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Graft of gold on spin-crossover nanoparticles: SCO@Au

Nanoparticles of gold were successfully directly grafted on nanoparticles of a 1D polymeric Spin-CrossOver material leading to singular SCO@Au hybrid particles. The result is equally obtained using a large panel of gold-particles sizes, from 4 to 45 nm, which first allows defining the best experimental conditions, notably in term of gold-particles concentration, and then demonstrates the robustness and the efficiency of the method.

The Spin-CrossOver (SCO) phenomenon currently attracts many attention from diverse scientific communities and in particular the chemists' one. [START_REF]Spin-Crossover Materials: Properties and Applications[END_REF] This craze for the SCO materials notably comes out since their development process has now reach the step where fundamental questioning can be accompanied with more practical concerns, the latter being announced for decades. [START_REF] Kahn | [END_REF] Among them is the examination of the routes to design functionalized SCO nanoparticles. Getting SCO nano-particles is now a common and relatively easy task, 3 notably with triazol-based iron materials, 3c-g but their functionalization is still under investigation; one of the main targets being the discovery of new photophysical properties and new SCO nanomaterials to reduce the required laser power to get a complete spin state switching. In this context, the achievement admitted as being one of the most challenging is to graft gold nanoparticles (AuNPs) on polymeric triazol-based iron(II) complexes nanoparticles. 2d,4,5 To this aim, the prevalent investigated route consists in wrapping the SCO particles with silica prior to attempt to fix the gold particles. Recently, this route was shown to be achievable by different research groups. 5 However the strategy used was a multistep process of coating and surface functionalization by silanization for the anchoring of gold. This latter step notably has to be optimized to improve the surface density of anchoring functions (such as amines or thiol) and to increase the density of fixed AuNPs on a SCO particles. Despite this, some pioneer studies evidenced that the presence of gold particles has opened some promising perspectives for new physical properties in SCO materials, including plasmonic effects. [START_REF] Kahn | [END_REF]6 The development of a more robust method to increase the amount of AuNPs onto the surface of SCO NPs in order to modulate their SPR property is still a challenge. We present here a new route to efficiently fix gold particles on SCO particles in a simple manner. The starting idea was to attach the gold particle directly to the SCO one, without the need of a silica coat but by taking advantage of the likely affinity of the coordination ligand for Au. Note that this idea was already mentioned a few years ago but in this case the grafting was not clearly evidenced -probably due to some intrinsic properties of the chosen SCO compound -and no further experiments were thus attempted. 7 Here, the compound chosen to test the concept of the direct gold-grafting appears to be one of the most studied within the scientific community and in any case the one always cited when referring to the high potential of application of the SCO materials. This compound is the 1D-polymeric iron(II) compound of formula [Fe(Htrz)2(trz)](BF4) (Htrz = 1H-1,2,4-triazole and trz = deprotonated triazolato(-) ligand) undergoing a SCO with a wide hysteresis above the room temperature (T1/2 = 346-375 K). 5,8 The particles are of good crystalline quality, allowing the determination of HS and LS crystal structures, whatever the particle sizes. 9 Please do not adjust margins
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The synthesis of the nanoparticles of this compound is a well-known process including recent progress on micellar methods allowing a perfect control of the size of the particles. 5,9a All the [Fe(Htrz)2(trz)](BF4) particles synthesized here present a morphology of rods with average dimensions of 200 nm long and 60 nm large. While this same size of SCO particles was used all along this work, a panel of spherical gold-particles was tested with diameters of 4 nm, 10 nm and 45 nm. The gold NPs were synthesized by using previous published protocols 10 . Subsequently, surface modification of the assynthesized AuNPs were carried out by using a PVP polymer (Mw=55000). Note that the quality of the gold-particle synthesis already appears as a key point for the subsequent grafting efficiency. The assemblage of the SCO and gold particles is then performed as following described. Initially, 50 L of gold nanoparticles (10 nm) at the concentration of 8.15 10 16 part/L is mixed to 50 L of ethanol in a microtube of 1.5 mL. Then, 100L of a solution of [Fe(Htrz)2(trz)](BF4) at 0.18 g/L is added and mixed at room temperature during one night. The final product is washed with an ethanolic solution of PVP in order to maintain the colloidal stability. The result is presented on Fig. 1. The grafting of AuNPs appears homogeneous and quite dense in all the samples.

