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Oxidatively stable magnetic cobalt nanoparticles were prepared by annealing cobalt nanopatrticles coated
with poly(styreneb-4-vinylphenoxyphthalonitrile) block copolymers. An oxygen-impermeable graphitic
coating around the cobalt nanoparticles was created during thermal treatment ‘@ @@fng to the
thermal decomposition/cross-linking of a polymer with a highly aromatic character. A variety of analytical
techniques were used to elucidate the physical properties of the pre-heat-treated and heat-treated samples.
The cobalt-specific saturation magnetizatiog) (ncreased from 81 to 173 emu’gCo upon heating of
the polymer-coated cobalt nanopatrticles. The pre-heat-treated sample readily oxidized, as revealed by
low-temperature magnetic susceptometry studies, whereas the heat-treated sample showed oxidative
stability for over 1 year. The mean cobalt particle size increased from 18.5 to 36.1 nm during thermal
treatment. Electron diffraction and X-ray diffraction revealed that the pre-heat-treated particles were weakly
crystalline, while the heat-treated particles were strongly crystalline. The dominant phase of the heat-
treated sample was determined to be face-centered cubic with other minor phases present (hexagonal
close packed and epsilon).

Introduction Fe). Cobalt has one of the largest magnetic susceptibilities
of these materials but it readily oxidizes upon exposure to
air, resulting in the antiferromagnetic cobalt oxide. Hence,
|coating of cobalt nanoparticles with an oxygen-impermeable
sheath is a necessary prerequisite for their potential use in

Magnetic nanoparticles are of considerable interest owing
to their potential applications in biomedicine and the
magnetic recording industry, for example. There are severa
current and potential applications for magnetic nanomaterials >’ X oo
in medicine including magnetic resonance imaging (MRI) Piomedical applications.

contrast agentsmagnetic field directed drug delivery sys- ~ Several research groups have prepared graphite-coated
tems23 biotoxin removal'® gene therap§? and magnetic cobalt nanoparticles, nanorods, and nanocapsules utilizing

fluid hyperthermiz Iron oxides (magnetite and maghemite) the Kraschmer-Huffman carbon arc process designed for the

have received much attention owing to their oxidative sta- — X
bility and biocompatibility: h ther t iti tal (4) Kaminski, M. D.; Rosengart, A. J.; Mertz, C. J.; Guy, S. G.; Xie, Y;
y patbiliity; however, other transiton metals Chen, H.; Finck, M. R.; Balasubramanian, V.; Caviness, P. L. In
and their alloys are also under investigation (Ni, Co, and Functionalized Magnetic Nanospheres for SelecRemeal of Blood-
Born Toxins Il: Preliminary DataFifth International Conference on
the Scientific and Clinical Applications of Magnetic Carriers, Lyon,
France, 2004; The Cleveland Clinic Foundation: Lyon, France, 2004;
p 83.
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synthesis of fullerene materiéist® The resulting materials
are reported to be oxidatively stable and chemically resistant,
which are desirable qualities if such materials were to be
used for biomedical applications. Harris et al. reported on
the impregnation of a pyrolyzed block copolymer comprised
of poly(vinylidene chloride) and poly(vinyl chloride) with a m
cobalt nitrate solution heated at 180Q for 2 h. Their 0 o
findings indicated that a small percentage (5%) of metallic
cobalt particles were encapsulated in graphite sHellemita

et al. reported that the transition metals (Co, Ni, and Fe) act
as catalysts in graphitization and their studies revealed the
beginning of a graphitic coating at 60C upon the annealing

of cobalt and diamond particles with electron beam radia- CN . N
tion.’” Yudasaka et al. studied the properties of nickel films

deposited on various allotropic carbon films. They concluded

that nickel can catalyze the formation of graphite from any  copalt Nanoparticle Synthesis. Cobalt nanoparticles were
organic precursor; however, the organic precursor governssynthesized by the additiorf @ g of dicobalt octacarbonyl into a
the temperature at which graphitization occlirs. reaction vessel containing 0.5 g of poly(styremé-vinylphenoxy-

