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A new access to copper(0) nanoparticles (CuNPs) from readily available organocopper reagents is reported. This original amine-free methodology proves to be practical, fast and highly reproducible. It yields spherical CuNPs with an excellent control of their size and shape. These CuNPs are fully characterized by electronic microscopy (TEM, HRTEM), X-Ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and UV-Vis spectroscopy. The size of the synthesized nanoparticles is in a size range of 5-9 nm. The reactional pathway is studied and shows a two-step process implying the formation of a primitive bulk composed of spheroid CuNPs followed by a reorganization step induced by a thiol additive and leading to the final NPs.

The robustness of this convenient protocol enables decigram scale synthesis of CuNPs without altering their size and morphology, which makes it a preparative method of choice for their synthesis. This protocol allows the rational design of future copper-based catalysts. The importance of controlling several physicochemical parameters such as size, composition, and shape in metal nanomaterials is indeed widely reported. The results presented here offer many prospects for the rapidly developing field of copper plasmonic catalysis.

Introduction

Metal nanoparticles (NPs) attracted growing interest due to their outstanding applications in numerous fields including catalysis, 1,2 energy conversion, [START_REF] Rai | Plasmonic Noble Metal@Metal Oxide Core-Shell Nanoparticles for Dye-Sensitized Solar Cell Applications[END_REF] photonics, [START_REF] Stewart | Surface Chemistry of Quantum-Sized Metal Nanoparticles under Light Illumination[END_REF] imaging, [START_REF] Oyarzun | Plasmonic Nanoparticles as Optical Sensing Probes for the Detection of Alzheimer's Disease[END_REF] sensing, [START_REF] Montes-Garcia | Chemical Sensing with Au and Ag Nanoparticles[END_REF][START_REF] Xu | Metal Nanoparticles-based Nanoplatforms for Colorimetric Sensing: A review[END_REF] biomedical activies 8 or nanomedicine, [START_REF] Krajczewski | Role of various Nanoparticles in Photodynamic Therapy and Detection Methods of Singlet Oxygen Photodiagnosis and Photodynamic Therapy[END_REF][START_REF] Barui | Metal Nanoparticles: Synthesis and Applications in Pharmaceutical Sciences[END_REF][START_REF] Heuer-Jungemann | The Role of Ligands in the Chemical Synthesis and Applications of Inorganic Nanoparticles[END_REF] to name a few. Their properties are determined by their size, their shape and their composition. [START_REF] Amiens | Organometallic Approach for the Synthesis of Nanostructures[END_REF][START_REF] Zao | Advancements in Copper Nanowires: Synthesis, Purification, Assemblies, Surface Modification, and Applications[END_REF] Copper is a cheap and earth-abundant metal which enables its extensive use for numerous applications, particularly in nanotechnology. [START_REF] Shah | Morphology, large scale Synthesis and Building Applications of Copper Nanomaterials[END_REF][START_REF] Gawande | Cu and Cu-Based Nanoparticles: Synthesis and Applications in Catalysis[END_REF][START_REF] Qing | Progress in Biosensor Based on DNA-templated Copper Nanoparticles[END_REF] Copper nanoparticles (CuNPs) are of special interest in various fields such as biosensing [START_REF] Rifat | Copper-Graphene-Based Photonic Crystal Fiber Plasmonic Biosensor[END_REF][START_REF] Chapus | Tunable SERS Platforms from Small Nanoparticle 3D Superlattices: A Comparison between Gold, Silver, and Copper[END_REF] and plasmonics. [START_REF] Böhme | Electrochemistry on Inverse Copper Nanoantennas: Active Plasmonic Devices with Extraordinarily Large Resonance Shift ACS Photonics[END_REF][START_REF] Chan | Plasmonic Properties of Copper Nanoparticles Fabricated by Nanosphere Lithography[END_REF] Copper is indeed a "plasmonic" metal like silver and gold, its surface plasmon resonance is also intense and narrow but slightly different (red shifted) which gives it an original sensitivity and selectivity. [START_REF] Karelovic | Mechanism and Structure Sensitivity of Methanol Synthesis from CO 2 over SiO 2 -Supported Cu Nanoparticles[END_REF] CuNPs also generate an exciting research activity up to tremendous expectations it evokes in the field of catalysis. [START_REF] Gawande | Cu and Cu-Based Nanoparticles: Synthesis and Applications in Catalysis[END_REF]22,[START_REF] Dongare | Electrocatalytic reduction of CO 2 to useful chemicals on copper nanoparticles[END_REF] Combined with its ability to capture light and its catalytic performance, Cu NPs provide a promising platform for efficient light-driven chemical reaction. Plamonic catalysis of non-noble metals has indeed emmerged as a unique strategy for controlling conversion percentage, improving selectivity and driving reaction under mild conditions. [START_REF] Kim | Nonnoble-Metal-Based Plasmonic Nanomaterials: Recent Advances and Future Perspectives[END_REF][START_REF] Wang | The Recent Development of Efficient Earth-Abundant Transition-Metal Nanocatalysts[END_REF][START_REF] Singer | Recent Advances in Nonprecious Metal Catalysis[END_REF] Among the different methods reported in the literature, [START_REF] Gawande | Cu and Cu-Based Nanoparticles: Synthesis and Applications in Catalysis[END_REF] two common chemical methods involving copper(I) precursors include the disproportionation route [START_REF] Strach | Insights into Reaction Intermediates to Predict Synthetic Pathways for Shape-Controlled Metal Nanocrystals[END_REF][START_REF] Yang | Monodisperse Copper Nanocubes: Synthesis, Self-Assembly, and Large-Area Dense-Packed Films[END_REF][START_REF] Guo | Shape-Selective Formation of Monodisperse Copper Nanospheres and Nanocubes via Disproportionation Reaction Route and Their Optical Properties[END_REF][START_REF] Guo | Disproportionation Route to Monodispersed Copper Nanoparticles for the Catalytic Synthesis of Propargylamines[END_REF][START_REF] Ye | Disproportionation for Growing Copper Nanowires and their Controlled Self-Assembly Facilitated by Ligand Exchange[END_REF] and the reductive pathway from copper(I) or copper(II) salts using dihydrogen gas [START_REF] Barrière | Ligand Effects on the Air Stability of Copper Nanoparticles obtained from Organometallic Synthesis[END_REF] or organic reductants, as for example borane derivatives, [START_REF] Ben Aissa | Copper Nanoparticles of well-controlled Size and Shape: a new Advance in Synthesis and Self-Organization[END_REF][START_REF] Frogneux | Direct Synthesis of N-Heterocyclic Carbene-Stabilized Copper Nanoparticles from an N-Heterocyclic Carbene-Borane[END_REF] amines [START_REF] Frogneux | Surprisingly High Sensitivity of Copper Nanoparticles toward Coordinating Ligands: Consequences for the Hydride Reduction of Benzaldehyde[END_REF] or hydrazine. [START_REF] Saikova | Conditions for the Formation of Copper Nanoparticles by Reduction of Copper(II) Ions with Hydrazine Hydrate Solutions[END_REF] The disproportionation reaction enables the formation of CuNPs of various controlled morphologies but the theoretical yield is inherently limited to 50% and an excess of alkylamines of high molecular weight is required. [START_REF] Strach | Insights into Reaction Intermediates to Predict Synthetic Pathways for Shape-Controlled Metal Nanocrystals[END_REF][START_REF] Yang | Monodisperse Copper Nanocubes: Synthesis, Self-Assembly, and Large-Area Dense-Packed Films[END_REF][START_REF] Guo | Shape-Selective Formation of Monodisperse Copper Nanospheres and Nanocubes via Disproportionation Reaction Route and Their Optical Properties[END_REF][START_REF] Guo | Disproportionation Route to Monodispersed Copper Nanoparticles for the Catalytic Synthesis of Propargylamines[END_REF][START_REF] Ye | Disproportionation for Growing Copper Nanowires and their Controlled Self-Assembly Facilitated by Ligand Exchange[END_REF] The reductive methods (boranes, H 2 ) are not restricted in terms of yield but, so far, no large-scale synthesis of CuNPs has been reported using these methodologies. [START_REF] Barrière | Ligand Effects on the Air Stability of Copper Nanoparticles obtained from Organometallic Synthesis[END_REF][START_REF] Ben Aissa | Copper Nanoparticles of well-controlled Size and Shape: a new Advance in Synthesis and Self-Organization[END_REF][START_REF] Frogneux | Direct Synthesis of N-Heterocyclic Carbene-Stabilized Copper Nanoparticles from an N-Heterocyclic Carbene-Borane[END_REF][START_REF] Frogneux | Surprisingly High Sensitivity of Copper Nanoparticles toward Coordinating Ligands: Consequences for the Hydride Reduction of Benzaldehyde[END_REF][START_REF] Saikova | Conditions for the Formation of Copper Nanoparticles by Reduction of Copper(II) Ions with Hydrazine Hydrate Solutions[END_REF] However, to be able to develop their applications, particularly the industrial ones, CuNPs must be able to be produced in large quantities with tunable sizes and with low environmental and economic cost. It is thus desirable to design simple, practical and cost-effective access to CuNPs with well-defined size and shape in a greener way.

In this work, we report an innovative, convenient and scalable method for the synthesis of spherical CuNPs with tunable size (from 5.4 to 8.5 nm) with a low size dispersity starting from simple and readily available organocopper reagents.

Experimental

Materials

Commercial reagents were used without further purification, except stated otherwise, and stored in a glovebox in order to avoid any traces of moisture or air contamination. The following chemicals were purchased from SIGMA: copper(I) chloride (CuCl 99.99 %), Butylmagnesium chloride solution (n-BuMgCl, 2.0 M solution in THF), triphenylphosphine (99 %), 1dodecanethiol (≥ 98 %). THF was distilled over sodium/benzophenone and handled under an atmosphere of nitrogen. The CuNPs synthesis was carried out under nitrogen atmosphere using a Schlenk line.

