. The polyol process is an efficient technique,
in which the solvent acts as a reducing and oxidation-
preventing agent in addition to the molecular or atomic level
control. However, there is no report claiming CoPt synthesis

“Electroni¢ mail; chins@cir.tohoku.ac. jp
biElectronic mail: jeya@nid.earth.tohoku.ac.jp
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by polyol process alone. Thus, in the present work, we intro-
duce the synthesis protocol for CoPt alloy particles by polyol
process and report their magnetic properties.

Il. EXPERIMENT
A. Synthesis

Cobalt acetylacetonate {0.01 M)/platinum acetylaceto-
nate (0.01 M) were dissolved either separately or together in
trimethylene glycol {TMEG) (200 ml) in a three-neck flask.
The appropriate amounts of NaOH were then dissolved in
this solution. The solution was placed in an oil bath and
heated to 195 °C with constant mechanical stirring and al-
lowed to reflux for a maximum period of 3.5 h at this tem-
perature. Intermediate samples were also collected for com-
position analysis. After refluxing for 3.5 h, the suspension
was allowed to cool to RT. The black precipitated particles
were isolated by centrifuging, and were then washed three
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FIG. 1. Effect of OH/Co ratio on the reduction of Co nanoparticles in
ethylene glycol.
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FIG. 2. (a}) TEM micrograph and {b) RT hystercsis loop of the as-
synthesized CoPt nanoparticles.

times with ethanol to remove the byproducts, As-synthesized
samples were annealed in a H, /N, atmosphere for a fixed
time of 60 min at different temperatures:

B. Characterization

The crystal structure of the as-synthesized and annealed
nanoparticles is studied by using x-ray powder diffraction
{XRD} (Rigagu Cu K radiation). The morphology was in-
vestigated by using transmission electron microscopy (TEM)
(acceleration voltage 200 keV, Hitachi HF-2000). The com-
position analysis was carried out by energy-dispersive x-ray
spectroscopy {EDX) attached with TEM. To find the ordering
temperature, differential scanning calorimetric (DSC, Rigagu
DSC-8270) studies were performed in N; atmosphere. Mag-
netic hysteresis curves were measured using a vibrating
sample magnetometer (VSM, Tamakawa model TM-VSM
1230-HHHS) in an applied field of 15 kOe.

HI. RESULTS AND DISCUSSION

Since the reduction potentials of Co and Pt are —0.28
and 1.2V, re:s;pec:tively,6 Pt is easily reduced compared to Co.
Hence, it is important to accelerate the reduction rate of Co
to materialize the synthesis of CoPt particles. Authors have
found that the reduction rate of Co could be enhanced by
introducing an appropriate amount of OH ions in polyol.”
Figure | shows the reduction time versus GH/Co ratio for the
synthesis of Co nanoparticles. Without OH ions, cobalt metal
precursor in ethylene glycol takes about 70 min to reduce to

Chinnasamy et 3/,
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FIG. 3. XRD pattern of CoPt nanoparticles annealed at (a) 500 and (o)
600 °C for 60 min in Hy /N; atmosphere.

Co. However, when the OH/Co ratio was 40, the Co ions
were reduced to Co in 120 s. This systematic shortening in
teaction time could be attributed to the speeding up of the
“reaction-rate-controlling step” invelved with the metal
formation.® Here, the dissolution of the intermediate could be
considered as the rate-controlling step. Therefore, the excess
of hydroxyl ions would have increased the solubility of the
intermediate, favoring a very quick generation of dissolved
Co species that are finally reduced into metal. Beyond the
optimum OH/Co ratio, dissolution of the metal precursors
takes place due to the high alkaline condition. XRID analysis
showed that the Co metal particles with an average grain size
of 15 nm had both hep and fcc phases, irrespective of OH-
ion concentration. The RT magnetization and coercivity val-
ues varied between 109 and 144 emw/g and 175 and 214 Qe,
respectively. Based on these results, CoPt nanoparticles were
prepared by the simultaneous reduction of cobalt acetylac-
etonate and platinum acetylacetonate in TMEG with appro-
priate amount of OH ions. Even though the individual Co
and Pt reduction time was short with OH ions, we allowed
the reaction to continue for 3.5 h, Composition analyses of
the intermediate samples demonstrated that the release of Co
jons increased with reaction time. TEM-EDX analysis of the
1- and 2-h synthesized samples has the average compositions
of CoypPtyg and Co,sPtys, respectively. After 3.5 h, the aver-
age composition of the nanoparticle was found to be almost
equiatomic.