Herein, we report on the physical properties of cobalt phthalonitrile) dissolved in 50 mL of deoxygenated toluene. The
nanoparticles prepared by the thermolysis of dicobalt octa- reaction was refluxed at 11€ for 5 h and the subsequent reaction
carbonyl in poly(styrené-4-vinylphenoxyphthalonitrile) co- product was placed into a capped vial and purged with dry nitrogen.
polymer micelles and subsequently heated at“TD@ create Toluene was removed from the sample under vacuum at’€00
graphite-coated oxidatively stable cobalt nanoparticles. Mag- for ~24 h (pre-heat-treated sample).
netic susceptometry, transmission electron microscopy, elec- Elevated Heat Treatment of Polymer-Coated Cobalt Nano-

. . . - particles. Approximatey 1 g of thedried cobalt-polymer complex
tron dlffractlon, X—ray diffraction, and small-angle X-ra}y was placed into a ceramic boat and positioned in the center of a
scattering tephmques were used to assess the properties cHuartz tube furnace under a constant argon flow. The tube furnace
these materials. was then heated at 700 for 4 h, after which the sample was
removed and stored under atmospheric conditions for analysis (heat-
Experimental Section treated sample).

Transmission Electron Microscopy. Transmission electron
microscopy (TEM), high-resolution TEM (HRTEM), energy-filtered
TEM (EFTEM), selected area electron diffraction (SAD), and nano-
beam electron diffraction (NBD) were conducted with a JEOL
3000F field-emission transmission electron microscope (operated
at 300 kV) equipped with a Gatan image filter (GIF) and digital
imaging system. The pre-heat-treated sample was re-dispersed in
toluene and cast onto an amorphous carbon-coated copper grid for
analysis. The heat-treated sample was embedded in resin and
microtomed to a thickness ¥100 nm. Microtomed slices were
then placed onto an amorphous carbon-coated copper grid for
analysis. NBD was conducted on single crystals of the heat-treated
sample using an-2 nm focused electron beam. Particle size analysis
was performed on two fields of view for each sample. Each field
of view was divided into sections and all of the particles of a
particular section were measured in two directions: (1) in any
obvious long direction and (2) perpendicular to the first measure-
ment. The two measurements for each particle were then averaged
and the aspect ratio for each particle (longer measurement/shorter
measurement) was calculated. The mean and standard deviation

(9) Host, J. J; Block, J. A.; Parvin, K.; Dravid, V. P.; Alpers, J. L.; Sezen, were calculated for the particle size and aspect ratio for both fields
T.; LaDuca, RJ. Appl. Phys1998 83 (2), 793. . . ;
(10) Jiao, J.; Seraphin, S.. Wang, X.; Withers, JJCAppl. Phys1996 of view of each sample. Energy-filtered TEM was conducted using

80 (1), 103. the GIF with a spectrometer slit width of 40 eV at the cobalf L
(11) McHenry, M. E.; Majetich, S. A.; Artman, J. O.; DeGraef, M.; Staley, edge (778-793 eV). Pre-edge background images were acquired

S. W.Phys. Re. B 1994 49 (16), 11 358. :
(12) Chen. c.)/?D.; ghang, T4 H';(W;ng’ T Geram. Int.2001, 27, 925. at 714 and 753 eV and the post-edge image at 799 eV.

butyl—CH,—CH t CHy—CH———————CH,—CH,

CN CN

Figure 1. Poly(styrenes-4-vinylphenoxyphthalonitrile).

Synthesis of Poly(styrends-4-vinylphenoxyphthalonitrile). A
detailed synthetic procedure for poly(styremd-vinylphenoxy-
phthalonitrile) and the characterization thereof has been previously
reportedt® Briefly, the block copolymer was synthesized by a living
anionic polymerization. First, poly(styreretert-butyldimethylsi-
lyloxystyrene) was prepared by the sequential addition of styrene
and tert-butyldimethylsilyloxystyrene monomers usingbutyl-
lithium as the initiator. Next, theert-butyldimethylsilyl ether group
of poly(styreneb-tert-butyldimethylsilyloxystyrene) was hydrolyzed
under acidic conditions to generate poly(styréné-vinylphenol).
Finally, poly(styrenes-4-vinylphenoxyphthalonitrile) was synthe-
sized by reacting 4-nitrophthalonitrile with poly(styrebel-vin-
ylphenol) in the presence of potassium carbonate. The resulting
poly(styreneb-4-vinylphenoxyphthalonitrile) polymer synthesized
for this study had well-controlled block lengths of 50000 and 10000
g mol1, respectively (Figure 1). The polymers were thoroughly
characterized withtH NMR, gel permeation chromatography (GPC),
and infrared spectroscopy (IR).