Characterization methods

The morphology of CuNPs was analyzed by TEM using a JOEL 1200 EX microscope with an accelerating voltage of 120kV. All CuNPs samples were prepared by dropping the nanoparticles suspensions in hexane or chloroform onto a conventional carbon-coated nickel grid, then dried on the surface of the grid under inert gas. For each sample, TEM images were taken from different parts of the grid and used to estimate size distribution of copper nanoparticles. High-resolution TEM (HRTEM) images and selected area electron diffraction (SAED) patterns were collected on a JOEL 2200FS TEM at 200KV. Image J software was used for measuring the size of nanoparticles around 300-500 NPs and the size distribution was determined using the Origin-Pro 9.1. The UV-Vis spectroscopy was performed on a V-770 UV-Visible/NIR spectrophotometer at room temperature with the wavelength range of 300 to 800 nm. Before each run, background subtraction was performed with the solvent system of choice. The measurements were performed in a quartz cell with 1cm optical path length. The experimental XPS spectra were recorded using a K-Alpha + system (Thermo Fisher Scientific, East-Grinsted, UK) fitted with a micro-focused and monochromatic Al K α X-ray source (1486.6 eV, spot size of 400 μm). The spectrometer pass energy was set to 150 and 40 eV for the survey and the narrow high-resolution regions, respectively. Spectral calibration was determined by setting the main C 1s component at 285 eV.

The samples were prepared by depositing several drops of the solution on a silicon wafer. TEM images were recorded prior to XPS analysis to ensure that individual nanoclusters are actually present. In this study, the surface characterization of elements of Cu, P, S, Mg, C, and Cl of CuNPs was performed. Powder XRD pattern were collected with Ni-filtered Cu K α1/α2 (λ = 1.5418 Å) radiation in a reflection geometry on a Pananalytical X'Pert Pro-MPD diffractometer, operating at a working voltage and current of 45 KV and 20 mA. In preparing the sample, the powder sample was formed by precipitating of nanoparticles with ethanol and centrifuging at 4000 rpm for 10 min before drying at room temperature in an N 2 -filled glovebox. The dry precipitate was pulverized and the resulting powder was used to fill a glass plate.

The typical procedure was removed from here.

Results and discussion

State of the art

Organocopper reagents are widely used in organic synthesis and are routinely obtained by transmetalation reactions of the corresponding organo-magnesium (Grignard reagent), organolithium or organo-zinc precursor by a Cu(I) salt at low temperature, [START_REF]The Chemistry of Organocopper Compounds[END_REF][START_REF]Modern Organocopper Chemistry[END_REF][START_REF] Vrancken | Comprehensive Organic Synthesis[END_REF][START_REF] Ouali | Grignard Reagents and Copper[END_REF] as depicted in Scheme 1, eq. 1. Those species are known to be thermally unstable and to decompose at low temperature, generally between -90 °C and 0 °C depending on the nature of the organic moiety. In the early seventies Whitesides [START_REF] Whitesides | Mechanism of Thermal Decomposition of n-butyl(tri-n-butylphosphine) Copper(I)[END_REF] and Kochi 42 independently investigated the decomposition reactions of these alkyl copper species, followed by others. [START_REF] Miyashita | Thermal Stability of Alkylcopper(I) Complexes Coordinated with Tertiary Phosphines[END_REF][START_REF] Pasynkiewicz | Thermal decomposition of nickel-carbon and copper-carbon σ-bonds[END_REF][START_REF] Pasynkiewicz | Synthesis and Thermal Decomposition of methyl(trit-butylphosphine)copper[END_REF] They showed that this thermolysis reaction yield an equimolar amount of alkane and terminal alkene, aside two equivalents of metallic copper (Scheme 1, eq. 2). However, the exact nature of this metallic copper product has not been determined and, despite the interest of these seminal results, these works were not continued.

Scheme 1. Synthesis and thermolysis studies of organocopper compounds

Synthesis of CuNPs by thermolysis reaction

In an endeavor to develop a convenient, robust and scalable synthesis of CuNPs, we decided to explore the potential of the organocopper thermolysis reactions by setting up the experimental one pot procedure described in Scheme 2: Scheme 2. Schematic representation of our experimental one pot procedure.

In a first try, copper chloride (1 mmol) and triphenylphosphine (3 mmol) have been stirred in dry THF (10 mL) at room temperature under inert atmosphere to generate the corresponding copper complex Cu(PPh 3 ) 3 Cl. Next n-BuMgCl (1 mmol) was introduced and the solution instantly turned black. After 15 minutes, dodecanethiol (DDT, 4 mmol) was added in order to prevent the precipitation of copper metal. This addition induced an immediate color change from black to red.

