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Non-ordered superstructure of gelated emitting and plasmonic nanocrystals
The assembly of colloidal nanocrystals (NCs) provides opportunities of transferring functions of nanomaterials to the macroscopic scale. A wide variety of assembly approaches has been developed during the past decades. Among them the 3D assembly offers the greatest versatility in constructing NC based composites ranging from small clusters through gel-like structures to macro-scaled solids. The assembly of NCs in gel structures leads to highly porous, lightweight 3D objects, which in many cases preserve the properties of the NCs they consist of, which makes them promising materials for applications in nanophotonics, electronics, photovoltaics, and catalysis.
 Recently, in the group of Prof. Dr. Alexander Eychmüller new approaches for a facile and reproducible preparation of 3D assemblies of colloidal NCs have been developed.1 One of them is based on complexation of metal ions with the capping ligand, namely 5-mercaptomethyltetrazole (1). This approach was used for preparation of CdTe gels
 as well as mixed CdTe-ZnSe
 and CdTe-Au
 gels.
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The complexation of tetrazole capped CdTe and Au NCs was found to form networks with uniform distribution and a controllable ratio of the constituents.4 High resolution images reveal that network is consisted of randomly oriented interconnected crystalline NCs. In this kind of multifunctional nanostructures, an efficient coupling of the optical properties of the NCs and plasmon-enhanced emission were observed. The combination of a pronounced surface-sensitive optical signal with the extremely high surface area makes these multifunctional materials promising candidates for optical sensing applications. It should be noted that similar coverage of both types of NCs along with their similar average sizes (~2-3 nm) ensures their similar stability, solubility and surface activity, which in turn results in a random distribution of the NCs within the resulting 3D networks.
Continuing our earlier synthetic and optical investigations of NCs capped with tetrazole derivatives in framework of Research Networking Programm “Plasmon-Bionanosense” we aimed to synthesize semiconductor CdSe/CdS/SiO2 core-shell-shell beads and plasmonic Au or Ag NCs capped with tetrazole derivatives. Moreover, gelation of emitting and plasmonic NCs were planned in order to prepare corresponding non-ordered gelated superstructures which are attractive as building blocks for sensing applications as they possess well defined and pronounced plasmon resonances. 
We have tried several strategies for preparation of tetrazole functionalized silica beads. Predesigned strategies based on coupling of 5-aminotetrazole with carboxylic groups terminated on silica surface as well as azidation of cyano-functionalized silica were found to be inefficient for above purposes. Taking into account recent success in preparation of amino-functionalized silica coated NCs
 we have investigated latter as precursors for corresponding tetrazole derivatives. 
Initial CdSe/CdS/SiO2 core-shell-shell beads (2) coated by hydroxyl groups were prepared by means of water-in-oil microemulsion method according to a procedure recently published for CdSe/ZnS/SiO2 beads.5 Figure 1 depicts a Transmission Electron Microscopy (TEM) micrograph of obtained beads and photograph of its aqueous colloid under UV excitation. The TEM microphotograph shows, that each silica SiO2 NCs contains one CdSe/CdS core and has uniform spherical shape. The size of beads was varied from 20 to 35 nm depends on reaction conditions leading to different shell thickness. Photoluminescence intensity of quantum dots incorporated was slightly reduced under coating with silica.
[image: image2.png]


  [image: image3.png]



Figure 1. As prepared CdSe/CdS/SiO2 core-shell-shell NCs: (a) TEM micrograph and (b) photograph of its aqueous colloid under UV lamp excitation ((ex. = 365 nm).
Amino-functionalized silica beads 3 have been prepared by treatment of initial beads with 3-aminopropyltris(methyloxy)silane (4). Further alkylation of amino-functionalized silica beads 2 with 5-chloromethyltetrazole (5) was found to produce tetrazole-functionalized silica beads 6 (Scheme 1). However, the obtained beads were not capable to undergo gelatation under action of dilute aqueous solutions of transition metal salts. This can be explained by to low concentration of tetrazolyl groups attached to the surface of beads due to low conversion level of tandem alkylation reactions.
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Scheme 1. Synthetic scheme for tetrazole-capped silica beads and tetrazole-based capping ligand
Finding way to effectively introduce tetrazolyl groups onto the surfaces of silica beads we have developed tetrazole-based silica precursor 7. This hitherto unknown tetrazole derivative have been synthesized in moderate yield (~50%) by reaction of tetrazole 5 with silane 4 (Scheme 1). Hydrolyzation of organosilane 7 in presence of hydroxyl coated silica beads was found to produce silica beads 6 which are capable to metal-assisted gelation. We found that the addition of an aqueous solution of zinc acetate to the colloid solution of CdSe/CdS/SiO2 core-shell-shell beads 6 leads to the formation of hydrogel (Figure 2). Hydrogel is formed on the bottom of the flask within few hours.
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Figure 2. Photograph of an initial tetrazole-capped silica colloid, hydrogel dispersion, degelated colloid under UV lamp ((ex. = 365 nm).

Mechanism of the formation of the gel state is the cross-linking of individual NCs by the complexation of tetrazolate units with zinc cations. Addition of the strong complexation agent EDTA leads to the complete decomposition of the gel structure: after the addition of the EDTA aliquot the scattering gel dispersion becomes absolutely transparent confirming the absence of networks or larger aggregates of nanoparticles (Figure 2). Absorption and photoluminescence spectra of the original colloid (QD) and of the hydrogel formed are shown in Figure 3. Photoluminescence intensity of the hydrogel is slightly higher than the intensity of the initial colloidal solution (Figure 3). Almost no change in photoluminescence lifetime were observed (Figure 4). Normally for agglomeration of emmiting NCs quenching of photoluminescence and decrease of photoluminescence lifetime are observed. 
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(b)
Figure 3. Absorbance and emission ((ex. = 450 nm) spectra (a) and photoluminescence decay ((ex. = 470 nm) curves (b) of the silica colloid 6 and of the resulting hydrogel.
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Figure 4. Photoluminescence decay ((ex. = 470 nm) curves tetrazole-capped silica colloid, hydrogel dispersion, degelated colloid.
Plasmonic Au NCs capped with 5-mercaptomethyltetrazole were prepared by reduction of sodium tetrachloroaurate in presence of tetrazoles 1 or 8. Hitherto unknown tetrazole 8 was synthesized by azidation of corresponding dinitrile according to Scheme 2. Under preparation of NCs tetrazole 8 undergoes reduction with cleavage of S-S bond generating ligand 1. All succeed synthesis results in small sized Au NCs 9 (ca. 2 nm), which are stable. Concentration of Au is relatively high, 10x more than usual synthesis of citrate-capped Au NCs. Unfortunately, prepared Au NCs possess weak plasmon due to their small size. 
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Scheme 2. Synthetic scheme for tetrazole 8 and tetrazole-capped Au NCs
In summary, we have developed novel tetrazole-based capping ligands suitable for stabilization of plasmonic and emmiting NCs which are capable for the reversible gelation. Gelated silica core-shell-shell beads were found to possess unexpected photoluminescence and optical properties. Further studies of this phenomena as well as properties of hybrid plasmonic/emmiting gels are planned in cooperation with group of Prof. Dr. Alexander Eychmüller (TU Dresden). Moreover, manuscript summarizing the results of research obtained in the framework of ESF programm is under preparation.
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