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Self-organization and tunable characteristic lengths of two-dimensional hexagonal superlattices of nanowires directly grown on substrates
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The organization of nano-objects on macroscopic surfaces is a key challenge for the technological improvement and implementation of nanotechnologies. For achieving operational functions, it is required to assemble nano-objects as controllable building blocks in highly ordered superstructures. Here we demonstrate the growth and self-organization of metallic nanowires on surfaces into hexagonal superlattices with tunable characteristics lengths depending of the used stabilizing surfactants. Starting from a reacting mixture containing a Pt(111) substrate, a Co organo-metallic precursor, an amine and an acid dissolved in a solvent, we quantify the structural evolution of superlattices of vertical single-crystalline Co nanowires on Pt using a combined analysis of small angle neutron scattering, transmission and scanning electron microscopies. It is shown the concerted steps of growth and self-organization of the nanowires into a spontaneous 2D hexagonal lattice on Pt, at intervals starting from a few hours of reaction to a highly ordered superlattice at longer times. Furthermore, it is shown that apart from long-chain acid and long chain aliphatic amine pairs used as stabilizers, the combination of a long chain aliphatic and a short aromatic ligand in the synthesis can be also employed for the nanowire superlattices development. Interestingly the possibility to employ different pairs allows quantitative modulation of the nanowire arrays, such as the interwire distance and the packing fraction.
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Using a combined analysis of small angle X-ray scattering, transmission and scanning electron microscopies, we demonstrate the direct growth on surfaces of metallic nanowires which selforganize into highly ordered hexagonal superlattices with tunable characteristics lengths depending of the used stabilizing surfactants.

INTRODUCTION

The long-range organization of nano-objects on surfaces is an objective pursued in numerous topics of nanotechnology, for instance nanoelectronics, nanoparticle-based sensors, magnetic data storage, metamaterials, etc. Nanostructuring and nanopatterning techniques based on lithography and etching processes allow reducing pattern dimensions while keeping uniformity, with the drawbacks of being time consuming, expensive and possibly detrimental for the etched materials. Self-assembly of colloidal nanocrystals by solvent evaporation is particularly interesting for obtaining periodically ordered, well crystallized and monodispersed nanoobjects [START_REF] Boles | Self-Assembly of Colloidal Nanocrystals: From Intricate Structures to Functional Materials[END_REF][START_REF] Li | Self-assembly of colloidal inorganic nanocrystals: nanoscale forces, emergent properties and applications[END_REF][START_REF] Bigioni | Kinetically driven self assembly of highly ordered nanoparticle monolayers[END_REF], but interplays between physical and chemical mechanisms driving selfassembly complexify the processes and limit the long-range order [START_REF] Dugay | Tuning deposition of magnetic metallic nanoparticles from periodic pattern to thin film entrainment by dip coating method[END_REF]. Direct growth of selforganized nanocrystals on surfaces is a very attractive alternative [START_REF] Barth | Engineering atomic and molecular nanostructures at surfaces[END_REF]. As a pure bottom-up approach, it should offer relatively high fabrication rate with large processed areas, while keeping small tolerances in terms of size and shape [START_REF] Tao | Shape Control of Colloidal Metal Nanocrystals[END_REF][START_REF] Bealing | Predicting Nanocrystal Shape through Consideration of Surface-Ligand Interactions[END_REF][START_REF] Kinge | Self-Assembling Nanoparticles at Surfaces and Interfaces[END_REF]. A promising strategy toward a direct integration of nanocrystals on surfaces exploits wet-chemistry nanoparticle synthesis of inorganic, hybrid and/or multifunctional complex nano-objects, in the presence of planar seeds.