The solution was stirred one more hour at room temperature. After standard work-up of washing / centrifugation sequences, a deep purple powder was obtained whose TEM images revealed spherical NPs with an average size of 5.4 nm ± 0.5 nm (Figure 1a and SI, Figure S1a). The same reaction was performed in refluxing THF as the reaction temperature is one of the major parameters enabling the size control of nanoparticles. [START_REF] Lee | Versatile and Robust Synthesis Process for the Fine Control of the Chemical Composition and Core-Crystallinity of Spherical Core-Shell Au@Ag Nanoparticles[END_REF] Under these conditions, the formation of quite monodisperse NPs with a slight increase in the size (with an average diameter of 5.6 nm ± 0.6 nm) was observed (Figure 1b and Figure S1b). An increase of the temperature from rt to 65 °C had thus not significant influence on the size of NPs. In both cases, some coalescence could be observed on the TEM images possibly indicating a ligand default. The influence of the amount of phosphine ligand was thus addressed and the 1 mmol scale synthesis were achieved at rt or in refluxing THF, and in the presence of 1 or 5 phosphine equivalents as compared to copper. The use of one equivalent of phosphine lead to polydisperse NPs whatever the temperature (Figure S2).

When performing the synthesis at room temperature with 5 equivalents of phosphine, the formation of a gel was observed that prevents the isolation of NPs. Conversely, well-defined NPs were obtained in refluxing THF with a mean size of 8.5 nm ± 0.4 nm, which corresponds to a significant increase of the size with an improved size dispersity as compared to the use of 3 equivalents (5% polydispersity as compared to 9-10%, Figure 1c). The optimized temperature and Cu-to-phosphine ratio were thus 65 °C and 1 to 5 respectively (Scheme 3). The maximum of the SPR band was found at 585 nm (Figure 1d), in agreement with pure copper NPs. [START_REF] Ben Aissa | Copper Nanoparticles of well-controlled Size and Shape: a new Advance in Synthesis and Self-Organization[END_REF][START_REF] Frogneux | Direct Synthesis of N-Heterocyclic Carbene-Stabilized Copper Nanoparticles from an N-Heterocyclic Carbene-Borane[END_REF] It is noteworthy that this reaction has been made many times and gave highly reproducible results, which shows its robustness. We next investigated the effect of the time between the addition of the Grignard reagent and the introduction of the DDT for a total reaction time of 1h15 (Table 1 and TEM images in Figure S3). Therefore, DDT was added after 0.5 (entry 1), 5 (entry 2) or 30 minutes (entry 4) instead of the 15 minutes used in the optimized conditions (Scheme 3). As shown in Table 1 and Figures S3a-d, achieving the addition of DDT after 0.5 or 5 minutes resulted in a slight but significant decrease of the NPs size (from 8.5 nm after 15 min. to 7.7 nm after 5 min. to 6.7 nm after 0.5 min.). On the contrary, delaying the addition to 30 minutes does not affect the morphology or the size of NPs (entry 4). Interestingly, for an addition of DDT 15 minutes after the Grignard reagent, an increase of the total reaction time to 3h15 also had no effect on the final size and shape of the NPs. (Table 1, entry 3, note [b]). Noteworthy, the addition of oleylamine or oleic acid instead of DDT in our standard reaction conditions did not lead to the formation of CuNPs.

Table 1. Influence of the time between the addition of the Grignard reagent and the introduction of the DDT (total reaction time 1h15) Entry Time before addition of the DDT (minutes) [a] Cu NP size in nm Size polydispersity in % 1 0.5 6.7 ± 0.8 12 [a] The Grignard reagent is added at t = 0 [b] For a total reaction time of 3h15 instead of 1h15: 8.1 ± 0.7 nm (9%)

NP Crystallinity characterization

The NPs prepared in the optimized conditions (Figure 1c) were thus characterized by High Resolution TEM (HRTEM) imaging performed on several tens of CuNPs. The HRTEM images reveal that the NPs are well crystallized and correspond to a mixture of face centered cubic (fcc) single crystals (Figure 2a) and multiply twinned particles (MTP, Figure 2b). The spacing between the lattice planes (0.201 nm) deduced from the selected area electron diffraction (SAED) pattern correspond to the (111) planes of the fcc Cu structure (see Figure 2c and Figure S4). This synthesis method thus allows to obtain non-oxidized Cu(0) NPs. Powder X-ray diffraction analysis was next implemented in order to confirm the metallic nature of the CuNPs. Indeed, the XRD pattern (Figure 2d) shows that all the detected diffractions can be indexed to the crystal structure of zero valence copper Cu(0). The diffraction peaks located at 43.3°, 50.4°, 74.1°, 89.9° and 95.1° can be indexed to the (111), ( 200), ( 220 

NP Surface characterization

Once the nature of the CuNPs cores established, XPS analysis were undertaken in order to identified the ligands present on their surface. The survey spectrum shows peaks attributed to C 1s , 2 and Figure S5).

