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NANO LETTERS
 
 Molecule-Based Magnetic Nanoparticles: Synthesis of Cobalt Hexacyanoferrate, Cobalt Pentacyanonitrosylferrate, and Chromium Hexacyanochromate Coordination Polymers in Water-in-Oil Microemulsions
 
 2002 Vol. 2, No. 3 225-229
 
 Se´bastien Vaucher, John Fielden, Mei Li, Erik Dujardin, and Stephen Mann* School of Chemistry, UniVersity of Bristol, Bristol BS8 1TS, U.K. Received October 26, 2001; Revised Manuscript Received December 10, 2001
 
 ABSTRACT Although considerable effort has been dedicated to the controlled synthesis of nanoparticles with classical inorganic structures, there are few reports on the formation of nanoscale materials based on supramolecular compounds such as transition metal coordination polymers. Here we describe the synthesis of crystalline nanoparticles of three different molecule-based magnetic materials, cobalt hexacyanoferrate, cobalt pentacyanonitrosylferrate, and chromium hexacyanochromate, by coprecipitation reactions involving mixtures of water-in-oil microemulsions. The cobalt-containing nanoparticles are regular in shape and size and have dimensions between 12 and 22 nm depending on the concentration of the reactants trapped within the water droplets. At sufficiently high particle concentrations, superlattice structures are formed by solvent evaporation. Growth of the nanoparticles occurs by interdroplet aggregation of primary clusters that are nucleated in the confined spaces of the microemulsion reaction field.
 
 1. Introduction. Controlling the growth of materials at the submicrometer scale is of central importance in the emerging field of nanotechnology. Although considerable effort has been dedicated to the controlled synthesis of metals, oxides, sulfides, and ceramic materials with nanoscale dimension, little attention has focused to date on supramolecular compounds such as coordination polymers. In this regard, transition metal hexacyanometalates, with the general composition Aim+[B(CN)6]n-, consist of a large homologous series of molecule-based magnetic materials generally obtained by simple coprecipitation processes. The large variety of structures and their related magnetic properties have been extensively investigated.1-3 Several of these materials, for example, compounds based on hexacyanochromate,1 exhibit magnetic properties at relatively high temperatures (up to 373 K) and are therefore technologically relevant. However, few attempts have been made to control the size, shape, and higher-order organization of these materials, even though * To whom correspondence should be addressed. E-mail: s.mann@ bris.ac.uk. 10.1021/nl0156538 CCC: $22.00 Published on Web 12/28/2001
 
 © 2002 American Chemical Society
 
 such processing will be required if molecule-based magnets are to be integrated successfully into functional devices. Recently, monodisperse hydrophobic Prussian Blue (ferric hexacyanoferrate(II)) nanoparticles were prepared by the photoreduction of [Fe(C2O4)3]3- in the presence of [Fe(CN)6]3ions confined within the nanoscale water droplets of reverse microemulsions.4 Whereas this method has the advantage that the chemical reaction is addressed locally by selective irradiation, it relies specifically on the photosensitivity of iron(III) oxalate and is therefore limited in scope with regard to the synthesis of metal hexacyanoferrates in general. In this paper, we describe for the first time to our knowledge a more general approach that obviates the photochemical process and which in principle can be applied to a wide range of coordination polymer materials. By combining two microemulsions containing the individual reactants, we show that it is possible to spatially and chemically control the synthesis of three different molecule-based magnetic materials, cobalt hexacyanoferrate ([K/Na]xCoII/III4[FeIII/II(CN)6]y, x ) y ) 4 for the stoichiometric compound), cobalt pentacyanonitrosylferrate (CoII[FeIII(CN)5NO]), and chromium
 