(13) Seraphin, S.; Zhou, D.; Jiao,dl. Appl. Phys1996 80 (4), 2097. Small-Angle X-ray Scattering. Small-angle X-ray scattering
(14) Saito, Y.; Masuda, MJpn. J. Appl. Phys1995 34, 5594. (SAXS) measurements were conducted on a Bruker Nanostar SAXS
8(55; ﬁilrtr(i)é Yﬁ??f?:‘?f‘%gggg%‘s(%h%ﬁ" Phys. Lettl998 293 53 instrument. Samples were prepared by placing a powdered fraction
(17) Tomita, S.; Hikita, M.: Fujii, M.; Hayashi, S.; Yamamoto, &hem. of each sample in the center of a sample holder where it was held
Phys. Lett.200Q 316, 361. in place with adhesive tape. The samples were measured for 12 h

18) Z;gla?rt(;s' ) gﬁ'ﬁ) Ko huchi, R.; ONkd, Y.; YoshimuraJS.— over a 2) range of 6-4.4° with a Cu K, source.
(19) Baranauskas, V. V.: Zalich, M. A.: Saunders: M.: St. Pierre, T. G.: X-ray Diffraction. Siemens X-ray diffractometers (model D-500

Riffle, J. S.Chem. Mater2005 17, 5246. for the pre-heat-treated sample and D-5000 for the heat-treated
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sample, both using Cu Kradiation) were used to acquire X-ray N
diffraction patterns of the pre-heat-treated and heat-treated samples. A
Powdered samples were placed onto polycarbonate sample holders
and scanned at (1) a rate of @1in with a step size of 0.03rom
10 to 110 for the pre-heat-treated sample and (2) a rate of 0.13
°/min with a step size of 0.04rom 10 to 110 for the heat-treated
sample. Cobalt nanocrystal size for each sample was estimated usingg
the Scherrer equation. 2
Magnetic Susceptometry A Quantum Design magnetic proper-
ties measurement system (MPMS-7) equipped with a supercon-
ducting quantum interference device (SQUID)-based sensor was
used to make cobalt-specific magnetization measuremetat (
varying applied fieldsKl) from —70000 to+70000 Oe at 300 and
5 K, with 100 Oe spacings betweenl000 and 1000 Oe. Low- 10 -
temperature measurements were conducted both after the sample
was cooled in zero applied field and in an applied field of 70000
Oe. The purpose of the different measurements was to study (1)
the saturation magnetization at 300 K, (2) the hysteretic behavior §
of the sample at 300 K, (3) the presence of an exchange bias, owing &
to a cobalt oxide layer on the surface of the cobalt nanoparticles,
and (4) the presence of paramagnetic species, owing to any residual ~ ,
cobalt carbonyl species in the sample. In addition, isothermal

@

-

(]
-

entage

remanent magnetization (IRM) and dc-demagnetization (DCD) 0
curves were generated at 300 K in order to qualitatively understand 80 %
the interparticle interactions of the magnetic cobalt nanoparticles particle diameter (nm)

in both systems. T_he IRM curve was measu_red by applying @ Figure 2. Particle size histograms for (A) pre-heat-treated and (B) heat-
constant magnetic field for 700 s, removing the field and measuring treated samples.