Theoretically, S 2p XPS peak is composed of two contributions, namely S 2p1/2 /S 2p3/2 , each of them characterised by a full width at half maximum (FWMH) less than 2 eV. S 2p1/2 /S 2p3/2 contributions have commonly a relative peak intensity of ½ and a binding energy (BE) difference of 1.1 eV.

Here, the S 2p XPS signal contains more than one S 2p1/2 /S 2p3/2 system according to the peak shape (see Figure S5a). The main doublet at 162.5/163.4 eV, i.e. (S 2p1/2 /S 2p3/2 ) A , corresponds to the Cu-S [START_REF] Laibinis | Self-assembled Monolayers of n-alkanethiolates on Copper are Barrier Films that Protect the Metal against Oxidation by Air[END_REF] bond whereas (S 2p1/2 /S 2p3/2 ) B at 163.9/165.1 eV can be attributed to unbonded thiols. [START_REF] Castner | X-ray Photoelectron Spectroscopy Sulfur 2p Study of Organic Thiol and Disulfide Binding Interactions with Gold Surfaces[END_REF] Fitting the S 2p peak using four components is not accurate enough to obtain a quantitative interpretation of the spectra. However, the relative contribution of the two systems to the sulfur XPS signal can be estimated from peak areas and leads to a ratio of Cu-S/free SH between 2 and 3 depending on the fixed fitting parameters. Consequently, the relative content of sulfur in the overall sample, i.e. the atomic percentage (At%) of thiol bonded to CuNPs, is estimated to be between 2% and 3%. P 2p trace (%AtP < 0.1) can be also observed at 131 eV 49 a position that matches the theoretical one for a phosphine function. According to the ratio between atomic percentage of P and S 162eV , the content of DDT is at least 1 order of magnitude higher than that of triphenylphosphine in the NP vicinity. The signal of Cu(II) was attributed to CuO (see Fig. S7 and Table S1). This may be explained by an air-driven oxidation process that occurred during the time of the XPS analysis. 

Decigram scale synthesis

When we undertook this study, our original requirements were to develop a reliable and practical procedure for the preparation of CuNPs of well-defined shape and size. Having achieved these objectives, it remained at this stage to check that it could be implemented on decigram scale without loss of yield and / or morphological control. The reaction has thus been performed at 5 mmol scale in the optimized conditions (Scheme 3), starting from 5 mmol (495 mg) of CuCl and 5 equivalents of PPh 3 in 50 mL of dry THF at 65 °C. After the successive addition of the Grignard reagent and the DDT, the red dark solution mixture was stirred at 65 °C for 1 h. A standard work up of washing / centrifugation sequences yielded a first batch of 270 mg of selected CuNPs with an average size of 8.4 ± 0.6 nm (7 % polydispersity, Figure 4a,c), very close to the results obtained at the centigram scale as c.a. 50 mg was obtained when starting from 1 mmol of CuCl. It is worthy to note that a second batch of 100 mg of CuNPs could be obtained from the supernatant with an average size of 7.1 nm ± 1.3 nm (18 % polydispersity, Figure 4b). These results are consistent with our initial expectations and validate the interest of this new access route to CuNPs. 

Quantification of copper incorporation and estimated CuNPs yield from CuCl

As shown by the XPS analysis, the CuNPs surface is almost exclusively covered par thiols ligands (see section 3.3). Given that the surface coverage of NPs by thiols is estimated to 75%, [START_REF] Korgel | Assembly and Self-Organization of Silver Nanocrystal Superlattices: Ordered "Soft Spheres[END_REF] that dodecanethiol surface area is around 16 Å 2 and that the density of Cu is 8.9 g.cm -3 , it can be calculated from the results summarized in Table 3 that in the final NPs obtained in the optimized conditions (8 nm diameter of average size for the total CuNPs isolated from batch 1 and 2), the thiol ligands represent around 11% of their weight. This calculation of mass excess due to dodecanethiol ligands was validated by low frequency Raman spectroscopy measurements performed on silver nanoparticles. [START_REF] Courty | Vibration of Self-organized Silver Nanocrystals[END_REF] However, we cannot exclude the presence of an excess of thiols trapped in the adsorbed thiols monolayer. It has been reported that the amount of trapped thiols is equal to the amount of adsorbed thiols according to infrared spectroscopy analysis of silver nanoparticles coated with thiols. 53 In order to calculate the most reliable yield we doubled the amount of thiols and in this case roughly 80% of NP weight thus corresponds to copper which means that the yield in the 5 mmol scale synthesis is almost quantitative, more than 90% of introduced copper being incorporated in overall isolated CuNPs (batch 1 + 2). It is worthy to note that the insoluble residue decanted away represents a very small amount as compared to the mass of salt introduced from the beginning. Moreover, the yield is not dependent on the scale, which

shows the potential of the reported method in terms of scalability. [a] Based on the characterization of the CuNPs surface and the estimated amount of DDT. 51-53