Elongated nano-objects are particularly well suited for their direct growth on surfaces due to their intrinsic unidirectional growth [START_REF] Fan | Semiconductor Nanowires: From Self-Organization to Patterned Growth[END_REF][START_REF] Wacaser | Preferential Interface Nucleation: An Expansion of the VLS Growth Mechanism for Nanowires[END_REF][START_REF] Yeo | Laser-Induced Hydrothermal Growth of Heterogeneous Metal-Oxide Nanowire on Flexible Substrate by Laser Absorption Layer Design[END_REF][START_REF] Xu | Density-controlled growth of aligned ZnO nanowire arrays by seedless chemical approach on smooth surfaces[END_REF]. Moreover, the collective properties depend not only on the intrinsic characteristics of the individual building blocks such as size and shape, but also on the spatial arrangement between them [START_REF] Kinge | Self-Assembling Nanoparticles at Surfaces and Interfaces[END_REF][START_REF] Srivastava | Nanoparticle assembly for 1D and 2D ordered structures[END_REF]. It is thus crucial to define global bottom-up processes allowing the control of the nanoparticle separation distance. As solution grown particles consist in an inorganic core coated with an organic ligand corona preventing coalescence, one way to achieve nanoparticle superlattice modulations is to act on the nature of ligands introduced in the reaction. This step is not trivial because, apart from preventing coalescence, ligands also determine the features of the resulting nano-objects. Indeed, ligands can form prenucleation species that, depending on the ligand nature, are more or less prone to reduction. In this way they affect the kinetics of the nanoparticle nucleation and growth. In addition, due to their different affinity for different crystallographic facets of the nanocrystals, they can favor the stabilization of certain types of facets which will in fine grow at the expense of some others. These effects define both nanocrystal size and shape. In this context, by adapting the solution synthesis of Co nanorods [START_REF] Wetz | Synthesis and magnetic properties of Co nanorod superlattices[END_REF][START_REF] Liakakos | The Big Impact of a Small Detail: Cobalt Nanocrystal Polymorphism as a Result of Precursor Addition Rate during Stock Solution Preparation[END_REF], we previously showed the epitaxial growth of Co nanowires (NWs) on crystalline thin films [START_REF] Liakakos | Solution Epitaxial Growth of Cobalt Nanowires on Crystalline Substrates for Data Storage Densities Beyond 1Tbit/in 2[END_REF] and bulk metal foams [START_REF] Harmel | hcp-Co nanowires grown on metallic foams as catalysts for the Fischer-Tropsch synthesis[END_REF]. This approach has been extended to liquid phase syntheses of Fe [START_REF] Lacroix | Iron Nanoparticle Growth in Organic Superstructures[END_REF] and Pt nanoparticles, to directly grow Fe and Pt nanocubes and prisms on substrates [START_REF] Peres | Shape-selection through epitaxy of supported platinum nanocrystals[END_REF][START_REF] Liakakos | Oriented Metallic Nano-Objects on Crystalline Surfaces by Solution Epitaxial Growth[END_REF]. Due to the epitaxial growth, the relationship between the crystalline symmetries of the nanocrystals and of the surface of the films allows driving the orientation of the supported nanostructures, while the solution composition defines the shape [START_REF] Tao | Shape Control of Colloidal Metal Nanocrystals[END_REF][START_REF] Bealing | Predicting Nanocrystal Shape through Consideration of Surface-Ligand Interactions[END_REF]. However, acting on the nature of the introduced ligands to modulate the nanoparticle superstructure while maintaining a defined shape represents a key challenge. Here, as a model system, we focus on the solution epitaxial growth of Co nanowire (NWs) arrays on Pt films using different aliphatic and aromatic ligands to examine the nanowire growth, the superlattice formation and possible control of the packing fraction. Indeed, tuning the interwire distance and density in arrays of magnetic nanocrystals, such as Co nanowires, is particularly interesting for future magnetic data storage where next generation of hard disk drives are thought to be based on bit patterned media where each magnetic element should be located at precise location on the disk [START_REF] Liakakos | Solution Epitaxial Growth of Cobalt Nanowires on Crystalline Substrates for Data Storage Densities Beyond 1Tbit/in 2[END_REF][START_REF] Albrecht | Bit-Patterned Magnetic Recording: Theory, Media Fabrication, and Recording Performance[END_REF][START_REF] Sun | Monodisperse FePt nanoparticles and ferromagnetic FePt nanocrystal superlattices[END_REF]. Therefore, structural evolution of the NW assembly during growth was monitored through a combined analysis of small angle neutron scattering (SAXS) [START_REF] Li | Small Angle X-ray Scattering for Nanoparticle Research[END_REF], scanning electron microscopy (SEM) and transmission electron microscopy (TEM). We prove the ability of pairs of aliphatic/aromatic ligands to (i) induce the direct growth of 2D hexagonal arrays of nanowires on substrates, and (ii) to modulate the characteristic lengths of the superlattices such as the NW diameter, interwire distance and packing fraction.

