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Self-stabilized magnetic colloids: Ultrafine Co particles in polymers

Diandra L. Leslie-Pelecky,® X. Q. Zhang,” and Reuben D. Rieke®
Center for Materials Research & Analysis, University of Nebraska, Lincoln, Nebraska 68588

Self-stabilized magnetic colloids consist of magnetic particles dispersed in an appropriate matrix.
Fixing the particles in a stabilizing matrix has the advantage of preventing particle agglomeration,
increasing resistance to oxidation, and allowing control over the interparticle spacing and particle
size. We describe the chemical synthesis of cobalt nanopatrticles in a polystyrene/triphenylphosphine
polymer matrix. Depending on the synthesis parameters, magnetic properties of the as-synthesized
nanocomposites range from superparamagnetic to ferromagnetic with coercivities on the order of
130 Oe. Solvent choice and polymer crosslinking significantly affect the magnetic properties.
Annealing in vacuum produces coercivities of up to 600 Oe and remanence ratios of up to 0.4.
Measurement of the isothermal remanence magnetization and dc demagnetization indicate the
presence of both magnetizing and demagnetizing interactions, in contrast to particles synthesized
without the polymer, which show no evidence for magnetizing interactions. The zero-field-cooled
temperature-dependent magnetization displays a cusp, while the field-cooled magnetization
increases monotonically below the cusp temperature. Glassy behavior is observed for temperatures
below the cusp, although the mechanism producing this behavior is not yet understod®960
American Institute of Physic§S0021-8976)01908-3

Nanoscale particles have unique electrical, chemicalstyrene backbone and triphenylphospine sidechains. Samples
structural, and magnetic properties, with potential applicahave been synthesized using both a commercially available
tions in information storage, color imaging, catalysis, biopro-crosslinked polymer and a linear polymer. Different solvents
cessing, magnetic refrigeration, and ferroflfdsabrication ~were chosen to assist in the synthesis: solvent choice has
techniques for the production of ultrafine particles include:been shown to affect particle size during standard syntheses
gas condensatioh,inverse micelle synthesfs,arc tech-  (i.e., without the polymeric matrix The cobalt loading was
niques‘,1 s[:)|_,|ttering'5,'6 self-assembled phospho"piag’hemi- determined to be 70% through chemical assaying. X-ray dif-
cal reductiorf™'° and microemulsion synthedlsamong fraction of the as-synthesized samples shows no evidence of
others. Studies of these systems are often hampered by tystalline cobalt; however, the volume fraction of the cobalt
problems. First, the large ratio of surface-to-bulk atoms recompared to the polymer is very small.
sults in high reactivity. While desirable for catalysis, reaction ~ Sa@mples were sealed in Pyrex tubes under vacuum and
with oxygen can adversely affect magnetic properties. Con@nnealed at temperatures up 350 °C for the crosslinked

trolled passivation can deactivate the particle surface; howsamples and 160 °C for the linear samples. Magnetic mea-

ever, this may form additional magnetic phases that compliSUrements were made using an alternating gradient force

cate analysis. The second problem is the Spomaneodgagnetometer and a SQUID susceptometer. In both cases,

production of macroscopic-sized agglomerates that lack thBOWders were loaded into a paraffin-filled polyethylene bag

unique properties of nanoscale particles in an argon atmosphere. The samples were sealed into the
The fabrication of highly reactive particles by the reduc- pags and the pa}raffin m?“ed 0 preve nt ma.gnetization rota-

tion of metal halides was pioneered by Rieke and coltion due to physical rotation of an entire particle. All bagged

. . ; . samples were stored in a vacuum dessicator.
laborators’ In this technique, a metal salt is reduced using a L .

. L All of the samples were ferromagnetic in their as-

hydrocarbon or ethereal solvent in the presence of lithium . . ;

. : synthesized state, except for the linear polymer synthesized

and naphthalene. We have extended this technique to fabri-, . i

. . : . with THF, which was superparamagnetic. Table | summa-

cate cobalt particles in a polymer matrix, which decreases. . .

. ; N : rizes the magnetic parameters for each of the different syn-

agglomeration and improves oxidation resistance.

Self-stabilized colloids have been fabricated using othetheses' The choice of polymer type and solvent produce sig-

techni including i hartg@ and ttering:h hificant variations in the magnetic properties of the four runs.
echniques, Including lon exchange and Sputtening,Now=- - g ant selection has been shown to affect particle size in

ever, in most cases the particle size is small and cannot bsqmilar synthese¥ as has the degree of crosslinking
conveniently varied. These systems tend to be superparamag- ’ '

netic unless the metal volume concentration is above the

percolation point. On the other end of the size scale, macrorABLE I. Summary of magnetic properties of as-synthesized nanocompos-
scopic composites of 10-10@m transition metdf and ites.

ferrite’* powders in polymers have been fabricated to study

. . . . . Run #  Crosslinkin Solvent H. (Oe M,/M
modifications of electrical and magnetic properties. 9 : S
We have synthesized Co nanocomposites using a poly- 33 Crosslinked Ether 56 0.083
34 Crosslinked Toluene 133 0.151
57 Linear Toluene 49 0.021
@Department of Physics and Astronomy. 58 Linear TetrahydrofurafiTHF) 8 0.004
®Department of Chemistry.
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FIG. 1. The dependence of the coercivity; and the remanence ratio F|G. 2. The dependence of the coercivity, and the remanence ratio

M./M; on annealing time at different temperatures for Rur(@8sslinked M /M, on annealing temperature for samples made with initially linear

polymer, ether solvent polymer. Samples made with THF are shown as squares and those made
with toluene are shown as circles.