the remanent moment 700 s after field removal. This process was
conducted up to 20 kOe (in 500 Oe steps), whereupon the procedure  The particle size distribution for the pre-heat-treated sam-
was reversed (beginning at500 Oe) and followed by applying  ple ranged from 9 to 45 nm with a mean of 18.5 nm (sample
negative fields to-20 kOe to provide the DCD curve. Henkel plots  hopylation= 346 particles) (Figure 2). The average aspect
generated from these data were constructed by plotting the o for particles of the pre-heat-treated sample was 1.43
normalized IRM remanence vs DCD remanence magnetizations. \ i o standard deviation of 0.39. A dramatic increase in
Elemental Analysis.Elemental analyses were performed onthe oo size and size distribution after heat treatment at 700
pre-heat-treated and heat-treated samples using inductively couple C was apparent from the images taken during analysis. The

plasma atomic emission spectroscopy (ICP-AES) at the Marine and . ! o .
Freshwater Research Laboratory at Murdoch University, Perth, particle size distribution for the heat-treated sample increased

Western Australia. The samples were prepared by digestion in affom 7 to 147 nm with a mean of 36.1 nm (sample population
1:1 mixture of HNQ:H,SO, for 13 days at 76100°C. The samples = 369 particles) (Figure 2). The average aspect ratio was
and a blank were diluted and analyzed for cobalt concentrations. 1.48 with a standard deviation of 0.51. These increases in
mean particle size and size distribution are likely to be due
Results and Discussion to particle sintering at 700C, which may be explained by
) ) o ) an Ostwald ripening mechanism similar to that reported by
Particle Analysis. Transmission electron microscopy Host et aP
(TEM) was used to study the particle size, size distribution, Small-Angle X-ray Scattering. Small-angle X-ray scat-

morphology, chemical composition, and crystallinity of the tering data were analyzed using Igor Pro (Wavemetrics)

pre-heat-treated and heat-treated cobalt complexes. A “par- . .
ticle” was deemed to be a region with contrast obviously software and a NIST subroutine (PolyCoreFamjodeling

different from the background. Diffraction contrast causes X_-ray scattering from pond|sper_se spheres._ Mean particle
S . ; . o . size values and standard deviations determined from TEM
individual particles to have different intensities. Particles

were easy to define in the heat-treated sample due to thelvere entered as starting values for the fitting. Three addi-

o . tional fits of models to the data were evaluated, where the
strong crystallinity and contrast relative to the background . . ; . ; : : .
and the relatively large particle size. The decreased crystal-partICIe size, polydispersity, and particle size/polydispersity
- 4 . : values were permitted to vary to optimize the curve fitting
linity and smaller particle size of the pre-heat-treated sample (curves not shown). The measured SAXS data were consis-
made it more difficult to accurately identify the edges of . L . i .
the particles and more care was needed to ensure tha{em with the particle size and size distribution data obtained

accurate particle size data were obtained in this case. Others o™ TEM particle size analysis. The SAXS data indicated
have also observed the crytallization of magnetic metals upon

h reatment. Koltvpin an -workers and Roi n _(20) Rojas, T. C.; Sayagues, M. J.; Caballero, A.; Koltypin, Y.; Gedanken,
eat treatment. Koltypin a d co-workers and ojas a d co A.; Ponsonnet, L.; Vacher, B.; Martin, J. M.; Fernandez,JAMater.

workers performed in situ TEM heating studies (at 500 and Chem.200Q 10, 715.

600 °C) on pre-heat-treated Ni nanomaterials and observed(21) FJKoltyloin, YR.; FGerr&an?(ez, //\‘;‘;hRoja'f/‘I T. (isggalrgpci%ll; Palma, P.;
: : . . - . rozorov, R.; Gedanken, em. Mater , .

the formation of Ni nanopamde_s from ’\_“ atoms, confirming (22) NIST.SANS Analysis with Igor Pydnttp:/Awww.ncnr.nist.gov/programs/

that heat treatment induces Ni crystallizatf§f* sans/manuals/data_anal.html, Feb 28, 2005.
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Figure 3. (A) Bright-field image of pre-heat-treated sample, (B) corre-
sponding cobalt distribution image of (A), (C) bright-field image of heat-
treated sample, and (D) corresponding cobalt distribution image of (C).

that the pre-heat-treated sample comprised smaller particles
with a narrower size distribution than the heat-treated sample.
Transmission Electron Microscopy.Energy-filtered TEM
(EFTEM) was conducted on the pre-heat-treated and heat-
treated samples to confirm the elemental identity of the
electron dense nanoparticles. The resulting cobalt distribution
maps correlated well with the electron dense regions of the

bright field images, confirming the chemical identity of the
particles in both samples (Figure 3).