RESULTS and DISCUSSION

Briefly, the synthesis consists in the introduction of a Pt(111) epitaxial film on a single crystalline Al2O3(0001) substrate into a toluene solution containing the Co precursor [Co{N(SiMe3)2}2(thf)], a carboxylic acid and an amine. We had previously shown that the matching between the 6-fold symmetry surface of Pt(111) films and hcp Co(0001) NW growing planes allows the vertical growth of the Co NWs: the nanowire long axis corresponding to Co[0001] is parallel to Pt[111] [START_REF] Liakakos | Oriented Metallic Nano-Objects on Crystalline Surfaces by Solution Epitaxial Growth[END_REF]. The amines used here are hexadecylamine (HDA) or benzylamine (BA) and the carboxylic acids were lauric acid (LA) or phenylacetic acid (PAA).

This choice was made in order to determine the way the different nature of the amine or the acid can affect the superlattice characteristics. It has to be noted that the electronic and/or steric properties of the ligands may affect the reaction outcome by acting on different stages of the nanoparticle growth (stability of prenucleation species, kinetics of nucleation and growth, stabilization of the exposed facets). We have thus compared pairs of (i) two long-chain ligands (HDA/LA), (ii) a short-chain amine comprising a phenyl ring with a long-chain acid (BA/LA), (iii) a long-chain amine with a short chain acid comprising a phenyl ring (HDA/PAA), and finally (iv) two short-chain ligands comprising a phenyl ring (BA/PAA). The combination of a short-chain aliphatic amine and a short-chain aliphatic acid does not produce nanorods of homogeneous dimensions as we have verified in the seedless version of the reaction, i.e. in the absence of support. Since what happens in the seedless version is closely related to what happens in the presence of a support, this combination was excluded from our study. Unless otherwise stated, the solution was heated at 110°C under 3 bar of H2. After different reaction times, the Pt films were removed from the reactor, dried and observed by SEM, then by SAXS in transmission mode (normal to the substrate) and finally by cross-sectional TEM.

Figure 1 displays (i) SEM, (ii) cross-sectional TEM micrographs, and (iii) 2D SAXS patterns of the samples obtained after different reaction times from solutions containing the Co precursor, HDA and LA. For sufficiently long reaction times, the SEM micrographs of the sample surface reveal dense arrays of NWs, homogeneously covering the entire substrate area, whereas for reaction times as low as 4h, SEM does not clearly reveal their presence. Both SEM and TEM show bundles of nanowires formed during solvent evaporation. The TEM crosssection images confirm the vertical growth of Co NWs on Pt(111) and allow measuring their individual dimensions: the nanowire length varies linearly between 35 nm (4h) and 700 nm (72h) as a function of the reaction time, while the NW diameter 𝐷 is constant with respect to the reaction time, presenting an averaged value < 𝐷 𝐻𝐷𝐴/𝐿𝐴 > = 6.25 nm and standard deviation 𝜎 = 0.59 nm on the 4-72h time range (Fig. S1, Supplementary Information).

The corresponding SAXS patterns recorded from samples obtained at different reaction times are displayed on Figure 1(iii). While at short reaction times (4 and 8 hours) SAXS does not reveal any organized pattern, starting from 16h reaction (Fig. 1(iii) (d)) a 6-fold symmetry pattern was recorded in reciprocal space corresponding to a lattice of 2D hexagonally arranged NWs. For the longest reaction time, 72h, the long-range order is attested by the presence of reflections referred as (ℎ𝑘) Bragg indices corresponding to the 2D hexagonal lattice of Co NWs (Fig. S2, Supplementary Information): [START_REF] Wacaser | Preferential Interface Nucleation: An Expansion of the VLS Growth Mechanism for Nanowires[END_REF], the associated second order [START_REF] Liakakos | Oriented Metallic Nano-Objects on Crystalline Surfaces by Solution Epitaxial Growth[END_REF], and [START_REF] Yeo | Laser-Induced Hydrothermal Growth of Heterogeneous Metal-Oxide Nanowire on Flexible Substrate by Laser Absorption Layer Design[END_REF].

