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 Controlling the Interparticle Spacing of Au-Salt Loaded Micelles and Au Nanoparticles on Flat Surfaces J. Bansmann,*,† S. Kielbassa,† H. Hoster,† F. Weigl,‡ H. G. Boyen,‡,§ U. Wiedwald,‡ P. Ziemann,‡ and R. J. Behm*,† Institute of Surface Chemistry and Catalysis, Ulm UniVersity, D-89069 Ulm, Germany, and Institute of Solid State Physics, Ulm UniVersity, D-89069 Ulm, Germany ReceiVed April 27, 2007. In Final Form: July 13, 2007 The self-organization of diblock copolymers into micellar structures in an appropriate solvent allows the deposition of well ordered arrays of pure metal and alloy nanoparticles on flat surfaces with narrow distributions in particle size and interparticle spacing. Here we investigated the influence of the materials (substrate and polymer) and deposition parameters (temperature and emersion velocity) on the deposition of metal salt loaded micelles by dip-coating from solution and on the order and inter-particle spacing of the micellar deposits and thus of the metal nanoparticle arrays resulting after plasma removal of the polymer shell. For identical substrate and polymer, variation of the process parameters temperature and emersion velocity enables the controlled modification of the interparticle distance within a certain length regime. Moreover, also the degree of hexagonal order of the final array depends sensitively on these parameters.
 
 1. Introduction Nanostructured surfaces consisting of size-controlled metal nanoparticles on a planar substrate are highly interesting model systems for fundamental research on physical and chemical processes such as optical,1 magnetic,2,3 or catalytic4-7 properties. This is even more the case if, in addition to a narrow distribution in particle sizes, also the interparticle spacing can be controlled independently with a narrow distribution of interparticle distances. For example, magnetic phenomena of nanoscaled materials and catalytic reactions are just two areas where the desired properties may not only depend on the size of the individual nanostructures but also on their spacing, due to dipolar magnetic interactions between neighboring particles8,9 or due to spill-over and transport processes on the surface. A preparation technique that provides for variable distances with a narrow distribution of inter-particle separations without modifying the particles themselves would thus be highly interesting for studying the influence of such interactions and effects as a function of the distance. Among the various methods applied for depositing metal nanoparticles on planar surfaces, which range from deposition of single atoms * Authors to whom correspondence should be addressed. E-mail: [email protected]; [email protected]. † Institute of Surface Chemistry and Catalysis. ‡ Institute of Solid State Physics. § Present address: Institute of Materials Research (IMO), University of Hasselt, Wetenschapspark 1, B-3590 Diepenbeek, Belgium. (1) Kreibig, U. Optical Properties of Metal Clusters; Springer-Verlag: Berlin, 1995. (2) Bansmann, J.; Baker, S. H.; Binns, C.; Blackman, J. A.; Bucher, J. P.; Dorantes-Da´vila, J.; Dupuis, V.; Favre, L.; Kechrakos, D.; Kleibert, A.; MeiwesBroer, K.-H.; Pastor, G. M.; Perez, A.; Toulemonde, O.; Trohidou, K. N.; Tuaillon, J.; Xie, Y. Surf. Sci. Rep. 2007, 56, 189. (3) Sellmyer, D.; Skomski, R. AdVanced Magnetic Nanostructures; SpringerVerlag: Berlin, 2006. (4) Rainer, D. R.; Goodman, D. W. J. Mol. Catal. 1997, 131, 259. (5) Chemisorption and ReactiVity on Supported Clusters and Thin Films; Lambert, R. M., Pacchioni, G., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1997. (6) Henry, C. R. Surf. Sci. Rep. 1998, 31, 231. (7) Freund, H. J. Surf. Sci. 2002, 500, 271. (8) Zeng, H.; Sun, S.; Vedantam, T. S.; Liu, J. P.; Dai, Z. R.; Wang, Z. L. Appl. Phys. Lett. 2002, 80, 2583. (9) Puntes, V. F.; Gorostiza, P.; Aruguete, D. M.; Bastus, N. G.; Alivisatos, A. P. Nat. Mater. 2004, 3, 263.
 