There are two reported phases of cobalt for nanomateri-

als: (1) face-centered cubic (fé&§*and (2) epsilond).?5?7

Moreover, the three reported phases of cobalt (hexagonal

close packed (hcp), fcc, ardl are very close in energy and

low activation energies are sufficient to cause stacking faults

and possibly complete phase transitiéh¥.
High-resolution TEM (HRTEM) was used to observe the

presence of any crystallinity in the cobalt nanoparticles.
HRTEM analysis of the pre-heat-treated sample indicated

weak particle crystallinity; however, there were some well-

Figure 4. (A) HRTEM of pre-heat-treated sample, (B) HRTEM of heat-
treated sample showing multiple twinning within a single crystal, and (C)

crystallized particles (Figure 4A). Measurements of planar indexed nanobeam electron diffraction pattern@iidzone axis of fcc

spacings (1.97 A) from an exemplary highly crystalline
particle are consistent with t{d.11} crystal plane (2.05 A)
of fcc cobalt, but could also correspond to {lt®2 or {101}
crystal plane of hcp cobalt or tH81G crystal plane ok
cobalt (2.04 Ay528.29

(23) Gubin, S. P.; Spichkin, Y. I.; Koksharov, Y. A.; Yurkov, G. Y;
Kozinkin, A. V.; Nedoseikina, T. I.; Korobov, M. S.; Tishin, A. M.
Magn. Magn. Mater2003 265, 234.

(24) Park, J.; Kang, N.; Jun, Y.; Oh, S. J; Ri, H.; CheorCdem. Phys.
Chem.2002 6, 543.

(25) Dinenga, D. P.; Bawendi, M. GAngew. Chem., Int. EAL999 38
(12), 1788.

(26) Puntes, V. F.; Krishnan, K. M.; Alivisatos, A. Bcience2001, 291,
2115.

(27) Sun, S.; Murray, C. BJ. Appl. Phys1999 85 (8), 4325.

(28) Cobalt, F. C. C. IICPDS-International Centre for Diffraction Data
card 15-0806, 1996.

(29) Cobalt, H. C. P. IICPDS-International Centre for Diffraction Data
card 05-0727, 1996.

cobalt.

HRTEM of the heat-treated sample revealed highly
crystalline particles with defects, such as twin planes.
Twinning is commonly observed in nanocrystals, often
among fcc material® Measurements of lattice spacings (2.04
A) of a multi-twinned crystalline particle again matched the
{111} plane of fcc cobalt (2.05 A) (Figure 4B). The presence
of fcc cobalt was confirmed through nano-beam electron
diffraction of individual particles (Figure 4C). A small
number of particles demonstrating hcp structure were also
found (Figure 5A). A Fourier transform of Figure 5A gives
a hexagonal arrangement of spots at a 2.2 A spacing,
consistent with thé 1010} plane in hcp-Co (Figure 5B). In

(30) Wang, J.; Tian, M.; Mallouk, T. E.; Chan, M. H. W. Phys. Chem.
B 2004 108 841.
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‘ 3.4 A graphite spacing

4L A

2.2 A spacing for {It’ﬁﬂ} plane of HCP

Figure 5. (A) High-resolution image of hcp cobalt particle and (B) Fourier transform of A showing graphite and hcp spacings. Inset in A is a magnified
region of graphitic layers.