Interestingly, this method of fabrication of self-organized NW arrays directly grown on the solid support is closely related to the synthesis of freestanding mesocrystals of cobalt nanorods in solution [START_REF] Cormary | Concerted growth and ordering of cobalt nanorod arrays as revealed by tandem in situ SAXS-XAS studies[END_REF]. Despite the different reaction conditions (temperature, reactant concentration, absence of support), the freestanding nanorod superlattices obtained in the absence of solid support share common characteristics with the NW lattices grown here on Pt(111). Indeed, in both cases the individual nano-objects growth and their organization takes place simultaneously. In addition, growth takes place along their long axis, while the diameter is stable throughout the growth process (Fig. S1, Supplementary Information). The long-chain amine and acid play a major role in the nanorod growth mechanism and concerted growth-organization process. It has been also shown that the variation of the carbon chain length of the acid length induces modifications of the nanorod dimensions, albeit, clear tendencies associating the chain length to the nanorod dimensions have not been established [START_REF] Dumestre | Unprecedented Crystalline Super-Lattices of Monodisperse Cobalt Nanorods[END_REF]. In this context, a modification of the acid and/or the amine should impact the NW growth and should allow tuning of the NW diameter and/or the ligand shell thickness, and, through this, the distance between NWs on the solid support.

In a first step, we substituted LA by PAA while HDA was conserved. We successfully obtained arrays of Co NWs as displayed in SEM, TEM and SAXS images presented in Figure 2 (columns i, ii, and iii respectively). The Pt surface is covered with vertical nanowires and 6-fold symmetry SAXS patterns were recorded confirming the ability of the HDA/PAA amine/acid combination to induce the growth and self-organization processes on Pt(111): the long-range order of the 2D hexagonal lattice of NWs is certified by [START_REF] Wacaser | Preferential Interface Nucleation: An Expansion of the VLS Growth Mechanism for Nanowires[END_REF], [START_REF] Liakakos | Oriented Metallic Nano-Objects on Crystalline Surfaces by Solution Epitaxial Growth[END_REF] and [START_REF] Yeo | Laser-Induced Hydrothermal Growth of Heterogeneous Metal-Oxide Nanowire on Flexible Substrate by Laser Absorption Layer Design[END_REF] reflections. The TEM analysis indicates that the nanowire diameter is constant over the reaction time range with < 𝐷 𝐻𝐷𝐴/𝑃𝐴𝐴 > = 6.43 nm and 𝜎 = 0.80 nm (Fig. S3, Supplementary Information).

Figure 3 displays the Co NWs arrays obtained after synthesis using BA which substituted HDA while conserving LA. In this case, the reaction temperature was slightly increased to 130°C in comparison to other amine/acid pairs because synthesis at 110°C did not lead to the Co growth on Pt. Note that for Co/HDA/LA synthesis, increasing the reaction temperature at 150°C [START_REF] Liakakos | Solution Epitaxial Growth of Cobalt Nanowires on Crystalline Substrates for Data Storage Densities Beyond 1Tbit/in 2[END_REF] resulted in the same NW diameter and interwire distance as reported here at 110°C suggesting that at this temperature range the NW dimensions were not affected. Figure 3 shows that the synthesis performed with the BA/LA amine/acid pair also led to vertical Co NWs on Pt(111) organized into a single crystalline hexagonal lattice. Here also the NW diameter keeps unchanged for different reaction times, with however a smaller value than for precedent cases, that is < 𝐷 𝐵𝐴/𝐿𝐴 > = 6.06 nm and 𝜎 = 0.45 nm (Fig. S4, Supplementary Information).