Figure 1 shows the dependence of the coerciMityand  \hjle the THF-based sampleéshown as squarggisplay
remanence ratioM,/Ms on annealing time for Run 33 monotonically increasing values of these parameters with in-
(crosslinked polymer, ether solvenH, rises rapidly from creasing annealing temperature.

56 to 450-600 Oe after shof<l h) annealing times. The isothermal remanent magnetizatidRM) and dc
Samples annealed &t>300 °C experience a significant de- gemagnetizatiofDCD) have been measured to investigate
crease in coercivity afte2 h of annealing. Longer annealing the nature of the magnetic interactions. The IRM is measured
times at lower temperatures result in a slight continued infrom a field demagnetized state in which the initial moment
crease in bottH; and M,/Ms, with values plateauing after s <0.19% M. Kelly et al,'® following Wohlfarth!” sug-
about 10 h. Samples annealedTat200 °C (not shown in  gested that deviations from the ideal system of single-
Fig. 1) follow the same qualitative behavior as the datagomain, noninteracting uniaxial particles will have a nonzero
shown for annealing at 200 °C, but plateau at lower valuesyg|ye of AM, whereAM is defined by
Similar behavior is observed for Run B4itially crosslinked beb RM
polymer, toluene solveptThis run has a higher initiaH ., (H)= M= (H) ( _2 M (H)>
but annealing produces less of an increase in the coercivity M IRM( MM (o) |

and the remanence ratibl, never rises above 225 Oe and Positive values oA M (H) are due to stabilizingferro-

M/My is <0.2 for all annealing conditions. magnetig interactions, while negative values can be attrib-

. The effect of solvent choice on particle size and crystalyoq 1o demagnetizingantiferromagneticinteractions. Fig-
linity is not well understood. One possibility is that the sol-

vents form protective coatings around the particles, limiting
particle size. Our studies of particles synthesized without the
polymer matrix suggest that the metal particles are initially
crystalline on the scale of 2—5 nm, with amorphous material
surrounding the crystallites. Short-time annealing slightly in-
creases the size of the crystallites without allowing signifi- <
cant agglomeration. Transmission electron microscopy and
mass calculations of particle syntheses without a matrix in-
dicate that lithium, naphthalene and/or some of the solvent is
retained within the particles. Annealing may vaporize
trapped organics, allowing crystallite growth.

In the initially linear polymers, annealing was performed ol
at temperatures up to 160 °@0 °C above the glass transi- % ’
tion temperature of the undoped polymed, and M,/M4

(€

*)

L . . . . . . 02 B
both initially rise with increasing annealing time, then pla- R S T W

teau around 2—4 h, regardless of the annealing temperature. 0 500 1000 1500 2000 2500 3000
Figure 2 showsH, and M,/M; as a function of annealing H (Oe)
temperature for samples annealed for 1 h. The t0|uene-ba5%gG. 3. (@ The isothermal remanence magnetizathdtf™(H) and the dc

SampleE(Shown_ as CirclesaC_hieve maximum coercivity and - gemagnetization remanent€®(H). (b) The quantityAM, as defined by
remanence ratio for annealing temperatures of 125-130 °G&g. (2).
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T . T T . In conclusion, we have demonstrated a synthesis tech-
20k —=—7FC | nique for fabricating self-stabilized magnetic colloids con-
—O0—FC sisting of cobalt nanoparticles embedded in a polymer ma-
] trix. Variation of solvent type, degree of polymer
L5+ 1 crosslinking, and annealing parameters can all significantly
affect the magnetic properties. Determination of structural
properties, which is complicated by the small volume frac-
tion of cobalt to polymer, is necessary to better understand
the magnetic properties. Each of the fabricated systems ex-
05k 4 hibits a cusp in the zero-field-cooled magnetization, and dif-
ferences between the field-cooled and zero-field-cooled be-
havior. Data taken below the cusp is indicative of glassy

00k : L s L s L s behavior. Much work remains to better understand the prop-

0 10 20 0 40 erties of this novel system.
TX) We acknowledge financial support from the National

FIG. 4. The zero-field-cooledZFC) and field-cooled FC) magnetization. Science Fo_undatlon and the Center for Materials Research
The magnetization is normalized to the density of the nanocomposite. ~ and Analysis at UNL.