addition, the high-resolution image revealed the presence ofprocedure (Figure 6 bottom). Furthermore, the peaks were
a graphitic coating around the cobalt particle (Figure 5A matched to the fcc phase of cobalt using the JCPDS software
inset). Measurements of the Fourier transform of Figure 5A database (Table 2). Thus, it appears that the dominant phase
indicated that the spacing between the layers surroundingof cobalt in the heat-treated cobalt nanoparticle system is
the particle is consistent with the interlayer spacing of fcc; however, there may be a small percentage of hcp and
graphite (3.4 A@! This graphitic coating may be the barrier e-cobalt present. Saito and Masuda and Saito reported that
that afforded the observed oxidation protection for over 1 small amounts of the hcp phase of cobalt were formed by a
year® It is not clear from the HRTEM images whether the method based on the carbon arc method for fullerene
particle coatings are uniform (Figure 5A). This may be production; however, the dominant phase was fcc cobéit.
attributed to particle orientation with respect to the incident Additionally, the broad peak a2~ 24° corresponds to an
electron beam and may also be complicated by someexperimentatl spacing of 3.7 A. This value falls within the
overlapping particles. However, the X-ray diffraction peak range reported for the interplanar spacings of graphige (
at 20 ~ 24 for the heat-treated material suggests that a large = 3.4-3.9 A) in carbon nanotubes of varying diameter.
population of the particles have a graphitic coating. These Since the peak is broad, it is thought to encompass graphitic
data are discussed further in the following section. McHenry spacings of coatings on particles of varying dimensions.
et al. also reported the presence of faulted graphite-coatedrinally, the Scherrer equation was used to examine peak
cobalt particles prepared by a process based on thebroadening caused by differences in nanocrystallite size. The
Kratschmer-Huffman carbon arc process. X-ray diffraction peaks were broader for the pre-heat-treated
X-ray Diffraction. X-ray diffraction (XRD) was used to  sample and calculations using the Scherrer equation indicated
complement electron diffraction data as it provides crystal- an average crystallite size of 5.2 nm. The X-ray diffraction
lographic information on the bulk of the sample in an effort peaks were narrower for the heat-treated sample, and calcu-
to determine the presence of a dominant phase of cobalt inlations indicated an average crystallite size of 17.5 nm. These
these systems. Broad peaks @ét=2 17° were found in both data suggest that cobalt nanocrystallite size increases during
diffraction patterns and are due to an adhesive used to holdheat treatment at 70, which is consistent with both TEM
the samples on the holder. XRD yielded information about and SAXS data on the particle sizes of these systems.
the c_rys_tal phase of cob_alt in the prejheat—treated sample, Magnetic SusceptometryMagnetic susceptometry mea-
despite its weakly crystalline nature. With use of the JCPDS ¢,rements were conducted on the pre-heat-treated and heat-
database, the structure was determined to be fcc cobalteqteq samples at 3005 K to elucidate their magnetic
(Figure 6 top, Table 1), although there were other peaks (aproperties. Room temperatusevs H measurements of the
and b) that appeared in the diffraction pattern. These peakSyrg_heat-treated sample revealed a cobalt-specific saturation

seemed to match well with cobalt oxide, which is likely since magnetizationds) of 81 emu g* Co, remanent magnetization
the magnetic susceptometry measurements indicated acobattMr) of 19 emu g Co, and a coércivitymc) of ~410 Oe

oxide component in the pre-heat-treated sample (see Magrigyre 7A). The magnetic remanence and coercivity values
netome_try section). XRD also clarified the crystz_il phase of along with zero field cooled/field cooled vs T measure-
cobalt in the heat-treated sample. The peaks in the heaty,onis ingicated that the sample is comprised of a combina-

treated sample diffraction pattern were more well-defined iy, of 5 perparamagnetic and magnetically blocked particles
than the pre-heat-treated sample, indicating that an improve-¢ 1oom temperature.

ment in crystallinity had taken place during the heatin .
4 Y P d g The slope of the magnetization curve is positive in high

(31) Kiang, C. H.; Endo, M. Ajayan, P. M. Dresselhaus, G.; Dresselhaus fields at low temperature, while at 300 K this slope is reduced
M. S. Phys. Re. Lett. 1998 81 (9), 1869. and the magnetization curve almost saturates at high fields
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Figure 6. X-ray diffraction patterns for pre-heat-treated sample (top) and heat-treated sample (bottom). Vertical lines are peak matches provided by the
JCPDS software database.