As the three HDA/LA, BA/LA and HDA/PAA amine/acid pairs led to hexagonal Co NWs arrays, a final question concerns the ability of the combination of BA and PAA pair to achieve the growth/self-organization process. Figure 4 , where 𝑞 [START_REF] Wacaser | Preferential Interface Nucleation: An Expansion of the VLS Growth Mechanism for Nanowires[END_REF] is the reciprocal vector length corresponding to the 𝑑 (10) -spacing of (10) planes of the 2D Co NW hexagonal lattice (Fig. S2, Supplementary Information). Figure 5(d) plots the center-to-center interwire distances 𝑑 obtained for all amine/acid pairs as a function of reaction time. This confirms that the interwire distance 𝑑 is fixed early during the reaction (4h for HDA/LA) and, as the reaction continues, it keeps practically constant, while the NW length increases linearly (Fig. 5(e)). The interwire distance, or else the interstitial gap between the NWs due to the organic ligand shell, were quantitatively deduced from the difference between the mean center-to-center interwire distance 𝑑 and the NW diameter 𝐷 measured on TEM micrographs of the three acid amine pairs (see Figs. S1-S3 and S4, Supplementary Information), for each reaction time. The resulting ligand shell thicknesses are plotted in Figure 5(f) as a function of the reaction time for the different amine/acid pairs. Table 1 compares the NW growth rate (estimated from linear fits of the NW lengths vs reaction time Fig. 5 the ligand [START_REF] Whetten | Crystal Structures of Molecular Gold Nanocrystal Arrays[END_REF]. Thus, the lengths of HDA and LA are evaluated to be about 2.04 nm and 1.56 nm respectively. Ligand-ligand, ligand-solvent interactions as well as the effective softness parameter (𝐿/𝑅 ratio where 𝑅 is the nanoparticle radius, calculated in Table 1 considering the longest ligand involved) determine the effective nanocrystal radius in spherical nanocrystal self-assemblies prepared by solvent evaporation of solvated nanocrystals and by variation of the ligands [START_REF] Boles | Many-Body Effects in Nanocrystal Superlattices: Departure from Sphere Packing Explains Stability of Binary Phases[END_REF][START_REF] Quan | Solvent-Mediated Self-Assembly of Nanocube Superlattices[END_REF]. Here rationalization of the superlattices structure based on the 𝐿/𝑅 ratio would be very speculative since the formation of the NW superlattices during NW growth are also governed by intricate chemical reactions that take place during the nucleation and growth steps. Indeed, it has been shown recently that cobalt nanorods obtained from HDA/LA mixtures under very similar reaction conditions are stabilized by a mixture of laurate and hexadecyl laurylamide, resulting from a condensation between the ligands under the reaction conditions [START_REF] Kazḿierczak | Influence of Capping Ligands on the Catalytic Performances of Cobalt Nanoparticles Prepared with the Organometallic Route[END_REF]. As often reported in dried superlattices of nanocrystals [START_REF] Whetten | Crystal Structures of Molecular Gold Nanocrystal Arrays[END_REF][START_REF] Boles | Many-Body Effects in Nanocrystal Superlattices: Departure from Sphere Packing Explains Stability of Binary Phases[END_REF][START_REF] Quan | Solvent-Mediated Self-Assembly of Nanocube Superlattices[END_REF], the mean interstitial distance (here 2.13 nm in the HDA/LA system) is significantly shorter than what would be expected from a simple bilayer of either LA or hexadecyl laurylamide in the absence of intercalation between ligands of vicinal NWs. We thus assume that intercalation takes place independently of the nature of the ligand layer. Assuming that the same type of reactions take place also during the formation of NW superlattices from the two other systems, rationalization becomes more complicated by the fact that π-π stacking interactions could be also operative between the phenyl groups of BA and PAA with toluene [START_REF] Feng | Discotic Liquid Crystal-Functionalized Gold Nanorods: 2-and 3D Self-Assembly and Macroscopic Alignment as well as Increased Charge Carrier Mobility in Hexagonal Columnar Liquid Crystal Hosts Affected by Molecular Packing and π-π Interactions[END_REF]. Comparing the interstitial distances obtained by the three couples, we notice that the interstitial distance is less affected by a modification of the acid than of the amine. Interestingly, the shorter and more rigid BA results to a longer interstitial distance between the NWs but thinner NW diameter, as compared to the more flexible and longer HDA. A less important increase of the interstitial distance takes place by replacing LA by PAA but in this case the NW diameter increases.

In addition to the dimensions of the nanorods and the distances that separate them from each other, the quality of the self-organization is also impacted. This is illustrated in Figure 6 with the full widths at half maximum (FWHM) of the radial (Fig. 6(a)) and azimuthal profiles of the [START_REF] Wacaser | Preferential Interface Nucleation: An Expansion of the VLS Growth Mechanism for Nanowires[END_REF] Bragg reflections (Fig. 6(b)) plotted as a function of the reaction time (Fig. 6(c)). The width of the radial profile addresses the 𝑑 (10) -spacing dispersion, while the azimuthal profile one is related to the degree of mosaicity of the 2D hexagonal lattice. Whatever the amine/acid pair, the general trend is that both dispersion in 𝑑 ( 10) -spacing and mosaicity decrease with reaction time to reach the best regular arrangement at longest reaction times. That means that, while the NW hexagonal self-organization on Pt(111) operates from the first hours of reaction, the long range order and its coherence improve up to the longest synthesis, i.e. 72h. Moreover, among the three amine/acid pairs that led to the regular 2D lattices of NWs, the HDA/LA is the one that results in minimal deviations from the perfect 2D hexagonal lattice as attested by the smallest FWHM in Fig. 6.