M (emu/g)

1 . . . N ,
DCD IRM . R. F. Ziolo, E. P. Giannelis, B. Weinstein, M. P. O'Horo, B. N. Ganguly, V.
ure 3a) showsM=""(H) andM™(H) (both normalizefl 1.1 ira "M W, Russell, and D. R. Huffman, Scier2%7, 219 (1992,

for a sample from Run 3écrosslinked polymer, toluene sol-  and references therein.
ven) annealed at 200 °C for 8 h. Figuréb3 which shows 2J. Eastman and R. W. Siegel, Research and Development, January, 56
AM(H), indicates the presence of both magnetizing and de- (1989; R. W. Siegel, Nanostructured Matet, 121 (1994; H. Gleiter,
- . . . .. Prog. Mater. Sci33, 223(1989.

magnet_mng mtergcnops. The predommantly_demagnetlzmg3J. P. Chen, K. M. Lee, C. M. Sorenson, K. J. Klabunde, and G. C. Hadji-
interactions seen in Fig.(B) are consistent with the rema-  panayis, J. Appl. Phys/5, 5876(1994.
nence ratio of 0.33 for this sample. The presence of both'M. |E MPChHeng. S. I:é “ffé‘éi'ﬂggg liﬂe(;ra:\eﬂf, HJ O. /ytmaﬂy and S-SW-

; ; ; ; taley, Phys. Rev. B9, ; M. E. McHenry, Y. Nakamura, S.
types Ofégtfgractlons in the same sample has .been pre\.”OUSlyIS(irkpatrick, F. Johnson, S. A. Majectich, and E. M. Brunsman, in
observed™™ Contrary to the nanocomposites, particles pyjierenes: Physics, Chemistry, and New Directions adited by R. S.
without the polymer matrix do not exhibit evidence of any Ruoff and K. M. Kadish(The Electrochemical Society, Pennington, NJ,
magnetizing interactions. The data shown in Fig. 3 are quali- 1994, p. 1463.

. . . ) 5 i i
tatively representative of both crosslinked and linear polymer Iéff‘gg);;' A. Gavrin, and C. AL. Chien, J. Magn. Magn. Mateg

samples, although the ratio of magnetizing to demagnetizingc. Laurent, D. Mauri, E. Kay, and S. S. P. Parkin, J. Appl. PBs2017
interactions varies with annealing time and solvent choice. (1989.

M(T,H=100 Og¢ is shown in Fig. 4 for field-cooled 7A.9§iggh, M. Markowitz, and G. M. Chow, Nanostructured Matgrl41
(FO) and Zero_ﬂeld_COOIedZFC_) measurements of an unan- 8L. Yiping, G. C. Hadjipanyayis, C. M. Sorenson, and K. J. Klabunde, J.
nealed sample from Run 5(l|neqr .polym(.ar, toluene Sol-  Appl. Phys.69, 5141(1993).
vend. The undoped polymer exhibits a diamagnetic plus a°R. D. Rieke, Crit. Rev. Surf. Chent, 131(1992), and references therein.

. . . . . 10 P : P
Curie—Weiss magnetization with no dependence on the pres_D. L. Leslle-Pglecky, X. Q. Zhang,'G. L. Krichau, and R. D. Rieke, Proc.
ence of a cooling field. The ZFC magnetization exhibits a, M So¢: Div. Polym. Mater. Sci. Engs, 66 (1995.

9 21 9 113, P. Chen, K. M. Lee, C. M.Sorenson, K. J. Klabunde, and G. C. Hadji-
cusp at about 5 K, with the temperature of the cusp decreas-panayis, J. Appl. Phy</5, 5876(1994.
ing as the interactions—measured by the remanence ratio-2R. F. Ziolo, E. P. Giannelis, and R. D. Shull, Nanostructured M&e85
decrease. The width of the cusp increases in more strongly(1993- _ .
. . . A. Etawansi, N. Kinawy, and M. Emitwally, J. Mater. S@4, 2497
interacting systems. The FC magnetization follows the ZFC 1089,
curve until a temperature of about 10 K, at which point the4). vacubowicz and M. Narkis, Poly. Eng. S8D, 469 (1990.
two curves depart and the FC curve continues to rise. As thgs- S. Kher and R. Wells, Chem. Maté}. 2056 (1994.
measuring field increases, the cusp temperature decrease 'a';'nK,\j%_';SOSg;‘gégg" Mayo, and R. W. Chantrell, IEEE Trans.
and the cusp broadens and fla_\tten_s. Measurements _below the b wohifarth, J. Appl. Phy=9, 595 (1958.
cusp temperature show behavior similar to that seen in glass§p. I. Mayo, A. Bradbury, R. W. Chantrell, P. E. Kelly, H. E. Jones, and P.
systems, such as spin glasses and frozen ferrofluids with ranR- Bissell, IEEE Trans. MagiMAG-26, 229 (1991,
dom anisotropy° however, more detailed, systematic mea- ,\P/i;'gr':”f\‘jlfzgz'e“"'l'zgﬂ‘(”f‘ég Bradbury, and R. W. Chantrell, IEEE Trans.
surements are required to determine the nature of the pheny o, s. R. Nagel, R. F. Rosenbaum, and R. E. Rosenzweig, Phys. Rev.

nomena producing the cusp. Lett. 67, 2721(1991).
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