Table 1. Experimental and Literature d Spacings for fcc Cobalt for due to residual cobalt carbonyl species and the partial
the Pre-heat-treated Sample oxidation of the sample
pe%k » d spacing ir; /? dslptacirt\g in A Two different sample digestion procedures led to two
number (experimental) (lterature) different cobalt concentration measurement results for the
% o 20 200 heat-treated sample as reported by Baranauskas 8t al.
3 75.88 1.5 125 Briefly, the first digestion procedure involved dissolving the
4 92.38 1.07 1.07 sample in a 1:1 mixture of concentrated HNIE,SO, for 4
2(%04) s ;o 7 days between 70 and 10@. The second procedure in-
b (CoO) 61.69 1.50 151 volved dissolving the sample in a 1:1 mixture of concentrated
Table 2. Exoerimental and Literature d Soacings for fee Cobalt f HNOs:H,SO, for 13 days between 70 and 100 with an
aple <. experimental an Iterature pacings tor 1cc Cobalt tor e H
addition of 5 mL of concentrated 880, on the ninth day.

the Heat-treated Sample . : o .
The relatively robust nature of a protective graphitic coating

nﬁfn%ker 2 ?eigiﬂpn%ﬂﬁ) dZﬁgf;QSrgA will hamper acid digestion of the metallic cobalt and hence
1 2424 205 205 is likely the cause for disagreement between the elemental
2 51.52 1.77 1.77 analysis data. The first digestion procedure (D1) gave a [CO]
3 75.84 1.25 1.25 = 31% by mass while the more rigorous second digestion
g gg:fg i:g; i:g; procedure (D2) gave a [Cet 41% by mass. The difference
a 24.08 3.70 343 %1 in these cobalt concentrations suggests that (1) the protective

coating can be digested over time under extreme conditions
(Figure 7). This positive slopet® K is indicative of the or (2) it takes a significant amount of time for the acid to
presence of paramagnetic material with a possible contribu-penetrate defects in the graphitic coatings and dissolve the
tion from an antiferromagnetic component in the sample. It cobalt particles. Room-temperature magnetic susceptometry
is difficult to separate the paramagnetic component from the measurements showed apparent saturation magnetizations of
antiferromagnetic component, as the magnitude of their 230 emu g* of calculated Co for D1 and 172 emu‘gof
effects is similar, but much lower than that of a ferromagnetic calculated cobalt for D2 (Figure 8A). Both the magnitude
material. The paramagnetic component may be due toof these values and their differences indicate that the sample
unreacted cobalt carbonyl species that have not beendigestion procedure for this material is critical to the values
incorporated into cobalt nanoparticles. Low-temperature zero of cobalt concentration obtained from the ICP-AES measure-
field cooled/field cooled hysteresis loop experiments exhibit ments. The value of 230 emuCo for D1 is significantly
an asymmetric field cooled hysteresis loop shift. This field higher than the maximum cobalt-specific magnetization
cooled hysteresis loop shift is indicative of an exchange bias expected based on the value for bulk cobalt, and hence
(He &~ 3200 Oe) created by the coupling of an antiferromag- implies that the sample digestion was incomplete. The
netic cobalt oxide surface layer with the ferromagnetic cobalt :
metal core?> * Thus, the departure of; for the pre-heat- 833 Eﬁ;'i"o,:’,lvl'té'_?,'lféfﬁnk;;ﬁ* m&%%g%%%%mteﬂggg 200,552.
treated sample from the value for bulk cobalt is most likely (34) Nogues, J.; Schuller, 1. K. Magn. Magn. Mater1999 192, 203.
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Figure 8. ¢ vsH measurements conducted on a cobatipolymer sample
that had been thermally treated at 7@at (A) 300 K (4 day acid digestion

Field (Oe)

Figure 7. ¢ vs H measurements conducted at (A) 300 K and (B) 5 K
(zero field cooled hysteresis loopr; field cooled hysteresis loop;+) on (-++) and 13 day acid digestion—)) and (B) 5 K (13 day acid digestion:
pre-heat-treated cobaipolymer complexes that had been aged under zero field cooled{-), field cooled ¢-+)). (C) shows the enlarged region
ambient conditions for 3 months. (C) shows the enlarged region around around the origin fo5 K hysteresis loops (13 day acid digestion) and shows
the origin fa 5 K hysteresis loops showing the asymmetric field cooled minimal field cooled hysteresis loop shift. The horizontal line at 160 emu
hysteresis loop shift. g~! Coin (A) indicates the maximum reported specific magnetization for