The XRD pattern reveals that the as-synthesized par-
ticles have chemically disordered fcc structure, and the aver-
age grain size was found to be 4 (= 1) nm. The TEM mi-
crograph of CoPt nanoparticles in Fig. 2(a) showed an
average particle size of 4 nm. The electron diffraction pattern
also confirmed the formation of fcc CoPt nanoparticles. RT
magnetic studies showed that the as-synthesized CoPt nano-
particles have the magnetization of 8 emu/g and coercivity of
380 Oe, as shown in Fig. 2{b). This may be due to the minor
fraction of the particles having enough anisotropy to be fer-
romagnetic at RT. Around the equiatomic composition, an-
nealing at low temperature induces a transition from disor-
dered fcc to ordered fct (L1 type) structure. In order to
determine the ordering temperature, DSC studies have been
carried out from 50 to 800°C. The heating rate was 20
K/min. An exothermic peak was observed between 500 and
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FIG. 4. RT hysteresis loops of CoPt nanoparticles annealed at (a) 500 and
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570°C (peak temperature; 550 °C) represented that the or-
dering temperature of the as-prepared CoPt naznoparticles
was less than that of the bulk (825°C). Based on the DSC
results, as-synthesized CoPt nanoparticles were anncaled at
500 and 600 °C in H, /N, atmosphere for a constant anneal-
ing time of 60 min to transform the particles to the ordered
fct (L1g) structure. The XRD pattern of the annealed
samples is shown in Figs. 3(a) and 3(b). Increase in the in-
tensity of the superlattice peaks with temperature was due to
the increase in ordered volume fraction. The RT hysteresis
loop of the annealed samples is shown in Fig. 4. The coer-
civity values are 1.34 and 3.67 kQe for the samples annealed
at 500 and 600 °C, respectively. The higher vatue of coerciv-
ity was due to the presence of large number of fct crystals
that induced high magnetocrystailine anisotropy. The degree
of atomic ordering can be enhanced either by annealing at
low temperature for a longer period of time, or vice versa.

Chinnasamy et al. 7585

This was demonstrated as well by an enormous increase in
coercivity to 7.57 kOe, when the particles were annealed
700 °C in H, /Na atmosphere for 60 min, These results con-
firm that nanoparticle CoPt alloys can be synthesized by
modified polyol process alone.

IV. CONCLUSIONS

In summary, we have prepared CoPt nanoparticles by
using the polyol process alone. The as-synthesized particles
were ferromagnetic with magnetization of 8 emu/g and co-
ercivity of 380 QOe. DSC studies showed that the ordering
temperature was about 550 °C and that annealing above this
temperature induced high degree of atomic ordering and
magnetic properties. Studies are in progress to reduce the
ordering temperature to make these particles for magnetic
recording applications.
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A growth-assisted coprecipitation process is proposed to achieve highly magnetic Mn—Zn ferrite
particles. In this method, first, the particles were synthesized by coprecipitation under optimum
condition. Then, further enhancement in particle size was obtained by using the already prepared
particles as seed. The average crystallite size of the particles prepared by the proposed method was
12 nm. Furthermore, the magnetization at |1 T applied field was 50 emu/g compared to 37 emu/g of
coprecipitated particles. It should be noted that the Curie temperature of the particles remained
similar to the coprecipitated particles suggesting that the composition of the Mn—Zn ferrite particles
has not been affected by the modified synthesis technique. The gradient of the
magnetization-temperature curve was enhanced as a consequence of the rise in magnetization. These
particles could be used for the synthesis of temperature sensitive magnetic fluid with higher

magnetization and magnetization-temperature gradient.