Study of the reaction intermediates

A last set of experiments aimed at assessing the nature of the copper species formed before the addition of DDT. For this purpose, the reaction mixture was precipitated in the presence of ethanol after different reaction times and the precipitate was analysed by TEM (Figure 5). Trioctylphosphine (TOP), Oleylamine (OYA), [START_REF] Strach | Insights into Reaction Intermediates to Predict Synthetic Pathways for Shape-Controlled Metal Nanocrystals[END_REF][START_REF] Yang | Monodisperse Copper Nanocubes: Synthesis, Self-Assembly, and Large-Area Dense-Packed Films[END_REF][START_REF] Guo | Shape-Selective Formation of Monodisperse Copper Nanospheres and Nanocubes via Disproportionation Reaction Route and Their Optical Properties[END_REF][START_REF] Guo | Disproportionation Route to Monodispersed Copper Nanoparticles for the Catalytic Synthesis of Propargylamines[END_REF][START_REF] Ye | Disproportionation for Growing Copper Nanowires and their Controlled Self-Assembly Facilitated by Ligand Exchange[END_REF] triphenylphosphine (PPh 3 ) seems to prevent the NP coalescence before the addition of DDT. The coordination of PPh 3 to CuNPs was already evidenced by IR spectroscopy. [START_REF] Ben Aissa | Copper Nanoparticles of well-controlled Size and Shape: a new Advance in Synthesis and Self-Organization[END_REF][START_REF] Frogneux | Direct Synthesis of N-Heterocyclic Carbene-Stabilized Copper Nanoparticles from an N-Heterocyclic Carbene-Borane[END_REF] Furthermore, PPh 3 have been widely used as ligands for gold and silver nanoparticles. 54 The ligand exchange reaction of PPh 3 stabilized CuNPs with dodecanethiols results in the rearrangement of the aggregates, leading to significantly smaller and dispersed NPs with well-defined spherical morphologies. A study carried out by Woehrle et al. on gold NPs coated with PPh 3 showed a similar phenomenon of digestive ripening during the exchange of phosphine ligands by thiols with the loss of gold core atoms and a decrease in the size of the NPs. [START_REF] Woehrle | Thiol-Functionalized, 1.5-nm Gold Nanoparticles through Ligand Exchange Reactions: Scope and Mechanism of Ligand Exchange[END_REF][START_REF] Woehrle | Thiol-Functionalized Undecagold Clusters by Ligand Exchange: Synthesis, Mechanism, and Properties[END_REF] A surface etching of particles may be followed by the subsequent growth of the remaining ones through the re-deposition of the etched species process. [START_REF] Shimpi | Digestive Ripening: A Fine Chemical Machining Process on the Nanoscale[END_REF] This phenomenon that implies a rearrangement at the atomic scale may rationalize the transformation of the transient large spheroids into smaller NPs with low loss of copper matter. Remarkably, the conditions operating here are very mild as compared to usual processes implying higher temperatures, as for example in the case of CuNPs (toluene reflux 110 °C). [START_REF] Shaik | Synthesis of Monodisperse Copper Nanoparticles Using a Modified Digestive Ripening Technique and Formation of Superlattices[END_REF] Furthermore, the final size of the NPs could be controlled by the amount of DDT added. Decreasing the amount of DDT from 4 to 2 equivalents induced an increase of the NPs size and polydispersity from 8.5 ± 0.4 nm to 14 ± 4 nm (Figures 1c and5a, respectively). On the contrary, the use of 8 equivalents of DDT yielded slightly smaller NPs of 6.2 ± 0.5 nm size with a low size dispersity (Figure 5b). This last result is particularly attractive since tuning the size of NPs is of crucial interest for many applications and for example as far as catalysis is concerned. 59 

Conclusion

In summary, we report an innovative and robust synthetic method for the fast preparation of spherical CuNPs with controlled size and shape. The main advantages are i) the very mild conditions used and the easy implementation of the synthesis (no gas under pressure, low temperature); ii) the few additives required; iii) the low cost and availability of the starting reagents; iv) the time-saving procedure and v) the possibility to obtain the CuNPs on a decigram scale. The full potential of this new synthesis way to metallic nanoparticles is currently under study in our laboratories. Besides, the possibility of finely controlling the size of the prepared CuNPs it is noteworthy that ligands cover partially the surface and that there is "naked" reactive metallic sites available. It makes them particularly attractive for applications in homogeneous, electrochemical and plasmonic catalysis. In particular, we believe that in the future we will be able to gain a thorough understanding of the mechanism of plasmon-assisted reactions and move a b

Podwer X-Ray Diffraction (XRD). Powder XRD pattern were collected with Ni-filtered Cu Kα1/α2 (λ = 1.5418Å) radiation in a reflection geometry on a Pananalytical X'Pert Pro-MPD diffractometer, operating at a working voltage and current of 45 KV and 20 mA. In preparing the sample, the powder sample was formed by precipitating of nanoparticles with ethanol and centrifuging at 4000 rpm for 10min before drying at room temperature in an N2-filled glovebox.

