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The self-organisation of silver-containing hydrogen-bonded rosette assemblies on highly oriented pyrolytic graphite (HOPG) surfaces is described. The introduction of silver atoms into the double rosette architecture was achieved using the affinity of silver cations for cooperative π-donors or cyano-functionalities on the double rosettes. Highly ordered 2-D nanorod domains with an inter-row spacing of 4-5 nm oriented in different directions were revealed by tapping-mode atomic force microscopy (AFM). This new and simple strategy for the creation of metalcontaining supramolecular nanorod arrays that can act as well-defined surfaceimmobilized self-assembled scaffolds, will contribute to the development of functionalized nanoarchitectures via bottom-up approaches.

INTRODUCTION

Self-assembly and self-organisation of small building blocks is at the heart of bottom-up approaches [1] as an alternative to currently employed costly lithography based top-down methods of micro-nanofabrication [2] for engineering large-scale ensembles of nanoarchitectures [START_REF]a) Supramolecular Chemistry and Self-Assembly[END_REF]. As a natural phenomenon in biological [4] and chemical processes, [5] self-assembly offers attractive possibilities for creating functional molecular structures, for example artificial molecular machines [6]. Recent research interests are focused towards the fabrication, and specially positioning of noncovalent supramolecular aggregates on surfaces in organized networks [7][8][9][10][11]. Though many examples of supramolecular structures formed in situ on surfaces are known, only few superstructures formed in solution have been efficiently transferred onto surfaces [7,9, 11e, 12]. In this line our group has reported the synthesis and characterisation of multicomponent, hydrogen bonded assemblies (rosette) and their ordered rod-like arrangement on the graphite surfaces [13]. The rosette assemblies are based on the self-assembly of calix [4]arene dimelamines and barbituric acid (or cyanuric acid) derivatives (Figure 1), which are held together by complementary hydrogen-bonding between the donoracceptor-donor (DAD) array of calix [4]arene dimelamine derivatives and the acceptordonor-acceptor (ADA) array of the BAR (barbituric acid) or CYA (cyanuric acid) counterparts [13]. These assemblies can be easily functionalised [13d]. Metalcontaining self-assembled nanostructures are very interesting for growing metal nanoparticles or creating metallic nanowires from usual biological templates like DNA [16] and peptide nanotubes [17]. Metal atoms bound to the template surface act as nucleating centres for further growth of nanoparticles or can be 'developed' by using the multi-step synthesis of gold substituted calix [4]arene dimelamine derivatives, which is a costly and a lengthy process. In this article we report an alternative pathway of organizing metal-containing assemblies on surfaces without need for multi-step synthesis of metal functionalized precursors. This pathway is based on the use of strong affinity of certain metal ions for example Ag + ions for cooperative π-donor or cyano-functionalities easily grafted on the double rosette motifs [18].

[Insert Figure 1 here]

Here we report the 2-D self-assembly of silver functionalized double rosette assemblies Ag + •[1a assemblies are molecular boxes that consist of two flat and circular self-assembled rosette motifs connected though three calix [4]arene diamelamine moieties via the formation of 36 hydrogen bonds [13] (Figure 1). Employing such templates to direct the formation of metallic nanostructures may lead in the future to versatile routes to fabricate electrically conducting nanowires.

EXPERIMENTAL SECTION

All experiments were performed under argon atmosphere. 5,5'-diethyl barbiturate (DEB) (Aldrich), 2,5-dihydroxybenzoic acid (DHB) (Aldrich) and Ag + CF 3 COO (ACROS) was purchased and used as received. Calix [4]arene dimelamine derivatives 1a, 1b and CNPhCYA were synthesized according to the previous protocol. Germany). The system was thermally equilibrated over the period of typically 1 to 2 days by operating the AFM in contact mode with false engagement. The rms amplitude of the cantilever (≈ 0.8 V) and the amplitude damping (≈ 5%) were minimized to reduce the peak normal forces. Height, phase, and amplitude images were captured using scan rates between 0.5 and 3.0 Hz. All data presented here have been subject to a first order plane fit to compensate for the sample tilt. ] the silver ion coordinates to the cyano functionalities on the cyanurate derivative [8,20]. The introduction of the functional groups in the calix [4]arene dimelamine framework and barbituric/cyanuric acid derivatives can be conveniently performed without interfering with the network of hydrogen bonds that holds the double rosette together.

Synthesis of Ag

Atomic Force Microscopy (AFM)

Highly-ordered and regular 2-D arrays of rosette nanostructures were observed after deposition of the rosettes from toluene onto freshly cleaved HOPG surfaces, as unveiled by contact (or tapping) mode AFM (Figure 3). To suppress the 3-D (bulk) crystallisation of the rosettes, slow evaporation of the solvent in a nearly saturated atmosphere of the solvent was ensured. The AFM data was acquired, as described in detail in experimental section, on a thermally fully equilibrated commercial AFM setup using silicon tips. To prevent sample damage, the rms amplitude of the cantilever and the amplitude damping (5%) were minimized. The observed structure is characterized by an inter-row spacing of 

