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We report here a simple and efficient approach for the controlled deposition of a monolayer of Prussian blue analogue nanoparticles on a gold surface functionalised with amino groups and their characterisation by surface plasmon resonance spectroscopy and atomic force microscopy combined with theoretical modeling.

Prussian blue analogues (PBA) are coordination cyano-bridged networks having the general formula A 1-x M[M'(CN) 6 ] 1-x/3 z (A is a monovalent cation, M and M' are transition metal ions, is the cyanometallate vacancies), in which M and M' are connected through cyano-bridges leading to a three-dimensional face-centered cubic open-framework. The large workable combinations of transition metal ions lead to a wide family of PBA with different interesting physico-chemical properties, including magnetic behaviour, [1][2][3] electronic phase-change phenomena, [4][5][6] photo-switching phenomenon, [7][8][9][10] gas and ion absorption/hydrogen storage, 11 and negative thermal expansion. 12,13 Compare to their bulk counterparts, PBA nanoparticles (NPs) exhibit unique size and shape dependent features, 14 such as for instance optical, 15 magnetic, 16,17 and elastic 18,19 properties, which may find potential applications in many fields 20 including electrode devices, 21 electronics, optics, biology 22 and medicine. 23,24 Considering that several of these applications require the NPs on a planar surface, the controlled deposition or patterning of PBA NPs on a surface is an important challenge. 25 In this line of thought, three different approaches may be cited. 26 The first one consists in the electrochemical deposition of Prussian blue and PBA thin films on platinum, 27 glassy carbon and indium-doped tin oxide, 28 or gold single crystals. 29 Another strategy involving a sequential layer-by-layer deposition on a polyethylene terephthalate polymer solid surface (Melinex), conducting to a series of magnetic and photo-magnetic PBA thin films, has been developed by D. Talham's group. [30][31][32] This consecutive approach has been extended to the design of mono and multi-layered paramagnetic and ferromagnetic PBA films directly grown on a functionalized Si(100) surface 33 or on a quartz or indium tin oxide surface. 34 Secondly, nanostructured PBA on a gold surface has been obtained by A. † Electronic Supplementary Information (ESI) available on NJC website Bleuzen and coll. by sequential nanopatterning. 35 The third approach includes the homogeneous deposition of already formed PB nanoparticles on a positively charged indium tin oxide conductive glass and gold surface, 36 functionalized with amine Au electrodes 37 or SiO 2 38 surfaces.

Gold surfaces present several advantages for the deposition of metal-organic frameworks 39 and particularly of PBA NP layers and their investigation: (i) they may be easily functionalised by a self-assembled monolayer (SAM) with a variety of ligands able to anchor NPs, [40][41][42][43] (ii) these SAMs can control the deposition and dispersion of nano-objects. 44,45 In this work, we propose a simple method to implement and optimise the controlled deposition of a monolayer of well-dispersed K + /Ni 2+ /[Fe(CN) 6 ] 3-PBA NPs on a large (1 cm 2 ) gold surface functionalised with a SAM of aminoethanethiol. A particular emphasis is given to the detailed characterisation of the obtained PBA@Au materials by using SPR measurements and AFM imaging both assisted by theoretical modelling. This combined approach complements also the original method for the measurement of the refractive index of PBA nanoparticles.

K + /Ni 2+ /[Fe(CN) 6 ] 3-PBA NPs were synthesised by the controlled addition of the respective molecular precursors, NiCl 2 •6H 2 O and K 3 [Fe(CN) 6 ], , using the synthetic strategy we previously reported for other PBA to give K 0.04 Ni[Fe(CN) 6 ] 0.62 . 18,23 The IR spectrum (Fig. S1a,ESI †) shows the typical stretching vibrations at 2166 and 2100 cm -1 corresponding to the Fe III -CN-Ni II and Fe II -CN-Ni II linkages of the PBA cyano-bridged network, respectively. 46 The transmission electronic microscopy (TEM) images show the presence of PBA NPs with a well-defined cubic shape with a mean length edge equal to 35 ± 3 nm (Fig. S1b andc, ESI †). A negative zeta potential of -23 mV measured for the particles indicates the presence of the [Fe(CN) 6 ] 3-moiety on the NPs' surface, which contributes to their stabilization and good dispersion in water. 47 As a simple way to anchor the NPs on a gold surface, a thin layer of aminoethanethiol of about 5 Å (see ESI †) has been used. 40,48 In our experimental conditions, pH > 7; the surface amine functions are therefore able to coordinate the Ni 2+ ions located at the surface of the PBA nanoparticles but the presence of the electrostatic interactions between the nanoparticles and the surface cannot be excluded.