The dry precipitate was pulverized and the resulting powder was used to fill a glass plate. solution in THF, 1 equiv., 0.5 mL, 1 mmol) was quickly injected into the colorless solution with a syringe. The color of suspension gradually changed from colorless, bright-yellow and finally dark. After 15 min (or 30 s, or 5 min, or 30 min) of heating at 65°C, 1-dodecanethiol (4 equiv., 1 mL, 4 mmol.) was added into the mixture and a dark-red suspension was obtained. The reaction was stirred at 65°C for 1h before cooling to room temperature. The copper nanoparticle suspension was centrifuged directly at 2500 rpm for 10 min. Then the precipitate was decanted away and absolute ethanol was added to the red supernatant, Cu nanospheres were precipitated by centrifugation at 4000 rpm for 5 min. They were dispersed in anhydrous chloroform and collected by centrifugation at 4000 rpm for 5 min, the Cu nanospheres were dropped on a TEM grid for further analysis.

Synthesis of copper nanoparticles (CuNPs).

CuNPs prepared in the presence

CuNPs prepared in the presence of 5 equiv. of PPh3 at 65 °C without addition of DDT.

CuCl (1 equiv., 99 mg, 1 mmol) and PPh3 (5 equiv., 1.31 g, 5 mmol) were dissolved in 10 mL of dry THF in a 25 mL three-neck flask connected to a Schlenk line was purged under nitrogen by strong magnetic stirring at 65°C. After all solids were dissolved and colorless solution obtained, n-BuMgCl (2.0 M solution in THF, 1 equiv., 0.5 mL, 1 mmol) was quickly injected into the colorless solution of copper salt using a syringe. The color of the reaction medium gradually changed from colorless to bright-yellow and finally dark. The reaction was next stirred at 65°C for 5 min (or 15 min, or 30 min) before cooling to room temperature. The copper nanoparticles were precipitated by centrifugation at 2500 rpm for 10 min. The supernatants were decanted away and the precipitate subsequently dissolved in chloroform followed by centrifugation at 4000 rpm for 5 min. After two dissolution-precipitation cycles, the Cu nanoparticles were dispersed in anhydrous hexane and dropped on TEM grid for further analysis. 
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  ), (311) and (222) crystal planes of fcc Cu (with conference to JCPDS #03-1018), respectively. No diffraction peaks characteristic of Cu 2 O and/or CuO were observed, which confirms the formation of Cu(0)NPs.
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 4 Figure 4. CuNPs prepared at the decigram scale. (a) Size histograms (in inset) and TEM images
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 5 Figure 5. Size histograms (in inset) and TEM images of CuNPs prepared from CuCl, PPh 3 (5

of 1 -

 1 5 equiv. of PPh3 at 25 °CCuCl (99 mg, 1 mmol, 1 equiv.) and PPh3 [1 equiv. (262 mg, 1 mmol), or 3 equiv. (787 mg, 3 mmol), or 5 equiv. (31 g, 5 mmol)] were dissolved in 10 mL of dry THF in a 25 mL flask inside a nitrogen filled glovebox by strong magnetic stirring at room temperature. After all the solids were dissolved and colorless solution obtained, n-BuMgCl (2.0 M solution in THF, 1 equiv., 0.5 mL, 1 mmol) was quickly injected into the colorless solution. The color of the suspension gradually changed from colorless to yellow, bright orange and finally dark with varied intermediate stages. After 15 min, 1-dodecanethiol (4 equiv., 1 mL, 4 mmol) was added and the reaction medium consequently turned to dark-red. After 1h of stirring at room temperature, the reaction was stopped. The copper nanoparticles were precipitated by centrifugation of the mix at 2500 rpm for 10 min. The supernatants were decanted away and chloroform was added to the precipitate, the nanoparticles with varied sizes were separated by centrifugation at 4000 rpm for 5 min. After two dissolution-precipitation cycles, the Cu nanospheres were dispersed in anhydrous hexane and dropped on TEM grid for further analysis.Note: With 5 equiv. PPh3, the formation of a gel was observed, preventing the stirring of the solution and thus the formation of well-defined CuNPs.CuNPs prepared in the presence of 1-5 equiv. of PPh3 at 65 °CCuCl (1 equiv., 99 mg, 1 mmol) and PPh3 [1 equiv. (262 mg, 1 mmol), or 3 equiv. (787 mg, 3 mmol), or 5 equiv. (1.31 g, 5 mmol)] were dissolved in 10 mL of dry THF in a 25 mL threeneck flask connected to a Schlenk line was purged under nitrogen by strong magnetic stirring at 65°C. After all the solids were dissolved and colorless solution obtained, n-BuMgCl (2.0 M

2 . 3 . 4 .Figure S9 :

 234S9 Figure S1: (a-d) TEM images and corresponding size histograms of the CuNPs prepared in the presence of 3 equiv. of PPh3 at 25°C and 65 °C. (e, f) the corresponding UV-Vis spectra.