To monitor the effects of the initial gold-concentration on the final result, we define here the ratio Au:SCO. The notation 1:1 describes the situation where the n gold nanoparticles necessary to theoretically cover entirely one SCO [Fe(Htrz)2(trz)](BF4) particle are used. For instance, the ratio 5:1 means that 5n gold nanoparticles are used while 1:4 means only one quarter of the n gold nanoparticles are used (details of calculation are provided in ESI). The first synthesis reported above corresponds therefore to the ratio 1:2. Note also that n is obtained from the relative values of the surfaces calculated from the dimensions of the SCO and gold-particles. For instance, for 10 nm gold-particles, n corresponds to 500 particles. With this definition, the ratios going from 1:16 to 20:1 were investigated (Fig. 2). With evidence, the amount of AuNPs fixed on the SCO particles making hybrid [Fe(Htrz)2(trz)](BF4)@AuNPs particles gradually increases according to the initial committed concentration of gold. 
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In addition to the 10 nm gold-particles, we tested also this method using 4 nm and 45 nm gold-particles. As a result, an overview of the formation of the hybrid [Fe(Htrz)2(trz)](BF4)@Au particles is given not only as a function of the gold initial concentration but also for three gold-particle sizes (Fig. 3). The fixation of gold on the SCO particles observed in all situations shows different grafting qualities (Fig. 3). First, even though it appears challenging to quantify, a simple observation of the TEM images clearly evidence that at high initial concentrations of gold nanoparticles (from 5:1 to 20:1) the grafting is poorly efficient with a very low number of fixed gold particles on the SCO ones. On the contrary, low initial concentrations (from 1:8 to 1:1) result in a large number of gold particles covering the SCO ones which allows defining this concentration range as the optimal experimental conditions. Note that the complete covering, theoretically reached for 1:1, is never obtained and that the best grafting ratio seems to be rather obtained for the 1:2 experimental conditions. Interestingly, the same conclusions are reached whatever the gold-particle sizes which validates the present route for grafting gold on these SCO particles. Even if the adhesion mechanism still remains poorly understood, the origin of gold-grafting on [Fe(Htrz)2(trz)](BF4) could be assigned to the presence of the nitrogen donor atoms present in triazole molecules at the surface of SCO particles which coordinate the metal surface site of the AuNPs. 11 This hypothesis is supported by zeta potential measurements performed on gold nanoparticles stabilized with different types of ligands (weak ones such as citrate and PVP, and a stronger amphiphilic ligand, CTAB (cetyltrimethylammonium bromide) which stabilizes the dispersion by forming a bilayer surrounding the NPs) (see ESI). Whatever the ligand type, it can be obviously observed the exchange manifested by the tendency of three potential profiles to tend towards the same potential value around -10 mV for saturating concentrations. The grafting kinetic of gold on SCO is slow, that is the reason why the dispersions are incubated overnight. PVP macromolecules are chemisorbed by exchange reaction of citrate ligands by non-bonding electron transfer from the O atom of the pyrrolidone ring of PVP molecules to the electron deficient Au surface sites (M. Behera and S. Ram International Nano Letters 2013, 3:17). The stabilization of the gold dispersions results from a dynamic equilibrium between chemisorbed and free macromolecules remaining in the medium. When the amount of free PVP macromolecules decrease, the colloidal destabilization occurs. Therefore, it is mandatory to let an excess of free PVP, of more than 1 g/L in order to maintain the colloidal stabilization (see Figure in ESI). The exchange reaction may be conditioned by the amount of free macromolecules by a law of mass action. That's the reason why we observe, in particular, a decrease of the number of gold particles by SCO for high concentrations of gold nanoparticles (Fig. 3, main text) which require higher amounts of PVP to stabilize the dispersion. The role of the PVP, used here as exchangeable stabilizing agent of gold dispersions, in the adhesion must be yet established in order to better understand this adhesion mechanism. The presence of the PVP macromolecules visible by TEM that covers the surface of the [Fe(Htrz)2(trz)](BF4)@AuNPs is due to the drying state of the sample which concentrated the free polymer on their surface (Fig. 4). Furthermore, SCO properties of the hybrid particles through magnetic SQUID measurements were determined (see ESI). The SCO characteristics of [Fe(Htrz)2(trz)](BF4) appear not affected in comparison to the usual behaviour since no significant differences nor in the transition temperatures nor in the hysteresis width are observed (T1/2 = 365 K, T = 18K). Preliminary tests of the influence on the SCO features of lightening the hybrid SCO@Au particles were performed using a 510 nm laser source with increasing powers from 10 to 45 mW/cm 2 . In these conditions, no noticeable effects are observed. More investigations are obviously required to deeply measure the impact of the grafting on the physical properties, notably the photomagnetic ones. To this aim, taking in mind that the synthesis of the hybrid SCO@Au particle must be first optimized to get larger amounts since the present results refer to L quantities, it could be interesting to sublimate the present concept using larger gold particles (> 50 nm) and powerful light sources.