 hexacyanochromate (KxCrII4[CrIII(CN)6]y‚nH2O), to produce stable isooctane suspensions that consist of crystalline nanoparticles with uniform shape and size. We demonstrate that the substitution of a single cyanide ligand of hexacyanoferrate by nitrosyl has a marked influence on the morphology of the resulting hydrophobic nanoparticles and, consequently, on the geometry of the superlattices formed by solvent evaporation and convective assembly. In addition, replacement of the d5 [Fe(CN)6]3- moiety by the d3 [Cr(CN)6]3- anion generally results in significant increases in the Curie temperature, so the synthesis of nanoparticles with hexacyanochromate-containing lattices could be of significant importance in future applications. 2. Experimental Section. 2.1. Preparation of Co(AOT)2. The cosurfactant salt, Co(AOT)2‚xH2O (x = 7, AOT, bis(2-ethylhexyl)sulfosuccinate), was prepared according to the method described elsewhere.5 MS:FAB: m/z ) 900 (30%), [Co(AOT)2-H]; m/z ) 1322 (100%), [Co(AOT)3]-. FTIR (NaCl), cm-1: 3417 (s), H2O; 2960-2860 (s), C-H3str and C-H2str; 1737 (vs), CdOstr; 1638 (w), H2O; 1460 (m), C-H3def; 1212 (s) and 1045 (s) C-H2def. UV-vis spectrum (water): λmax 517 nm. Elemental analysis: C, H, N, and S analyses were consistent with the absence of nitrate. Atomic absorption: Co 6.35% (calc: 5.73%), Na 0.06% (calc: 0%).Thermogravimetric analysis showed two large mass losses at 207 °C (-50%) and 260 °C (-20%), and a minor weight loss between 100 and 180 °C ( 10, the nanoparticles were between 22 and 31 nm in size (σ ) 1.5 to 3.0 nm), independent of the w value. In projection, many of the nanoparticles appeared hexagonal in profile, suggesting that the facetted spheroids were cubooctahedral in shape. TEM images also indicated that the cobalt pentacyanonitrosylferrate nanoparticles readily self-assembled into a close-packed hexagonal superlattice (Figure 2). Electron diffraction data confirmed the formation of crystalline nanoparticles of CoFe(CN)5NO with a face-centered cubic lattice (Fm3m, a ) 10.28 Å)11 that was isostructural with cobalt hexacyanoferrate. High-magnification TEM images showed the presence of a bimodal distribution of the particle size with a subpopulation of nanoclusters only 3-5 nm across. The results were therefore similar to those obtained for the cobalt hexacyanoferrate system and suggest that in both cases the nanoparticles develop from the secondary aggregation and 227
 
 Figure 2. TEM image showing cobalt pentacyanonitrosylferrate nanoparticles with regular cubooctahedral morphology and associated superlattice assembly.The samples were prepared at w ) 50. Scale bar ) 200 nm.
 
 subsequent rearrangement of cobalt-containing coordination polymer primary clusters that nucleate within the confined water pools of the microemulsions. Further information on the nanoparticle growth process was obtained from a study of the synthesis of KxCrII4[CrIII(CN)6]y‚nH2O in reverse microemulsions at w ) 30 (see experimental methods). Two microemulsions, containing either aqueous [Cr(CN)6]3- or CrII ions, were combined under an inert atmosphere with vigorous stirring to produce a graygreen solid. FTIR spectra showed a symmetrical peak at 2184 cm-1, which was assigned to the CrIII-CN-CrII stretching vibration, whereas the corresponding peak in the free hexacyanochromate (at 2131 cm-1) was not observed. TEM observations showed cubic-shaped nanoparticles in the size range 15-200 nm (Figure 3a). The polydispersity was significantly increased when compared with the cobaltcontaining materials described above and was probably due to the higher instability of the CrII microemulsion. The relatively slow rate of coprecipitation, however, resulted in the presence of spherical aggregates along with the cubic nanoparticles, which were uniform in size, typically 50100 nm, and contained chromium (EDX analysis). Highmagnification images indicated that each aggregate was composed of myriad irregularly shaped electron dense clusters that were 5 nm or less in size (Figure 3b). The data suggested that nanoparticle growth occurs through the interdroplet exchange and subsequent aggregation and crystallization in nucleation clusters of the coordination polymer. Whereas the crystallization step appears to take place relatively rapidly for cobalt heaxacyanoferrate and cobalt pentacyanonitrosylferrate to produce well-defined singlecrystal nanoparticles, the process is significantly slower for chromium hexacyanochromate clusters nucleated in the nanoscale water droplets so that the initial stages of growth could be identified by electron microscopy. 228
 
 Figure 3. TEM images showing (a) cubic-shaped nanoparticles of chromium hexacyanochromate, scale bar ) 200 nm, and (b) spherical aggregate containing discrete ca. 5 nm-sized clusters of chromium hexacyanochromate prior to the formation of a cubicshaped nanoparticle, scale bar ) 20 nm.
 
 4. Conclusions. The synthesis of hydrophobic nanoparticles of crystalline cobalt hexacyanoferrate, cobalt pentacyanonitrosylferrate, and chromium hexacyanochromate has been achieved by mixing water-in-oil microemulsions containing the appropriate reactants. The cobalt-containing nanoparticles are well-defined and uniform in size within the range of 12-22 nm, depending on the concentration of the encapsulated reactants. At sufficient particle concentrations, superlattices containing up to 100 particles, each of which is separated by an AOT bilayer, are readily formed by solvent evaporation. Growth of the nanoparticles occurs through the aggregation of primary clusters, presumably in association with restructuring of the surrounding surfactant membrane. In general, the methods described in this paper should be readily applicable to the synthesis of a large number of molecule-based magnets, as well as other coordination polymers formed by coprecipitation. Studies on the magnetic properties of these new nanoscale materials are the subject of further work. Acknowledgment. We thank the Leverhulme Trust for a postdoctoral fellowship to S.V., the EU for a Marie Curie postdoctoral fellowship to E.D., and the University of Bristol for a postgraduate studentship to M.L. Nano Lett., Vol. 2, No. 3, 2002
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