[DOI: 10.1063/1.1543135]

. INTRODUCTION

The magnetic fluid (MF) is considered to have applica-
tions in the field of heat transfer in solar systems and cooling
of mechanical or electric heat sources. The Mn-Zn ferrite
nanoparticles that are the most temperature sensitive among
the mixed ferrites, is used in the preparation of temperature
sensitive magnetic fluid."? The temperature dependence
of magnetization is very sensitive to the chemical compo-
sition of the ferrite. This has been studied in detail and the
composition that showed the highest magnetization-
temperature  gradient has been reported to be
(MnO)y 4;(Zn0)q 15 Fe;03)q4, .| Thermomechanical analy-
sis of the MF suggests that the nonuniform magnetic field
soverns the thermoconvective processes and proper control
of the same could make the fluid a very effective heat carrier.
However, the Mn-Zn ferrite particles dispersed magnetic
fluid considered for the above application has a low-
magnetic volume force due to comparatively low magnetiza-
tion of the particles. Thus, to generate a considerable mag-
netic volume force, the magnetization of the particle has to
be enhanced. As the temperature sensitivity is decided by the
composition of ferrite, the enhancement of the magnetization
can only be realized through increasing the particle size. The
Mn-Zn ferrite synthesized by coprecipitation has the ten-
dency to form simaller sized particles with an average diam-
eter of around 9 nm compared to cobalt ferrite and magne-
tite. Thus, a technique to synthesis particles with larger
diameter that could still be dispersed in water or oil was
desired. 1t is well known that the particle size is closely
rzlated to the relative interdependence between the nucle-
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ation and growth steps, which in turn, can strongly be af-
fected by the solution chemistry and precipitation conditions.
In this article, we report the synthesis technique based on
heterogeneous nucleation to increase the average particle di-
ameter of Mn—Zn ferrite and thereby increase the magnetic
volume force of the temperature sensitive magnetic fluid.

Il. EXPERIMENT
A. Materials and method

All reagents were of analytical grade and were used
without further purification. In a typical run following the
conventional coprecipitation techniquee, 600 ml of a mixed
0.164 M Fe, 0.82 M Mn, and 0.36 M of Zn solution, was
continuously added into the reaction vessel containing 1.81
M NaOH dissolved in 1.5 liters of distilled water under con-
tinuous mechanical stirring at 500 rpm. The suspension was
sampled during the contact period to determine the reaction
time required for ferrite formation. The contact time of | h
was long enough to permit the dehydration and atomic rear-
rangement involved with the conversion of the intermediate
hydroxide phase into the spinel structure. Mn—Zn ferrite
nanoparticles prepared by this standard coprecipitation
method yields the maximum magnetization (M) of 37
emu/g. However, these nanoparticles are good enough for
limited applications and a fine control of the nanoparticles
diameter in the single domain region shouid favor the attain-
ment of higher magnetization. Then, to improve further the
magnetic properties of single domain Mn-Zn ferrite nano-
particles, the in situ growth of the ferrite particles in the
presence of Mn—Zn ferrite seeds was carried out.

© 2003 American Institute of Physics
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FIG. I. XRD pattens of Mn-Zn ferrite prepared under (a) the coprecipita-
tion method znd (b) the proposed method.

B. Characterization

The phases produced during the synthesis of Mn—Zn fer-
rite particles were analyzed using the x-ray diffraction
(XRD) method. The morphology of Mn-Zn ferrite particles
was examined by direct observation via high-resolution
transmission electron microscopy (Hitachi HF 2000). The
specific magnetization (M,) and coercivity (H,.) of unori-
ented assemblies of the prepared powders were measured at
room temperature in a maximum applied field of 15 kOe
using a vibrating sample magnetometer (Tamakawa model
TM-VSM1230-HHHS).

. RESULTS AND DISCUSSION

The heat transfer by conduction in a fluid having a tem-
perature pradient is accompanied by natural convection
caused by an inhomogeneous distribution of fluid density. On
the other hand, when a magnetic fluid (MF) whose magneti-
zation strongly depends on temperature is heated in a non-
uniform magnetic field, the magnitude of the magnetic vol-
ume force gy,M VH, which is also a function of the
temperature, will have an inhomogeneous distribution. This
induces additional convection termed as ‘*‘magnetic
convection.”” * The magnetization of the Mn-Zn ferrite par-
ticles depends on the chemical composition and diameter of
the particles.

A. Synthesis of coprecipitated Mn—2Zn ferrite

The properties of Mn-Zn ferrite nanoparticles synthe-
sized by coprecipitation depend mostly on parameters such
as reaction temperature, and the pH of the suspension. Thus,

TABLE 1. Experimental conditions and properties of Mn-Zn ferrite.