This study demonstrates that specific amine/acid pairs acting as stabilizers can lead to Co nanowires organized on Pt and presenting different characteristic lengths in terms of interwire distances and diameters. This should pave the way for a tuning of the critical distances in various nanocrystal arrays and modulations of the associated physical properties. Interestingly, the spontaneous hexagonal arrangement of the vertical nanowires on single crystalline Pt( 111) is a feature that is shared by numerous, albeit not all, amine/acid pairs introduced in the reaction.

Indeed, the BA/PAA pair failed to give organized nanorods. This failure provoked by the simultaneous employment of two shorter and more rigid ligands is not straightforward to explain. Steric as well as electronic properties could be responsible for the formation of Co molecular compounds that do not favor the formation of NWs. As shown in our previous works on Co nanostructures prepared in the presence of various amounts of LA and HDA in solution [START_REF] Liakakos | The Big Impact of a Small Detail: Cobalt Nanocrystal Polymorphism as a Result of Precursor Addition Rate during Stock Solution Preparation[END_REF][START_REF] Cormary | Concerted growth and ordering of cobalt nanorod arrays as revealed by tandem in situ SAXS-XAS studies[END_REF], the nature and relative amount of Co species formed upon mixing the reactants dictate the resulting nano-object morphology. In this context what is surprising is not that one of the pairs does not work, but instead, the fact that taking as a reference the HDA/LA pair, replacement of either the HDA or the LA, the corresponding systems work.

For the pairs that are suitable for the self-organized growth on NWs, the SAXS analysis indicated that the final nearest-neighbor NW distance emerges up after a few hours of reaction (4h for HDA/LA) whereas the nanowires are already formed. This suggests that the long-range hexagonal order is effective in the first hours of the Co NW growth, even if the associated welldefined 6-fold symmetry SAXS pattern appears clearly from after 16h. These results indicate that the Co growth and self-organization processes are intrinsically concomitant. Then, as the reaction time increases, the degree of order of the NW superlattice improves as illustrated by the decreases of the 𝑑-spacing dispersion and of the degree of mosaicity. Organization at early reaction times, that is, as soon as elongation of the nano-objects occurs, had been also observed in the case of nanorod superlattices grown in the absence of support [START_REF] Cormary | Concerted growth and ordering of cobalt nanorod arrays as revealed by tandem in situ SAXS-XAS studies[END_REF]. Nevertheless, a difference between the two processes is that while nucleation of the nanorods in the freestanding superlattices takes place in solution, where mobility of the nuclei is not restricted and allows gradual organization to be established, in the present case, the nucleation takes place on the solid support. The support being non-patterned, there is, a priori, no reason for nucleation to occur at regular intervals. Nevertheless, we cannot exclude a supramolecular preorganization of molecular species on the surface of the support [START_REF] Stepanow | Surface-Confined Supramolecular Coordination Chemistry[END_REF][START_REF] Lippel | High-Resolution Imaging of Copper-Phthalocyanine by Scanning-Tunneling Microscopy[END_REF][START_REF] Kröger | Self-organization of cobalt-phthalocyanine on a vicinal gold surface revealed by scanning tunnelling microscopy[END_REF][START_REF] Barth | Molecular Architectonic on Metal Surfaces[END_REF], before the formation of the first solid entities takes place upon heating. The presence of the support could engage specific interactions with cobalt containing metallosupramolecular entities, thus fixing initial anchoring position of each NW upon nucleation. Thermal fluctuations around these initial positions during the decomposition of the molecular precursors could contribute to the improvement of the organization of the NW with time.