 and their subsequent coalescence into nanoparticles10 via deposition of preformed nanoparticles such as ligand-stabilized nanoparticles,11-14 mass-selected clusters,15-17or metal-loaded micelles18,19 finally to lithographic methods such as electron beam lithography20 or colloidal lithography,21-24 only few techniques allow for a controlled, nonstatistical nanoparticle deposition with narrow interparticle separations. Examples include the preferential nucleation and growth of nanoparticles on regular surface inhomogeneities, which are provided, e.g., by reconstructed surfaces such as the herringbone reconstruction of Au(111),25,26 or by template adlayers16,17as bottom-up approach or, on the other hand, electron beam deposition as top-down approach. One of the very few techniques, if not the only one, which allows nanostructured surfaces to be produced with both a very narrow size distribution of the nanostructures and a narrow distribution (10) Venables J. A.; Spiller, G. D. T. Surface Diffusion on Solid Materials; Plenum Press: New York, 1982; pp 1-64. (11) Schmidt, T. J.; Noeske, M.; Gasteiger, H. A.; Behm, R. J.; Britz, P.; Brijoux, W.; Bo¨nnemann, H. J. Electrochem. Soc. 1998 145, 925. (12) Maye, M. M.; Lou, Y.; Zhong, C.-J. AdV. Mater. 2001, 13, 1507. (13) Chusuei, C. C.; Lai, K.; Davis, K. A.; Bowers, E. K.; Fackler, J. P.; Goodman, D. W. Langmuir 2001, 17, 4113. (14) Link, S.; El-Sayed, M. A.; Schaaf, T. G.; Whetten, R. L. Chem. Phys. Lett. 2002, 356, 240. (15) Meiwes-Broer, K.-H. Metal Clusters on Surfaces; Springer-Verlag: Berlin, 2000. (16) Queitsch, U.; Mohn, E.; Scha¨ffel, F.; Schultz, L.; Rellinghaus, B.; Blu¨her, A.; Mertig, M. Appl. Phys. Lett. 2007, 90, 113114. (17) Terheiden, A.; Mayer, C.; Moh, K.; Stahlmecke, B.; Stappert, S.; Acet, M.; Rellinghaus, B. Appl. Phys. Lett. 2004, 84, 3891. (18) Spatz, J.; Mossmer, S.; Mo¨ller, M.; Herzog, T.; Plettl A.; Ziemann, P. J. Lumin. 1998, 76-77, 168. (19) Ka¨stle, G.; Boyen, H.-G.; Weigl, F.; Ziemann, P.; Riethmu¨ller, S.; Hartmann, C.; Spatz, J. P.; Mo¨ller, M. M.; Garnier, M. G.; Oelhafen, P. Phase Transitions 2003, 310, 307. (20) Tennant D. M. Nanotechnology; Springer-Verlag: New York, 1998; p 161. (21) Burmeister, F.; Scha¨fle, C.; Mattes, T.; Bo¨hmisch, M.; Boneberg, J.; Leiderer, P. Langmuir 1997, 13, 2983. (22) Gunnarsson, L.; Bjerneld, E. J.; Xu, H.; Petronis, S.; Kasemo, B.; Ka¨ll, M. Appl. Phys. Lett. 2001, 78, 802-804. (23) Werdinius, C.; Oesterlund, L.; Kasemo, B. Langmuir 2003, 19, 458-468. (24) O ¨ sterlund, L.; Kielbassa, S.; Werdinius, C.; Kasemo, B. J. Catal. 2003, 215, 94. (25) Chambliss, D. D.; Wilson, R. J.; Chiang, S. Phys. ReV. Lett. 1991, 66, 1721-1724. (26) Meyer, J. A.; Baikie, I. D.; Kopatzki, E.; Behm, R. J. Surf. Sci. 1996, 365, L647.
 
 10.1021/la7012304 CCC: $37.00 © 2007 American Chemical Society Published on Web 08/28/2007
 
 Controlling Interparticle Spacing
 
 of interparticle spacings, is based on the micellar technique,18,27,28 where nanoparticles are generated from chemical precursors such as metal salts loaded into the core of diblock-copolymer reverse micelles. After removing of the polymer shell in an appropriate plasma, metal nanoparticles are formed with a narrow size distribution and well-defined interparticle distances. Both parameters, the size and the distance between individual particles, can be controlled independently by choosing the appropriate polymers and metal salt loading. This method, which is able to generate pure metal and alloy particles with sizes between 1 and 15 nm, has been applied to various areas in fundamental research, e.g., to magnetism of nanoparticles,29-31 to catalytic reactions,32-34 and even to a concept of fabricating densely packed arrays of diamond field emitters35 via lithographic techniques. Although this technique has been investigated and applied for several years by different groups,18,27,28,36-39 basic questions on the mechanism of the deposition process are still open. Although in a simple model the adsorbed micelles are assumed to be in direct contact, a number of experimental results indicate that also experimental parameters such as emersion velocity or temperature play a role (see also ref 40). This is the topic of the present study, where we investigated the influence of the emersion speed and process temperature on the deposition characteristics, in particular on the order and interparticle spacing in the mono-micellar films (thickness corresponding to one micelle), upon deposition of Au-salt loaded micelles on single crystalline TiO2(110) substrates and oxidized silicon wafers. 2. Experimental Section Rutile TiO2(110) substrates (TBL Kelpin, Germany, one side polished, tolerance of the surface orientation
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