Metal
ion
feeding Average
Sample Cone. of rate, particle M,,
code seed, g/l moli size, nm emw'g
S 5 33
82 7.7 5x107? 9 37
s3 7.7 25%x107* 12 50
s4 175 1.5x1073 9 40.4
s6 3.75 1x1073 9 41.4
57 3.15 0.5x 1073 9 40.1
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FIG. 2. Hysteresis loops of Mn~Zn ferrite prepared under {a) the coprecipi-
tation method and the (b} proposed method,

the particles to be used as seed were synthesized under vary-
ing reaction temperature and pH conditions. The variation in
magnetization due to the variation in reaction temperature
between 80 and 95 °C was very marginal. Similar behavior
was observed in the case varying the pH. Thus, the reaction
temperature of 95°C and pH 12.0 was used to synthesis
Mn--Zn ferrite with the highest magnetization of 37 emw/g.

B. Synthesis of Mn—-2Zn ferrite by seeding

It is known that the particle size is closely related to the
relative interdependence between the nucleation and growth
stages, which in turn, can be strongly affected by the solution
chemistry and precipitation conditions. As long as the con-
sumption of metal ions for growing Mn-Zn particles is not
exceeded by the addition of the same into the solution, no
new nuclei form. Since the growth of any one particle is
similar to all others, the initial size distribution is largely
determined by the time over which the nuclei are formed and
begin to grow. The concentration of the metal ions in the
suspension at any time during synthesis has to be maintained
below the supersaturation concentration to facilitate growth
rather than nucleation. An alternative method to achieve
separation between the nucleation and growth steps is to use
foreign or alike seeds in the reaction media. Thus, in this
process, different concentrations of solids is dispersed in

—s— soeded
—s=—— co-precipitated

N

Ny
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FIG. 3. Thermomagnetization curves of loops of Mn~Zn femite prepared
under (a) the coprecipitation method and {(b) the proposed method.
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boiling sodium hydroxide and metal ions are introeduced in
such a flow rate to keep the concentration below the super-
saturation level. Authors have already applied this method
for magnetic property enhancement of cobalt ferrite and
achieved a coercivity of 4.3 kOe at room temperature.* Thus,
the flow rate of metal ions introduced to the reaction vessel
containing coprecipitated MnZn ferrite in boiling sodium hy-
droxide as seed, was varied between 5X107? and 0.5
X 107 mol/min, for two levels of seed concentrations.
Though a number of experiments were carried out to opti-
mize the condition, the important results are summarized in
Table I. The magnetization of the product synthesized under
seed concentration of 7.7 g/l and the metal ion feed rate of
2.5% 1073 mol/min was the maximum. The magnetization of
the ferrite was found sensitive to both seed concentration and
metal ion flow rate. The XRD patterns of the coprecipitated
and seeded samples are shown in Fig. 1. The average particle
size of the seeded sample was 12 nm compared to 9 nm of
the coprecipitated. Hysteresis loops of the Mn-Zn ferrite
prepared using the cenventional coprecipitation method and
the proposed method is shown in Fig. 2. The magnetization
rose from 37 to 50 emu/g. The enhancement in magnetiza-
tion has been attributed to the rise in particle size distribution
as suggested by the XRD analysis. As a consequence, a rise
in magnetization-temperature gradient of the sample could
be expected. The thermomagnetization curves of Mn-Zn fer-
rite samples are shown in Fig. 3. The Curie temperature of

Jeyadevan ef al.

the samples did not show any considerable difference sug-
gesting that the modified synthesis process has not affected
the composition of the ferrite. However, an enhancement in
the magnetization-temperature gradient was observed as an-
ticipated. Thus, organic solvent-based magnetic fluid with
higher-temperature sensitivity could be prepared by using the
ferrite particles prepared under the optimum condition as dis-
persant.

V. CONCLUSION

We have succeeded in synthesizing Mn—Zn ferrite with a
larger average diameter by growing the Mn—2Zn ferrite seeds
used to induce heterogeneous nucleation. As a result, the
average particle diameter and magnetization of the particles
increased from 9 to 12 nm and 37 to 50 emw/g, respectively.
The higher magnetization resulted in a higher magnetization-
temperature gradient and could serve as a potential candidate
for preparation of temperature sensitive magnetic fluid.
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