CONCLUSION

A combined monitoring by SAXS, SEM and TEM gives a comprehensive description of the concerted growth and self-organization of nanocrystals on surfaces taking place in solution. We demonstrated that apart from combining long chain amines and long chain acids as stabilizing ligands introduced in the reaction, by combining aliphatic/aromatic pairs it is also possible to grow on Pt(111) Co nanowires organized in 2D hexagonal arrays and to modulate the NW distance separation. This is an important property of the solution epitaxial growth as it illustrates the versatility of this bottom-up fabrication process. The concomitant growth and selforganization of the nanocrystals on the surfaces still need to be more deeply understood, especially the rationalization of the interparticle distance dependence on the specific amine/acid pair characteristics, as well as the possible role played by pre-organized molecular species on the substrate surface of the support prior to nanocrystal growth. The present results pave the way to the extension of this solution-based growth of nanocrystals on surfaces for the integration of different ligand-stabilized nanoparticles in planar devices.

Method Section

Synthesis

All solutions were prepared in a glovebox, toluene was distilled, degassed by three freezepump-thaw cycles and kept in the glovebox under activated molecular sieves (Acros-Organics 

Characterization studies

Small angle neutron scattering (SAXS) measurements were performed at the Laboratoire de Genie Chimique, Toulouse, on the XEUSS 2.0 bench equipped with a copper internal source (Genix3D) that produces an X-ray beam with an energy of 8 keV and a flow of 30.10 6 ph.mm².s - 1 with a beam sized at 500x500 μm². Each measured 2D SAXS pattern was obtained after a 4h exposure time with the X-ray beam normal to the substrate, i.e. parallel to the NWs. Data were collected in a transmission configuration on a 150×150 mm² area DECTRIS detector (Pilatus 1M) with a sample to detector distance of 387.5 mm. The scattering intensity 𝐼(𝑞) with experimentally determined is expressed as a function of the scattering vector q (Å -1 ).

The FEG-SEM (field emission gun-scanning electron microscopy) observations were carried out on a JEOL JSM6700F instrument. Cross-sectional TEM lamella were prepared by Focused Ion Beam on a Thermo Fisher (FEI) Helios NanoLab 600i DualBeam. The nanowire layer was protected by a thin C layer to avoid charging effects and a thick Pt layer to avoid damages during the thinning process. The lamellae were then extracted and thinned down to about 100 nm to get electron transparency with a final step at low energy to minimize irradiation damages and amorphization of the surfaces. The cross-sectional TEM samples were investigated using a Hitachi HF2000 and a ThermoFisher Tecnai F20 fitted with a Cs corrector (CEOS) which point resolution is 0.12 nm.

Electronic Supplementary Material: Supplementary material (histograms of the nanowire diameters D determined from TEM analysis, and indexation of SAXS patterns) is available in the appendices. 

  displays the results of the synthesis based on the Co/BA/PAA ratio 1/2/2, [Co] = 15 mM, at 110 °C in toluene. The TEM cross-sectional analysis revealed large columns of Co (9-10 nm) grown perpendicularly to the Pt(111) surfaces, which contrasts with the nanowires described above. Particularly, the SAXS pattern and the 𝐼(𝑞) analysis do not evidence any structural order nor characteristic length.The quantitative comparison of the HDA/LA, HDA/PAA and BA/LA amine/acid pairs that lead to NWs superlattices are presented in Figure5. Figures5(a), (b) and (c) display the radial intensity profiles 𝐼(𝑞) performed along the[START_REF] Wacaser | Preferential Interface Nucleation: An Expansion of the VLS Growth Mechanism for Nanowires[END_REF] and[START_REF] Liakakos | Oriented Metallic Nano-Objects on Crystalline Surfaces by Solution Epitaxial Growth[END_REF] Bragg reflections of the SAXS patterns for HDA/LA, HDA/PAA and BA/LA pairs, respectively. For HDA/LA, whereas the hexagonal spontaneous organization is qualitatively evidenced from 16h of reaction, the intensity profiles 𝐼(𝑞) obtained for reaction times as short as 4h and 8h exhibit the[START_REF] Wacaser | Preferential Interface Nucleation: An Expansion of the VLS Growth Mechanism for Nanowires[END_REF] feature, which means that the hexagonal packing of the NWs initiates very early during the synthesis with a defined interwire distance. The center-to-center distance 𝑑 between nearest neighboring NWs is calculated using 𝑞[START_REF] Wacaser | Preferential Interface Nucleation: An Expansion of the VLS Growth Mechanism for Nanowires[END_REF] 