The deposition of NPs suspended in water at different concentrations (0.04, 0.08, 0.16, 0.31, 0.62, 1.50 and 2.50 mg.mL -1 ) on the amino-gold surface was conducted and monitored using a home-made SPR setup. 49 For this purpose, the slides were deposited on an optical BK-7 right angle prism to obtain the Kretschmann configuration (a total internal reflection of light in p-polarisation). To get an optical continuity, a refractive index matching oil was used between the gold slide and the optical prism. Then, an SPR chamber (1 mL) was mounted on the amino-gold surface (Fig. 1a). The determination of the resonance angle (minimum of SPR curve) of the amino-gold surface was performed in air using the total internal reflectivity configuration with incident angles ranging between 38.00°and 50.00°. The intensity of reflected light decreases sharply to almost zero for a reflectance angle of 43.10°; this value was set as the reference resonance angle. Then, for NP deposition, the SPR chamber was filled with 1 mL of the NP suspension. After 7 hours, the cell was thoroughly rinsed with 25 mL of ultrapure water, to be sure that all unbound NPs were removed. Nitrogen gas was flowed gently inside the chamber for 3 minutes to dry the surface. SPR measurements of the NPs deposited on the amino-gold surfaces were performed in air. the amino-gold surface. As the NP refractive index is assumed to be the same for all samples, the difference in the observed resonance angles is a consequence of an augmentation of the amount of NPs deposited on the amino-gold surface. However, the SPR measurements provide an overall optical thickness of the thin deposit on the amino surface, but no information is given concerning the organization of NPs on the surface. The IR spectra of the PBA NPs deposited on the Au surface present also two peaks (2166 and 2100 cm -1 ), confirming that the PBA structure has been preserved after deposition (see Fig. S2a, ESI †). Atomic force microscopy (AFM) was therefore used to image the NP-amino-gold surface at the nanometre scale. Fig. 2 displays AFM images, performed in amplitude modulation AFM mode (AM-AFM) in ambient conditions, [START_REF] García | Amplitude Modulation Atomic Force Microscopy: GAR-CIA:AMPLIT[END_REF][START_REF] Marinaro | [END_REF] a homogeneous distribution of the NPs on the surface. Note that the average height shown in Fig. 2 is less than twice the height of a nanoparticle (the mean height of NPs measured in all AFM image is 40 ± 10 nm, see Fig. S3c,ESI †). We can conclude that the NP deposition on the amino-gold surface can be approximated as a discrete coverage of individual PBA NPs. A zoomed-in view of the surface dispersion and roughness (1 nm for the substrate roughness) for the sample with a suspension concentration of 0.16 mg.mL -1 (Fig. 2c) shows that each point in the AFM image represents one nano-object (See Fig S3a,b). For each topographic AFM image, we used the Gwyddion software 52 and the threshold method to estimate the coverage of the surface by PBA NPs. According to the initial concentration of NPs, the surface coverage increased from 0.8% to 25.7%. The SPR resonance angle values and the surface coverage as a function of the concentration of PBA NP suspension are exposed in Fig. 3. Both curves, which seem to have correlated behaviour, show that there are two different regimes in the coverage process: at low concentration, the evolution of the surface coverage is linear as a function of the NP concentration and then, the surface coverage increases moderately and tends to saturate. As it was discussed previously, the surface of NPs is negatively charged, which tends to isolate them during the deposition process, which besides the presence of amino groups at the surface can explain the homogeneous deposition of the NPs. 45 The experimental SPR resonance angle was compared to that of the simulated curves obtained by the generalised Rouard method applied to an absorbing thin-film stack. 53 The model allows simulating the reflectance and the transmission of a multi-layer optical system, where each layer was assumed as perfectly flat and homogeneous. The parameters of the model are the thickness of each layer and their complex refractive index (the real part is the refractive index and the imaginary part is the optical absorption). It is important to note that the optical absorption of gold in the visible wavelength domain is strongly linked to the plasmonic phenomenon. The Maxwell-Garnett equation 54,55 can be used to calculate an effective refractive index n eff of the NPs-air mixture (See ESI †), and then used as the refractive index of the NP layer in the generalized Rouard method. Fig. 4a shows the result of simulations of the SPR spectra obtained for the same surface coverage values as those determined from the AFM experimental data (see Fig. 3). The resonance angles obtained from the experimental SPR curves were fitted using the minima of the simulated SPR curves, by the non-linear least square method coupled with a Monte-Carlo random walk with a large number of steps. For each step, a random refractive index has been chosen and kept only if the least square error was smaller. In Fig. 4b the minima of the simulated curves (red line) and the shift of resonance plasmon angles of the experimental curves (black squares) were plotted as a function of the surface coverage of NPs on the gold surface. The results of the fit (Fig. 4b) and the simulated plasmon curves of Fig. 4a gave a refractive index for the NPs of 1.44 ± 0.03 at a wavelength of 632.8 nm. In parallel, we have extracted the refractive index of the PBA NPs from a refractometry measurement of a NPs-water mixture (see ESI † for details). The result gave a value of 1.44 at a wavelength of 589 nm, which is in good agreement with the SPR measurement.