CONCLUSIONS

We have shown that silver atoms can be successfully incorporated into self-assembled, hydrogen-bonded rosette assemblies based on substituted calix [4]arene dimelamine and barbiturate (cyanuric) acid moieties. The rosettes formed in solution are very stable and can be deposited onto solid surfaces to create metal-containing supramolecular aggregates with nano-sized dimensions ranging from 0-D (individual rosettes) to 2-D (rosette layers). In these highly ordered nanorod domains, face-to-face stacked rosettes form parallel rows lying in edge-on fashion on HOPG surface. Our results show the feasibility of self-assembled hydrogen-bonded assemblies to serve as a scaffold for the 

  . In this realm, we have previously achieved the incorporation of gold atoms in the rosette assemblies using coordination to phosphane groups, which are placed on the melamine part of the rosettes as an alternative nonbiological pathway for creating metallic structures [13c]. However, this pathway includes

  1 1 H NMR spectra were recorded in CDCl3 on a Varian Unity 300. Chemical shifts are given in ppm relative to tetramethylsilane (TMS). Matrix-Assisted Laser Desorption Ionisation (MALDI) Timeof-Flight (TOF) mass spectra were recorded on a Voyager-DE-RP mass spectrometer (Applied Biosystems/PerSeptive Biosystems, Inc., Framingham, MA, USA) equipped with delayed extraction. A 337 nm UV nitrogen laser producing 3-ns pulses was used and the mass spectra were obtained in the linear and reflectron mode. Tapping mode AFM (TM-AFM) thin-film samples were prepared by deposition of one drop of a solution (0.1 mM) of silver complexed assemblies Ag + •[1a 3 •(DEB) 6 ] and Ag + •[1b 3 •(CNPhCYA) 6 ] in toluene onto freshly cleaved highly-oriented pyrolytic graphite (HOPG) in a nearsaturated atmosphere of toluene. After the solvent was evaporated, the samples were treated for 15 min in oil pump vacuum to remove any traces of residual solvent. The TM-AFM data were acquired with a Nanoscope III multimode AFM (Digital Instruments, CA, USA) by using a 10 µm (E) scanner and microfabricated silicon tips/cantilevers (model TESP, resonance frequency of 300 kHz, Nanosensors, Wetzlar,

  + complexes of the hydrogen-bonded assemblies[18] 5-10 mM solutions of the hydrogen-bonded assemblies [1a 3 •(DEB) 6 ] and [1b 3•(CNPhCYA) 6 ] in CHCl 3 were stirred for 24 h at room temperature with 1.5 equivalent of Ag + CF 3 COO -. Further an aliquot of this solution (10 mL) was mixed with an aliquot (30 mL) of a solution of 2,5-dihydroxybenzoic acid (DHB) (3 mgL -1 ) in CHCl 3 . A portion (1 mL) of the resulting solution was loaded on a gold-sample plate, the solvent removed in warm air, and the sample transferred to the mass spectrometer for analysis.Page 5 of 22 URL: http:/mc.manuscriptcentral.com/tandf/gsch Email: suprachem@mail.cm.utexas.of silver-functionalized double rosettes Two different silver functionalized double rosette assemblies (Figure1) were synthesized. The synthesis of double rosette assemblies was performed according to the previous protocol by easily mixing calix[4]arene dimelamine derivatives 1a (or 1b) with DEB (5,5-diethyl barbituric acid) or CNPhCYA (p-cyano-phenyl cyanuric acid) in 1:2 ratio in apolar solvents chloroform or toluene[19]. The formation of the assemblies is characterized by 1 H NMR. The characteristic signals around 13-15 ppm of hydrogenbonded imide protons (-NH) on barbituric acid or cyanuric acid derivatives confirm the formation of the double rosette assemblies (Figure2b,c). Silver atoms can be easily incorporated in the double rosette assemblies 1a 3 •(DEB) 6 and 1b 3 •(CNPhCYA) 6 by reacting 5-10 mM solution of double rosette assemblies (CHCl 3 ) with 1.5 equivalents of Ag + CF 3 COO -for 24 h at room temperature. MALDI-TOF analysis of silver functionalized assemblies show intense signals in the spectra at m/z = 4278.

5. 1 8 (Figure 3 ,

 183 Figure6, the graphs of the peak positions observed in the histograms for different bin

Figure 2 .
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Figure 4 .Figure 5 .

 45 Figure 4. Double rosette assemblies Ag + •[1b 3 •(DEB) 6 ] and Ag + •[1b 3 •(CNPhCYA) 6 ], lie

Figure 6 .

 6 Figure 6. Plots of observed distance-differences at the edge of nanorod domains for

  

  

  

  

  

  [START_REF]a) Supramolecular Chemistry and Self-Assembly[END_REF] 

  [START_REF]a) Supramolecular Chemistry and Self-Assembly[END_REF] 

  3 (calcd. 4276.1 for C 228 H 276 N 48 O 30 • 107 Ag + ) for assembly Ag + •[1a 3 •(DEB) 6 ] (Figure 2a) and 4347.9 (calcd. 4348.1 for C 222 H 246 N 66 O 42 • 107 Ag + ) for assembly Ag+ •[1b 3 •CNPhCYA) 6 ]indicating the incorporation of silver atoms in the rosette architecture[18].
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[Insert Figure 2 here]

Based on literature results, in the assembly Ag + •[1a 3 •(DEB) 6 ], the silver ions coordinate to benzyl aromatic ring on calix
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arene dimelamine presumably forming a
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