  (e)), mean interwire distance 𝑑 (from Fig. 5(d)), NW diameter 𝐷, ligand shell thickness (from Fig. 5(f)) and the corresponding hexagonal packing fraction 𝑃 = (𝜋 2√ ⁄ 3). (𝐷 𝑑 ⁄ ) 2 of the Co NWs arrays. The interwire distance and packing are not significantly affected by substituting lauric acid by phenylacetic acid. Indeed, the measured values of the NW diameter and the shell thickness are marginally different and within experimental error. On the other hand, the use of benzylamine instead of hexadecylamine succeeded in tuning the interwire distance and therefore packing fraction.
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 8 12 mesh) to remove traces of water. The metal precursor [Co{N(SiMe3)2}2(thf)] was furnished by NanoMePS. Hexadecylamine (HDA) (98% Sigma Aldrich) and lauric acid (LA) (Acros) benzylamine (BA) (99.5%, Sigma Aldrich) phenylacetic acid (PAA) (99% Sigma Aldrich) were degassed and kept in the glovebox. In a representative reaction resulting in the growth of nanowires, a solution of [Co{N(SiMe3)3}2 (thf)] (67.8 mg, 0.15 mmol), in 1 mL of toluene is rapidly added to a mixture of HDA (72.4 mg, 0.30 mmol) and LA (60.1 mg, 0.30 mmol) in 9 mL of toluene (Co/LA/HDA molecular ratio = 1/2/2, [Co] = 15 mM). The solution is introduced in a Fischer-Porter pressure bottle. The 20 nm Pt films were epitaxially grown by sputtering deposition at 500°C on 10 mm ×10 mm × 0.5 mm single crystalline Al2O3(0001) substrate. The Pt(111)/Al2O3(0001) substrate was immersed in the solution with the metallic film facing the bottom of the bottle. The Fischer-Porter reactor is removed from the glovebox, the Ar is evacuated and then charged with H2 to 3 bar. The solution containing the substrate is heated to 110°C for various reaction times between 4 and 72 h. At the end of the reaction, the solution is cooled down and the Fischer-Porter transferred to the glovebox. The substrate is removed from the solution and washed three times with toluene assisted by ultra sounds during 1 min. The same procedure is used in all experiments, with the exception of the BA/LA experiments which were performed at 130°C.
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 3 Figure 3: (i) SEM, (ii) TEM micrographs and (iii) SAXS patterns (transmission mode, normal
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 4 Figure 4: (i) SEM, (ii) TEM micrographs and (iii) SAXS patterns (transmission mode,
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 5 Figure 5 : Radial scattering intensity profiles I(q) determined from the SAXS patterns of a)
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 6 Figure 6: (a) Full width at half maximum (FWHM) of the (10) SAXS peak determined
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  Fig. S2: a) direct 2D hexagonal lattice of vertical nanowires with corresponding vectors
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 S4 Figure S4 : Histograms of the nanowire diameters D determined from the cross-sectional

  

  

Table 1 :

 1 comparative properties of the Co NWs arrays obtained with different amine/acid pairs.

		NW					
			Mean NW	Mean center-to-	Mean ligand shell		
		growth				Packing fraction	
	Amine / Acid		diameter 𝐷	center interwire	thickness 𝑑 -𝐷		L/R
		rate				𝑃	
			(nm)	distance 𝑑 (nm)	(nm)		
		(nm/h.)					
	HDA / LA	8.8 ± 1.3	6.25 ± 0.59	8.44 ± 0.14	2.13 ± 0.51	0.50 ± 0.09	0.65
	HDA / PAA	5.8 ± 2.9	6.43 ± 0.80	9.00 ± 0.20	2.38 ± 0.49	0.46 ± 0.12	0.63
	BA / LA	4.8 ± 1.7	6.06 ± 0.45	9.97 ± 0.70	3.83 ± 0.45	0.34 ± 0.07	0.51

The structural characteristics of the superlattices are not straightforward to rationalize based on the dimensions of the ligands employed. The length of the fully extended carbon long chain ligands can be approximated by 𝐿 = (𝑛 + 1)0.12 nm, where 𝑛 is the carbon number of
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