. . . . . . cobalt metal.
reduction in the apparent cobalt-specific magnetization with
increased digestion time suggests that the digestion procesprocedure. Their findings indicated that cobalt particles
is very slow for this material. Several research groups have completely encapsulated by graphite were not dissolved;
investigated the use of acid digestion techniques to dissolvehowever, the acid treatments used were not as rigorous as
unencapsulated cobalt formed when preparing graphite-reported abové’3®It is reasonable that strong mineral acids

coated cobalt nanoparticles using a modified arc-dischargewill eventually penetrate minor defects in the graphite
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coatings, leading to cobalt dissolution. Moreover, the dif- ment with the concomitant incorporation of residual cobalt
ference ofos for D2 (172 emu g* Co) is only 7.5% larger ~ atoms into the cobalt nanoparticles, and that this largely
than the literature value 0£160 emu g* Co3® This error decreases or eliminates any paramagnetic species in the
may be within the limits of reproducibility for the elemental sample.

analysis measurements. Kobayashi et al. studied the magnetic Henkel plots (not shown) for the pre-heat-treated and heat-
properties of silica-coated cobalt nanoparticles heated for 2treated systems indicated weak interparticle demagnetizing
h at temperatures ranging from 200 to 70D in air. The magnetic interactions, as would be expected for magnetic
cobalt-specific saturation magnetization of their materials cobalt nanoparticles in close proximity with each other (but
heated at 700°C was zero, while the cobalt-specific not in direct contact).

saturation magnetizations for the 700 heat-treated materi-

als described in this manuscript were similar to those of bulk Conclusions

cobalt. The heat treatment of the silica-coated cobalt materials
in air, as opposed to heating in an inert atmosphere, may
have led to the formation of amorphous and crystalline cobalt
oxide as evidenced by (1) the decreasMlwith increasing
treatment temperature (500 to 780) and (2) the appearance
of cobalt oxide peaks and disappearance of cobalt peaks i
the X-ray diffraction pattern¥. Room-temperature magnetic

Cobalt nanoparticles were prepared by the thermolysis of
dicobalt octacarbonyl in poly(styrer®4-vinylphenoxy-
phthalonitrile) block copolymer micelles. The particles were
subsequently heat-treated at 700 to afford oxidatively
pstable cobalt nanoparticles with a “graphitic” coating. The
cobalt-specific saturation magnetization value increased upon

hysteresis loop measurements showed that the sampIJ‘eating due to one or both of the following reasons: (1)

exhibits magnetic remanence and coercivity & 34 emu sintering of cobalt nanoparticles, leading to an increase in
g Co: H. = 416 Oe). Field cooled and zero field cooled particle size; (2) annealing of cobalt nanoparticles, leading

vs T measurements in conjunction with/s H measurements to an increase in particle_ crystal_linity. A graphiticl coating
at room temperature (Figure 8A) suggest that the heat-treated®PP€2rs t0 be the protective barrier against oxidation for the
sample consists of a combination of particles that are he_at-treated cobalt ngnopgrtlcles. Transrr_ussmn electron
superparamagnetic and magnetically blocked at room tem-microscopy, glectron dlffractlon, and X-ray diffraction were
perature. used to identify the dominant crystal phase of the pre-heated

Low-t t tizati ; h and heat-treated samples as being face-centered cubic,
ow-temperature magnetization measurements on esealthough there may be oxide present in the pre-heated sample
heat-treated cobaligraphitic complexes indicate similar

turati tizati o th d at : and other phases of cobalt (hep,present.
saturation magnetizations to tnose measured at room 1em-- g ;.o \work will involve studying the heat treatment

perature. Field cooled vs H measurements show magnetic process in more detail to create an oxygen-impermeable
?git:rrj?i';;vggo?gil%fﬁ :Ine;gsbll?fnﬁezné‘l(?:iglfr)erseggvaen q coating around the cobalt nanoparticles and to improve the
8C), suggesting the absence of cobalt oxide layers aroundpartiCIe crystallinity without any particle sintering.
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