Notes and references ‡ Transmission electron microscopy (TEM) images are acquired using a HITACHI H7650, with a high resolution mode and a tension of 60 kV. § The synthesis of [Fe(Htrz)2(trz)](BF4) particles using micellar method was done as reported in the literature 9a using the following parameters: concentration of Fe(BF4)2.6H2O is fixed at 2mmol/1.6g and Tergitol NP-9 is chosen as surfactant (75%). The synthesis was performed at 50°C with a reaction time of 2h. Final particles are all rod-shaped with approximate dimensions of 60x60x200 nm 3 . TEM, powder X-ray diffraction and magnetic measurements confirm their exact nature and the SCO features (see ESI). § § AuNPs were synthesized by previous reported protocols in the literature. 10 A surface functionalization step was carried out after the synthesis for all the AuNPs sizes. The subsequent initial protecting ligand of the AuNPs will be replaced by the PVP polymer (MW=55000). Samples will be purified from the Please do not adjust margins Please do not adjust margins PVP excess by using centrifugation. Finally, AuNPs@PVP will be redispersed in EtOH. The quality of the particles and their dimensions were checked by UV-Vis spectroscopy and TEM images (see ESI).

Fig. 1

 1 Fig. 1 TEM images of [Fe(Htrz)2(trz)](BF4)@AuNPs with 10 nm gold particles. View of a batch (left) and focus on one singular particle (right). STEM EDX images confirm the nature of the particles (available in the ESI). a. CNRS, Univ. Bordeaux, ICMCB, UPR 9048, 87 avenue du Dr A. Schweitzer, F-33608 Pessac, France *Contact author: philippe.guionneau@icmcb.cnrs.fr Electronic Supplementary Information (ESI) available: initial characterization of [Fe(Htrz)2(trz)](BF4) particles (magnetism, PXRD, TEM), initial characterization of gold nanoparticles (TEM, spectroscopies), magnetic measurements and STEM EDX for [Fe(Htrz)2(trz)](BF4)@AuNPs, details of the calculation of n used to define the Au:SCO ratio. See DOI: 10.1039/x0xx00000x

Fig. 2

 2 Fig.2View of the different tubes containing the [Fe(Htrz)2(trz)](BF4)@AuNPs particles obtained with 10 nm AuNPS and a panel of initial concentration going from 1:16 to 20:1. See text for definition.

Fig. 3

 3 Fig.3View of the hybrid [Fe(Htrz)2(trz)](BF4)@AuNPs particles shown as a function of the Au concentration-ratio (from 1:16 to 20:1; see text for definition) and of the gold particle size (4, 10 and 45 nm) from TEM. Zoom on four samples selected out of the whole panel.

Fig. 4

 4 Fig. 4 TEM images of SCO@Au nanografted particles for (right) 10 nm and (left) 45 nm gold particles.

J. Name.,2013, 00, 1-3 | 3

Acknowledgements are due to the Conseil Régional d'Aquitaine for the PhD grants of L.M and to the ANR agency (project ANR-11-BS08-06) for funding. The microscopy was done in the Bordeaux Imaging Center of the University of Bordeaux. The help of Sabrina Lacomme is acknowledged.