Figure S10 .

 S10 Figure S10. Photograph of CuNPs prepared in the presence of 5 equiv. of PPh3 at 65 °C in CHCl3 after centrifuging.

  

  

Table 2 .

 2 XPS data analysis

	Element Peak BE (eV) FWHM (eV) Area (CPS.eV) Atomic %
	C 1s	285.00	1.56	127089	67
	Cl 2p	199.59	0.29	2835	0.5
	Cu 2p	932.80	3.39	591049	21
	O 1s	530.69	3.37	31870	7
	P 2p	131.00	0.42	821	<0.1
	S 2p	163.00	3.27	16703	4.34
	(S2p 1/2 )	162.27	1.63	3712.22	-
	A				
	(S2p 3/2 )	163.44	1.64	1854.60	-
	(S2p 1/2 )	163.97	1.86	1993.72	-
	B				
	(S2p 3/2 )	165.14	1.86	997.21	-

presented before (blue curve) baseline correction; (c) Cu 2p .

Table 3 .

 3 Quantitative results and yield of CuNPs synthesis.

	Synthesis on 1 mmol scale	Synthesis on 5 mmol scale

Andrieux-Ledier, A.; Tremblay B.; Courty, A. Synthesis of Silver Nanoparticles Using Different

towards the large-scale industrial application of these copper-based plasmonic catalysts due to the high efficiency of our syntheses.
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Chemicals and instrumentations

Commercial reagents were used without further purification, except stated otherwise, and stored in a glovebox in order to avoid any traces of moisture or air contamination. The following chemicals were purchased from SIGMA: copper (I) chloride (99.99 %), Butylmagnesium chloride solution (n-BuMgCl, 2.0 M solution in THF), triphenylphosphine (99 %), 1dodecanethiol (≥ 98 %). Hexane, chloroform and absolute ethanol were purchased from SIGMA, VWR and CARLO ERBA. THF was distilled over sodium/benzophenone and handled under an atmosphere of nitrogen.

Transmission electron microscopy (TEM). TEM images of copper nanoparticles (CuNPs)

were obtained using a JOEL 1200 EX microscope with an accelerating voltage of 120kV. All CuNPs samples were prepared by dropping the nanoparticles suspensions in hexane or chloroform onto a carbon-coated nickel grid, then dried on the surface of the grid under inert gas. For each sample, TEM images were taken from different parts of the grid and used to estimate size distribution of copper nanoparticles. High-resolution TEM (HRTEM) images and selected area electron diffraction (SAED) patterns were collected on a JOEL 2200FS TEM at 200KV. Image J software was used for measuring the size of nanoparticles around 300-500 NPs and the size distribution was determined using the Origin-Pro 9.1.

Ultraviolet-visible (UV-Vis) Spectroscopy. The UV-Vis spectroscopy was performed on a V-770 UV-Visible/NIR spectrophotometer at room temperature with the wavelength range of 300 to 800 nm. Before each run, background subtraction was performed with the solvent system of choice. The measurements were performed in a quartz cell with 1cm optical path length.

X-ray photoelectron spectroscopy (XPS) was conducted with a K-Alpha+ system (ThermoFisher Scientific, East-Grinsted, UK) fitted with a micro-focused and monochromatic Al Kα X-ray source (spot size of 400 μm, 1486.6 eV). Spectrometer pass energy was 150 eV for the survey and 40 eV for the narrow high-resolution regions. The samples were prepared by depositing several drops of the solution on a silicon wafer. TEM images were recorded prior to XPS analysis to ensure that individual nanoclusters are actually present. In this study, the surface characterization of elements of Cu, P, S, Mg, C, and Cl of CuNPs was performed. ). Unfortunately, the spectrum shows a single broad peak (maximum at 917.4 eV), which makes it impossible to clearly discriminate between Cu(I) and Cu(0). Therefore, and according to a reviewer's suggestion, we deconvoluted the Cu 2p XPS signal using two different contributions: the first one at 932.4 eV (Cu(0) or Cu(I)) and the second one at 934.1 eV (for Cu(II)) (see Fig. S7 and Table S1). From integration, At% of ca. 10% and 11% for respectively Cu(II) and Cu(0 or I) are obtained. The At% of oxygen (7.1%) is close to the value of Cu(II), which may indicate that CuO is the main oxidized form of Cu. This hypothesis is also supported by the fact that nanoparticles are subjected to well-known air-driven oxidation processes, responsible for the formation of Cu(II). In summary, Cu nanoparticles are likely composed of an equal amount of Cu(II) and Cu(0).