As reported in Fig. 1b and Fig. 2, the right shift of the plasmon curve minima observed in Fig. 4a is induced by rising of the surface coverage of NPs on the gold surface. Note that the intensity of the SPR experimental curves has not been taken into account to extract the refractive index of NPs because it does not influence the SPR resonance angle and then the extracted refractive index. Also, the variation of the former can be induced by the absorption of NPs and the scattering produced by the roughness of the NP surface (see Fig. S4 and S5, ESI †).

In summary, we report a simple and efficient method for controlled chemical deposition of the PBA NPs on a gold aminated surface. The cubic K + /Ni 2+ /[Fe(CN) 6 ] 3-NPs of 35 nm were anchored to the surface mainly via coordination bonds between the Ni 2+ ions situated on the surface of the NPs and those available on the gold surface amino functions. The control of the NP amount on the surface is achieved by the variation of the initial concentration of NPs in the aqueous suspensions, giving in all cases a homogeneous distribution of the NPs on the overall Au surface, as confirmed by SPR measurements and AFM imaging. The SPR data were fitted using the generalized Rouard method and the Maxwell-Garnett equation providing the determination of a refractive index for PBA NPs. This approach for NP deposition can be easily extended to other inorganic NPs with interesting physicochemical properties, which opens the way for various applications.

Fig. 1

 1 Fig. 1 (a) Scheme of NP deposition on the amino-gold surface in an SPR cell; (b) normalized intensity of the total internal reflection of PBA NPs on the gold aminated surface for the different NP concentrations in suspension with a p-polarisation of light (R p ) as a function of the internal reflection angle (SPR recordings). Lines are guide for the eyes.

Fig. 2

 2 Fig. 2 AFM images with scale bar 20 x 20 µm of the PBA NPs deposited on the amino-gold surface with different initial concentrations: (a) 0.04 mg.mL -1 ; (b) 0.08 mg.mL -1 ; (c) 0.16 mg.mL -1 ; (d) 0.31 mg.mL -1 ; (e) 0.62 mg.mL -1 ; (f) 1.50 mg.mL -1 ; (g) 2.50 mg.mL -1 .

Fig. 3

 3 Fig.3 Surface coverage (blue squares) and plasmon resonance angles (black circles) as a function of the NP concentration. Lines are a guide for the eyes.

Fig. 4

 4 Fig.4(a) Plasmon curves calculated using the Rouard method with surface coverage similar to the experiment; (b) plasmonic resonance angles as a function of the surface coverage of NPs on the amino-gold surface. The black squares represent the experimental points and the red curve is the fitting obtained with modelization.
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